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I 

Abstract 

 
Mammalian target of rapamycin complex 1 (mTORC1) inhibitors have provided clear clinical 

benefit to tuberous sclerosis complex (TSC) patients. However, not all patients respond to 

mTORC1 inhibitors. Alternatives to mTORC1 inhibitors remains a significant unmet clinical 

need for the management of TSC.  

Elevated expression and activity of the transcription factors Hypoxia inducible factor 1 (HIF-

1α) and Signal transducer and activator of transcription 3 (STAT3) has been observed in TSC. 

The redox signalling protein Reduction-oxidation factor 1 (Ref-1) acts upstream of both STAT3 

and HIF-1α to induce their transcriptional activity. This thesis seeks to investigate the efficacy 

of drug inhibition of the Ref-1/HIF-1α/STAT3 within TSC model cells and expand current 

knowledge of HIF-1α and STAT3 signalling within TSC.  

Research within this thesis identified drug blockade of Ref-1/HIF-1α/STAT3 activity reduced 

scores of tumorigenicity within TSC2 deficient cells. Additionally, inhibitors of Ref-1 and STAT3 

were found to be effective at decreasing HIF-1α activity and pro-angiogenic factor expression 

within TSC2 deficient cells. The present work also developed the list of known STAT3 and 

HIF-1α targets dysregulated in cells upon the loss of TSC2, with analysis of their potential 

clinical relevance through comparison to data from TSC associated lesions. Mechanisms 

which lead to dysregulated STAT3 signalling were also elucidated within this work. Markers of 

oxidative stress were found to be elevated within TSC model cells, and the redox environment 

of TSC cells was shown to modulate markers of both HIF-1α and STAT3 activity. Finally, this 

thesis identifies the drug C188-9 as a potential therapeutic agent for the treatment of TSC. As 

C188-9 effectively repressed markers of STAT3 and mTORC1 activity within TSC2 deficient 

cell lines. 

Overall, this thesis provides a more developed understanding of mTORC1 and Ref-1/HIF-

1α/STAT3 signalling within the context of TSC, which hopefully will lead better therapeutic 

interventions for TSC patients. 
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chain-enhancer of activated 
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NK Normal Kidney PML Promyelocytic leukemia 
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Nrf2 Nuclear factor erythroid 2-
related factor 2 

PP2A Protein phosphatase 2 A 

NTD N-terminal domain PRAS40 Proline-rich AKT substrate of 
40 kDa 

O2 Oxygen PROTOR Protein observed with Rictor 
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Degradation Domain 
PTM Post-translational modification 

p300 Histone acetyltransferase 
p300  

PTP Protein tyrosine phosphatase 

p62 Sequestosome 1 PTP1B Protein Tyrosine Phosphatase 
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protein of mTOR 
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methyltransferase Set9 
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SH2 Src Homology 2 domain 
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development and DNA 
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phosphatase 
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SIRT1 Sirtuin 1 

RELA RELA Proto-Oncogene, SLC7A11 Solute Carrier Family 7 
Member 11 

Rheb Ras homolog enriched in 
brain  

SOCS3 Suppressor of cytokine 
signaling 3 

RhoA Ras homolog family 
member A 

SOD3 Super Oxide Dismutase 

RICTOR Rapamycin-insensitive 
companion of 
mammalian target of 
rapamycin 

SOS Son of Sevenless 

RNA Ribonucleic acid Src Proto-oncogene c-Src 
kinase 

RNA seq. Ribonucleic acid 
sequencing 

SREBP Sterol regulatory element 
binding protein 

ROCK Rho-
associated protein kinase 

STAT3 Signal transducer and 
activator of transcription 3 

ROS Reactive oxygen species TAND TSC-Associated 
Neuropsychiatric Disorders 

RPKM Reads per kilobase of 
exon per million reads 
mapped 

TCA Tricarboxylic acid cycle 
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rpS6 Ribosomal Protein S6 TELO2 Telomere Maintenance 2 

rRNA Ribosomal Ribonucleic 
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TFEB Transcription Factor EB 

RSK 90 kDa ribosomal 
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TNFRSF1A TNF receptor superfamily 
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RSL3 RAS-selective lethal 3  TOP 5'terminal oligopyrimidine 
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RTK Receptor tyrosine kinase TOS TOR signalling motif 
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Chapter 1: General Introduction 

1.1 – Tuberous Sclerosis Complex and its human-impact  

Tuberous Sclerosis Complex (TSC) is a rare autosomal dominant genetic disease affecting 

approximately 1 in 6,000 live births (O'Callaghan et al. 1998). First described over 160 years 

ago (Von Recklinghausen, 1862), it wasn’t until relatively recently that the genetic cause of 

TSC was identified. That is the mapping of TSC to two genetic loci, TSC1 which encodes 

hamartin (van Slegtenhorst et al., 1997) and TSC2 which encodes tuberin (European 

Chromosome 16 Tuberous Sclerosis Consortium, 1993). Loss of function of either TSC1 or 

TSC2 result in a person’s diagnosis with TSC.  And despite being a rare heritable disease, 

TSC is not only of relevance to families with a history of the disease as de novo germline 

mutations in either TSC1 or TSC2 constitute over 70% of all TSC diagnoses (Peron et al. 

2018a). 

At the cellular level the functional consequence of the loss of function of either the TSC1 or 

TSC2 genes, is the loss of the regulatory complex the protein products of these genes 

(hamartin and tuberin respectively) form. The TSC complex regulates mammalian target of 

rapamycin complex 1 (mTORC1), a protein complex itself that functions as a master regulator 

of cell growth and proliferation (Kwiatkowski, 2003). The functional consequence of a TSC 

diagnosis on an individual patient health outcomes can vary, but TSC carries a multitude of 

clinical manifestations that are a significant cause of morbidity and mortality (Zöllner et al. 

2020). For example, one of the hallmarks of TSC is the growth of numerous benign lesions in 

multiple organs (Northrup et al. 2013). Including in the brains of patients, such as sub-

ependymal giant astrocytomas (SEGAs) and cortical tubers, the kidneys of patients, in the 

form of angiomyolipomas (AMLs) and on the skin of patients. Whilst these lesions are benign, 

they still can, and often do, result in adverse health outcomes for patients. Including aneurysm 

of renal AML blood vessels, destruction of tissue patterning and in the case of brain lesions 

obstructive hydrocephalus. And while the formation of benign growths on the skin of patients 

don’t typically lead to severe medical complications (Ebrahimi‐Fakhari et al. 2017). They are 

a very frequent manifestation of TSC common to patients and associated with high 

psychological stress resulting from the disfiguring appearance these lesions can have. 

Lesions are not the source of adverse outcomes. Lymphangioleiomyomatosis (LAM) is a 

pulmonary manifestation of the disease that results in cystic destruction of the lungs that can 

lead to respiratory failure. Being the leading cause of mortality for adult female TSC patients 

(Zak et al. 2019). Furthermore, early onset epilepsy, which is the second highest source of 

morbidity and mortality for TSC patients (Zöllner et al. 2020), is also incredibly prevalent in the 

TSC patient population. As is a host of neuropsychiatric disorders, such as autism spectrum 
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disorder and intellectual disability (Kingswood et al. 2017). Altogether, the clinical 

manifestations of TSC can not only present patients with a substantial burden of illness, but 

also a substantial of care on the families and carers of TSC patients. Meaning the development 

of effective treatments for TSC, will not only benefit patients but their families as well.  

 

The primary drug based therapy approved for TSC are the 1st generation mTORC1 inhibitors 

(Zheng and Jiang, 2015). Based around the structure of rapamycin, these so termed 

‘rapalogues’ have provided clear clinical benefit to patients. With the most recent iteration 

approved for therapy found to shrink TSC associated lesions (Franz et al. 2013 and Bissler et 

al. 2017) and provide a modest reduction in epileptic seizure frequency (Bissler et al. 2017). 

These mTORC1 inhibitors however are not effective at targeting the clinical manifestations of 

TSC for a significant proportion of TSC patients. Additionally, these drugs help manage the 

symptoms of TSC, they are not curative, thus patients who take mTORC1 inhibitors must 

remain on them for the rest of their lives. Very recently, cannabidiol (brand name Epidyolex) 

was approved for use by the National Health Service (NHS) England for the treatment of 

seizures in TSC (National Institute for Health and Care Excellence, 2023), after showing 

efficacy in reducing treatment resistant epileptic seizure frequency (Thiele et al. 2021 and 

Thiele et al. 2022). Mechanistically, how cannabidiol exerts therapeutic effects is yet to be fully 

elucidated. But highlights that drugs other than direct mTORC1 inhibitors can provide clinical 

benefit for TSC patients. However, as with mTORC1 inhibitors, cannabidiol treatment was not 

completely effective in reducing seizure frequencies for all patients within the clinical trial 

cohorts. Therefore, to expand treatment options TSC patients, more research is needed into 

the molecular aetiology of TSC. Especially the cell signalling pathways perturbed on the loss 

of either TSC1 or TSC2 that are independent of/not wholly reliant on mTORC1 hyperactivity. 

Such research could also have a positive impact outside of TSC.  

Multiple cancers show activation of the PI3K/Akt/mTORC1 pathway (Polivka and Janku, 

2014), with TSC1 and TSC2 being tumour-suppressor genes frequently mutated in many 

cancers, including lung (Lee et al. 2019), kidney (Kwiatkowski et al. 2016), breast (Kurian et 

al. 2019) and liver (Ho et al. 2017). Yet while mTORC1 inhibitors have shown great pre-clinical 

indications for cancer treatment, these inhibitor often have shown marginal benefit in clinical 

trials (Naing et al. 2012, Carlo et al. 2016, Powles et al. 2016 and Graham et al. 2018). 

Research into the aberrant cell signalling pathways dysregulated on the loss of either TSC1 

or TSC2, and whether they are reliant, independent of or interlinked with hyperactive mTORC1 

signalling could provide new druggable targets for cancers with mutations in the 

PI3K/Akt/mTORC1 pathway. Additionally, TSC and the TSC model cells used with this work 
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represent a “purer” model to elucidate the cellular consequences of loss of TSC2, as genomic 

instability is a hall mark of many carcinomas (Hanahan and Weinberg, 2011), whilst TSC 

associated lesions have been found to show relatively low somatic mutational burden (Martin 

et al. 2017). 

The work contained within this thesis is a continuation of the research into the molecular 

aetiology of TSC. Aiming to further expand our knowledge of both mTORC1 signalling and 

other signalling pathways perturbed by the loss of TSC2, in order to contribute towards the 

development of better therapies for TSC patients. 

 

1.1.1 Incidence of TSC 

Considered to be a rare disorder, the incidence of TSC is estimated to be approximately 1 in 

6,000 live births (O'Callaghan et al. 1998), with equal frequency among sexes and ethnicities. 

Epidemiological studies are limited, but those reviewed report the prevalence of TSC in the 

population as varying between 1.58 to 8.80 in 100,000 people (Hong et al. 2016, Shepherd et 

al. 1991a, Morrison et al. 1998 and O'Callaghan et al. 1998). The variation reported in 

incidence is in part due to high phenotypic variability of this disease. Clinical presentation of 

symptoms can not only vary in onset throughout the life of a patient, but also between patients 

(Northrup et al. 2013); with some patients having a debilitating form of the condition, whilst 

others appear asymptomatic. The high heterogeneity in presentation and onset of symptoms 

increases the complexity of not only the TSC patient population, but also in making a 

diagnosis. Coupled with that current conventional genetic testing yields a positive result (i.e., 

a clearly pathogenic mutation), for between 75-90% of TSC affected individuals, the actual 

incidence of TSC could be underestimated. Clinicians’ inexperience with the condition likely 

exasperates underreporting of TSC in the general population. 

 

1.2 Genetics of TSC 

Before describing in detail, the many and varied clinical of manifestations of TSC that impact 

patients’ lives, it is first worth describing the root cause of this disease. TSC is a genetic 

disease resulting from inactivating mutations to either TSC1 located on chromosome 9q34 

(van Slegtenhorst et al. 1997) or TSC2 on chromosome 16p13 (European Chromosome 16 

Tuberous Sclerosis Consortium, 1993). The protein products of these genes function in the 

same complex, thus losing the function of either will lead to TSC. Despite being heritable, de 

novo germline mutations constitute ~ 70% of all TSC diagnoses (Peron et al. 2018a). For 

familial cases, TSC is typically inherited in an autosomal dominant fashion irrespective of 
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which gene is affected. However, pathogenic mutations are not evenly distributed between 

the two loci and are reported with far greater frequency in TSC2 than in TSC1; at a ratio of 

around 3:1. For those patients who have no mutation identified (NMI) by conventional genetic 

testing, Tyburczy et al. (2015) demonstrated these likely represent cases of mosaicism and 

intronic pathogenic variants. Mutations were identified in 85% of their NMI patient cohort by 

using in depth next generation sequencing with full gene coverage of TSC1 & TSC2. Martin 

et al. (2017) identified TSC1/TSC2 mutations for 97% of patients by sequencing genomic DNA 

that was extracted from TSC-associated lesions. Regardless of which gene is affected, the 

penetrance of this disease is remarkably high, approaching 95% (Peron et al. 2018a). The 

potential severity of the disease is influenced by whether a patient has inactivating mutations 

within either TSC1 or TSC2, which represents one of the only major genotype-phenotype 

correlations known for the disease. Pathogenic mutations in TSC2 typically present with more 

severe symptoms than those patients with TSC1 pathogenic mutations or those identified as 

NMI (Sancak et al. 2005, Au et al. 2007 and Camposano et al. 2009). Associations upheld by 

more recent studies with smaller cohorts (Avgeris et al. 2017, Rosset et al. 2017b, Peron et 

al. 2018b and Ding et al. 2020). Family members with the same inherited mutation often have 

variability in the symptoms they present (Peron et al. 2018a), A good example of this variability 

was described in two case studies of monozygotic twins (Martin et al. 2003 and Rok et al. 

2005) who presented marked variability in symptoms despite sharing identical TSC2 

mutations. What all this information means in context, is that regardless of whether TSC 

patients have a mutation in TSC1 or TSC2, and they will likely present with at least some 

manifestation of the disease. But on an individual level, the causative genetic mutation for a 

patient is a poor predictor of disease severity and clinical outcomes. 

 

1.3. Clinical manifestations of TSC 

Before discussing what is currently known about the cause of TSC, it is worth describing in 

detail how TSC can adversely impact patients, to contextualise why more research is 

necessary to develop better treatments for the disease. 

1.3.1 TSC associated lesions. 

The hallmark of TSC is the formation of hamartomas in multiple organs (Northrup et al. 2013).  

These hamartomas are benign malformations, formed due to an overgrowth of aberrant cells. 

As listed in table 1, there are many TSC associated hamartomas, occurring at different 

frequencies within patients. Tumour formation in TSC largely conforms to the Knudson’s two 

hit model (Peron et al. 2018a), where loss of heterozygosity (LOH) is required via a second 

somatic hit to the remaining functional allele of either TSC1 or TSC2. In depth sequencing of 
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TSC-associated lesions by Martin et al. (2017) confirmed this is often the case for renal 

angiomyolipomas (AMLs), subependymal nodules (SENs) and subependymal giant 

astrocytomas (SEGAs), but not cortical tubers. The authors showed a low somatic mutational 

burden in TSC associated lesions when compared to lesions from other human carcinomas. 

These findings are consistent with work by Giannikou et al. (2016), finding biallelic loss of 

TSC1 or TSC2 as the primary driver of AML development. 

Dermatological lesions are also commonly reported in TSC (Northrup et al. 2013 and 

Kingswood et al. 2017). These lesions don’t often result in severe medical complications 

(Ebrahimi‐Fakhari et al. 2017), but can be disfiguring and result in psychological stress for 

patients. Renal and brain lesions present more severe adverse outcomes for patients. Renal 

AMLs are highly vascularised lesions with thick and elastin-poor blood vessel walls that are 

prone to aneurysm (Yamakado et al. 2002). Consequent rupture of these abnormal vessels 

can lead to haemorrhaging within patients, which can be severe enough to cause death. Long-

term, formation of AMLs disrupts the normal renal parenchyma, decreasing kidney function 

(Eijkemans et al. 2015). The size and number of AMLs is positively correlated with age in TSC. 

If left without medical intervention then kidney failure becomes more likely, potentially 

progressing to end-stage renal disease (Sarraf et al. 2009). Renal complications represent 

one of the most common causes of mortality in patients (Shepherd et al. 1991b, Amin et al. 

2017 and Zöllner et al. 2020), despite improvements in surveillance and treatment. Brain 

lesions are another significant source of mortality for TSC patients. As outlined in table 1, there 

are three main types of brain lesions within TSC. Cortical tubers are focal malformations of 

abnormal cells (Curatolo et al. 2015) believed to contribute to epileptogenic foci (small regions 

of the brain where seizures originate), but this is disputed however. SEGAs represent a more 

direct cause of mortality than tubers (Zöllner et al. 2020). Thought to potentially originate from 

SENs (Curatolo et al. 2015), SEGA’s location and tendency to grow can lead to obstruction of 

cerebral-spinal fluid, increasing intra-cranial pressure and leading to hydrocephalus.  
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1.3.2 Pulmonary lymphangioleiomyomatosis 

The major pulmonary manifestation of TSC is pulmonary lymphangioleiomyomatosis (LAM). 

LAM is characterised by the interstitial proliferation of abnormal smooth muscle cells which 

eventually invade all lung structures (von Ranke et al. 2015), and the hallmark of this condition 

is formation of diffuse and thin-walled cysts bilaterally. LAM is a progressive condition, such 

that lung function declines eventually leading to respiratory failure. Within TSC, LAM almost 

exclusively affects woman of childbearing age (Kingswood et al. 2017). LAM contributes 

substantially to mortality associated with TSC. Zak et al. (2019) found that LAM was the 

leading cause of death in adult women TSC patients. 

 

1.3.3 Epilepsy and neuropsychiatric disorders 

Epilepsy is a major source of morbidity and mortality for TSC patients; second only to renal 

complications (Zöllner et al. 2020). Onset of epilepsy occurs early in most TSC patients and 

seizures can be of multiple types (Curatolo et al. 2015), often developing into refractory 

epilepsy where seizures cannot be controlled through anticonvulsants. The origin of epilepsy 

within TSC is disputed and still an active area of research. Cyst-like cortical tubers and other 

cortical malformations (e.g., white matter migration lines) are thought to provide a ‘structural’ 

cause of epilepsy (Chu-Shore et al. 2009). However, this notion has been challenged. Tsc1 

knockout mice (Zeng et al. 2008) that are tuber-free still develop spontaneous and progressive 

epilepsy; suggesting dysregulated mTORC1 signalling alone may be sufficient to drive 

epilepsy. Increasingly in models of epilepsy, neuroinflammation is seen to have a causative 

role in epileptogenesis (Barker‐Haliski et al. 2017) and may in turn play a role in TSC patient 

epilepsy. As outlined in table 2, TSC is also associated with a wide range of neuropsychiatric 

disorders, collectively known as TANDs, which represent a significant burden of illness for 

TSC patients. 
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1.4 Current treatments for TSC 

1.4.1 Rapamycin and its derivative (rapalogues) 

Currently, efficacious and approved therapeutic drugs for the management of TSC are lacking 

and largely based around the compound rapamycin. Rapamycin was first developed and 

approved for use as an immunosuppressant to prevent transplant rejection (Zheng and Jiang, 

2015). Work with this drug led to the discovery of its target, the serine/threonine protein kinase 

mTOR (mammalian target of rapamycin) (Sabatini et al. 1994 and Sabers et al. 1995). The 

identification of which would provide the basis for understanding the regulatory role function 
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of TSC1 and TSC2 on the mTORC1 complex; of which mTOR is a constituent (Kwiatkowski, 

2003). What this meant for patients is that a major molecular pathology of TSC was identified 

and mTOR inhibition became a potential avenue for therapy.  

Rapamycin (or sirolimus) and rapalogues are classed as first generation mTOR inhibitors 

(Zheng and Jiang, 2015). These drugs contain two binding moieties essential for its 

mechanism of action, one moiety binds the cytosolic protein FKBP12 which facilitates binding 

of mTOR at the other moiety. Formation of this ternary complex is thought to inhibit mTOR 

allosterically, preventing the binding of substrates to mTOR rather than inhibiting the kinase 

activity directly. Structural analogues of rapamycin (rapalogues) have since been developed 

to improve pharmacokinetics (Zheng and Jiang, 2015).  The ‘EXIST’ studies, were three multi-

centre, randomised, placebo controlled phase 3 trials that assessed the efficacy and safety of 

Everolimus (a rapalogue) in treating SEGAs, AMLs and as an adjuvant therapy for treatment 

resistant seizures. In the EXIST-1 trial, 35% of patients receiving everolimus had a reduction 

in SEGA volume by 50%, compared to none in the placebo group by data cut-off (Franz et al. 

2013). Everolimus was also effective at reducing tumour volume of AMLs, as shown in the 

EXIST-2 trial in which 42% of patients receiving Everolimus had a reduction in tumour volume 

of at least 50%, compared to none in the placebo group by data cut-off (Bissler et al. 2017). 

Finally, the EXIST-3 trial found that in patients with treatment-resistant focal-onset seizures 

already receiving anti-epileptic drugs, low and high doses of Everolimus resulted in a 50% or 

greater reduction in seizure frequency for 28% and 40% of patients respectively (French et al. 

2016). The EXIST studies demonstrate efficacy of Everolimus as a therapy for major causes 

of mortality within TSC. Furthermore, as everolimus benefits multiple TSC manifestations, 

treatment for one symptom has been observed to improve outcome for others (Curatolo et al. 

2016).  

What should be noted from the EXIST studies however, is that a substantial fraction of patients 

do not respond to Everolimus. This incomplete response highlights not only the limitations of 

mTOR inhibition for the treatment of TSC but also that hyperactive mTORC1 signalling is likely 

not the sole driver of TSC pathology. mTOR inhibitors also possess significant toxicities and 

can produce adverse effects which include increased immunosuppression resulting in 

infection, decreased renal function, inflammation and ulceration of the mouth, skin complaints 

and hypercholesterolaemia; as were observed in the EXIST studies (Franz et al. 2013, Bissler 

et al. 2017 and French et al. 2016). Lastly, mTOR inhibitors have a cytostatic effect, not a 

cytotoxic one, thus if withdrawn for any reason then lesions will regrow rapidly, as observed 

with sirolimus (Bissler et al. 2008). Aforementioned toxicities and adverse events might be 

further compounded by the extended duration of treatment. 
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1.4.2 Cannabidiol 

Treatment resistant epilepsy is a clinical manifestation of TSC frequently reported in patients 

(Kingswood et al. 2017) and remains to date a leading cause of mortality for the disease 

(Zöllner et al. 2020 and Parthasarathy et al. 2021). Very recently, the Cannabis sativa 

derivative cannabidiol (brand name Epidyolex) was approved for use by the NHS in the 

treatment of seizures in TSC (National Institute for Health and Care Excellence, 2023). Over 

the past decade Cannabidiol has shown promise in treating epilepsy resistant to treatment by 

conventional anti-convulsants associated with other human disorders (Silvestro et al. 2019 

and Abu-Sawwa et al. 2020). Similarly recent clinical trials have shown the promising 

therapeutic potential of cannabidiol in managing epilepsy associated with TSC. A placebo 

controlled clinical trial by Thiele et al. (2020) found trial participants receiving either 25 mg/kg 

or 50 mg/kg of cannabidiol a day saw a reduction in seizure frequency of 48.6% and 47.5% 

respectively compared to 26.5% in the placebo group. A long term randomised, placebo 

controlled phase 3 trial by Thiele et al. (2022) found over the course of the trial (~ 48 weeks, 

median treatment time 38 weeks) that cannabidiol was well tolerated and crucially the median 

percentage reductions in seizure frequency for the patient cohort was 54% – 68%. Both of 

these clinical trials highlight that cannabidiol can be a potent therapeutic option for TSC 

patients suffering epilepsy alone or in combination with currently approved mTORC1 

inhibitors. However, information regarding whether drug-drug interactions between 

cannabidiol and rapalogues is currently lacking. With a recent study finding such drug-drug 

interactions may be unfavourable and could lead to adverse effects (Ebrahimi-Fakhari et al. 

2020). The authors found for patients treated with both cannabidiol and either everolimus or 

sirolimus, cannabidiol resulted in increased serum levels of everolimus or sirolimus, in some 

cases resulting in clinical toxicity.  

 

The mechanism of action of how cannabidiol mediates is anticonvulsive effects is yet to be 

fully elucidated. Presently, the most current hypothesis is that cannabidiol reduces excitatory 

neurotransmission at the synaptic level through three possible mechanisms, inhibition of the 

adenosine reuptake pump ENT1, inhibiting activation of the GPR55 cannabinoid receptor 

and/or desensitising TRPV1 ion channels (Aronica et al. 2023). Evidence from a zebra fish 

model of TSC also found cannabidiol suppressed rpS6 phosphorylation in the larval brains of 

tsc2 −/− zebra fish (Serra et al. 2019). Suggesting another way in which cannabidiol exerts its 

anticonvulsive effects, with particular relevance to TSC, is through repression of mTORC1 
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signalling. Supporting this notion is a study by Zeng et al. (2008), who found that rapamycin 

suppressed seizures in mice with Tsc1 conditional knock out in the glia.  

 

1.4.3 Other treatments 

Despite the efficacy of mTOR inhibition, surgical intervention remains an effective treatment 

for TSC associated lesions. Surgical goals for renal AMLs centre around preventing acute 

events, especially haemorrhaging. This often involves elective resection and embolization of 

renal AMLs that are particularly large, growing and/or resistant to mTOR inhibition (Eijkemans 

et al. 2015). Resection remains the treatment of choice for acutely symptomatic SEGAs 

(Curatolo et al. 2015), with mTOR inhibition preferred for treating SEGAs that are growing but 

asymptomatic or SEGAs that aren’t amenable to surgery; such as multiple bilateral SEGAs. It 

should be noted that resection of SEGAs carry significant risks and potential for complications 

(Kotulska et al. 2014). Lastly, surgery is also an option in the treatment of epilepsy associated 

with TSC if epileptogenic foci can be located. A meta-analysis of seizure outcomes after 

surgery by Zhang et al. (2013a) reported 59% of patients no longer experienced seizures. 

However, the percentage of seizure free cases has been found to decrease over time from 

surgery (Liang et al. 2017).  

 

1.5 mammalian target of rapamycin (mTOR) 

The action of the mammalian target of rapamycin (mTOR) protein is central to what we 

currently know about TSC. Therefore, an appreciation of mTOR’s complexes, their regulation 

and downstream signalling are necessary to understand the molecular/cellular aetiology of 

TSC, and by and large why they have been the main target for therapeutic intervention 

 

1.5.1 mTOR complexes  

Mammalian target of rapamycin (mTOR), as its name implies was first described after the 

discovery of rapamycin and identification of the TOR genes in S. cerevisiae (Heitman et 

al.1991 and Kunz et al. 1993). Mammals possess one orthologue of TOR1 and TOR2, MTOR 

(Sabatini et al. 1994 and Sabers et al. 1995), the product of which instead functions as part of 

two separate multi-protein kinase complexes; mTORC1 and mTORC2 (Kim and Guan, 2019). 

As described in figure 1.1, the two mTOR complexes differ in overall composition. mTORC1 

is comprised of the core subunits mTOR, RAPTOR, mLST8 and also the non-core subunits 

PRAS40 and DEPTOR when in an unstimulated state (Yang et al. 2016a). mTORC2 retains 

the mTOR and mLST8 core subunits, but has RICTOR instead of RAPTOR (Chen et al. 2018). 
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The mTORC2 complex also contains mSIN1 as a core subunit and the non-core subunits 

DEPTOR and PROTOR. In addition to be structurally distinct, the two complexes are 

functionally distinct, with RAPTOR and RICTOR recruiting different substrates and regulators 

to mTORC1 and mTORC2 respectively. As described in figure 1.1, mTORC1 acts to positively 

regulate cell growth, proliferation and metabolism by stimulating anabolic processes whilst 

inhibiting those that are catabolic (Kim and Guan, 2019). mTORC2 however principally 

regulates cell survival, cell motility and cytoskeletal rearrangement. Lastly, mTORC1 and 

mTORC2 can also be distinguished by their sensitivity to rapamycin. mTORC1 is acutely 

sensitive to rapamycin treatment, with the rapamcyin-FKBP12 complex directly binding to 

mTOR and inhibiting mTORC1 activity allosterically (Chen et al. 1995). mTORC2 isn’t acutely 

inhibited by rapamycin, thought to be due to steric hinderance generated by RICTOR and 

mSIN1 preventing rapamcyin-FKBP12 binding to mTOR (Chen et al. 2018). Long term, 

rapamycin treatment will inhibit mTORC2 (Sarbassov et al. 2006), which is thought to be due 

to rapamycin binding newly synthesised/unbound mTOR.  

Figure 1.1 The differing components and functions of the mTOR complexes. A: The 

core components of mTORC1 are the kinase mTOR, RAPTOR and mLST8. In the absence of 

stimulation, the inhibitory proteins DEPTOR and PRAS40 also form part of mTORC1. B: mTORC2 

is also comprised of mTOR, mLST8 and DEPTOR, but also contains RICTOR, PROTOR and 

mSIN1. RAPTOR= regulatory-associated protein of mTOR, mLST8= mammalian lethal with Sec13 

protein 8, DEPTOR= Dishevelled, Egl-10, and Pleckstrin domain-containing mTOR-interacting 

protein, PRAS40= proline-rich AKT substrate 40 kDa, RICTOR= rapamycin-insensitive companion 

of mTOR, PROTOR= protein observed with Rictor, mSIN1= mammalian stress-activated protein 

kinase interacting protein 1. 
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1.5.2 mTORC1 Structure 

Core mTORC1 Subunits: mTOR, RAPTOR and mLST8. 

Cryo-EM structures of a high resolution have been resolved for the core mTORC1 complex 

and also with accessory proteins (RHEB and PRAS40) (Yang et al. 2013a, Yang et al. 2016a 

and Yang et al. 2017a). According to the structure resolved by Yang et al. (2016a), mTORC1 

forms a symmetric dimer of the hetero-trimer mTOR/RAPTOR/mLST8 mediated by the two 

mTOR monomers and stabilised by the RAPTOR subunits binding across both mTOR 

monomers.  

 

mTOR is a serine/threonine protein kinase that belongs to the phosphoinositide 3-kinase 

(PI3K)-related kinase (PIKK) family. mTOR’s conserved domains are schematically 

represented in figure 1.2. mTOR’s N-terminal domain, consists primarily of tandem HEAT 

repeats (Yang et al. 2016a), which provide surfaces for protein-protein interactions, including 

between HEAT repeats in different monomers (Yoshimura and Hirano, 2016). In the case of 

mTORC1, HEAT repeats within mTOR and RAPTOR mediate their interaction with one 

another, and with downstream substrates of the mTORC1 complex (Yang et al. 2016a). The 

C-terminal domain of mTOR forms a compact core, with the C shaped FAT domain wrapping 

around the kinase domain, so that FRB domain (where rapamycin binds) protrudes out. The 

kinase domain of mTOR, adopts a two-lobe structure characteristic of a PI3K kinase (Walker 

et al. 1999). 

 

RAPTOR was identified by two groups, to be a mTOR binding protein able to interact with 

mTOR substrates (Hara et al. 2002 and Kim et al. 2002). RAPTOR is thought to function 

primarily as a scaffold protein, important for the recruitment of substrates such as S6K1 and 

4E-BP1 to mTORC1 via their TOS (TOR signalling) motif (Nojima et al. 2003). Substrate 

recruitment of RAPTOR is thought to occur vis its RNC domain (Dunlop et al. 2009). RAPTOR 

is also a target for phosphorylation that regulates the overall activity of mTORC1. Foster et al. 

(2010) and Carriere et al. (2011) demonstrated that mTORC1 activation resulted in mTOR 

directed multi-site phosphorylation of RAPTOR, with mTORC1 containing phosphorylation 

defective RAPTOR mutants showing decreased kinase activity towards substrates. 

Conversely, Dunlop et al. (2011) demonstrated ULK1, itself a substrate of mTORC1, 

phosphorylated RAPTOR at multiple sites to decrease kinase activity towards substrates. The 

exact function of mLST8 in both the mTORC1 and mTORC2 complexes remains unclear 

(Yang et al. 2018), but is known to stabilise the interaction of mTORC1 and RAPTOR and 

increase the kinase activity of mTOR. 
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PRAS40 and DEPTOR 

PRAS40 and DEPTOR are negative regulators associated with the mTORC1 complex when 

it is in an unstimulated state. Identified as an insulin regulated inhibitor of mTORC1 by multiple 

groups (Sancak et al. 2007, Vander Haar et al. 2007 and Wang et al. 2007a), PRAS40 

contains a variant TOS motif and acts as competitive substrate for mTOR (Oshiro et al. 2007). 

A recent cryo-EM structure of mTOR-mLST8-PRAS40 revealed PRAS40 binds with a higher 

affinity to substrate binding sites at the FRB domain (see figure 1.2 for schematic) thus 

inhibiting mTORC1 by competitively blocking substrate recruitment (Yang et al. 2017a). 

Stimulation of mTORC1 results in the phosphorylation of PRAS40, through PI3K activated 

AKT (Kovacina et al. 2003 and Vander Haar et al. 2007) and through Rheb stimulated mTOR 

(Oshiro et al. 2007). Phosphorylation of PRAS40 at multiple sites results its dissociation and 

sequestering by 14-3-3 proteins (Nascimento et al. 2010), allowing full activation of mTORC1. 

DEPTOR is another mTOR inhibitor (Peterson et al. 2009) which associates with mTORC1 

Figure 1.2 Components of the mTORC1 signalling complex and their structural 

domains. A: Conserved domains of the core mTORC1 components. mTORs conserved domains 

include N-terminus tandem HEAT repeats, FAT domain, FRB domain, kinase domain and a smaller 

FAT domain at the C-terminus (FATC). Raptor contains an N-terminal domain, three HEAT repeats 

and seven WD40 repeats. mLST8 is primarily comprised of seven WD40 repeats (Rs). Arrows 

represent respective binding domains between proteins. B: Conserved domains of the inhibitory 

mTORC1 proteins. DEPTOR contains two tandem N-terminal DEP domains and towards the C 

terminus a PDZ domain. PRAS40s conserved domains include a PED, a TOR signalling motif (TOS) 

and WD40 repeats (Rs). Protein domain schematics are not scaled. HEAT= Huntington, EF3A, 

ATM, TOR, FAT= FRAP–ATM–TTRAP, FRB= FKBP12/rapamycin binding, RNC= Raptor N-

terminal conserved, DEP= dishevelled, egl-10, and pleckstrin, PDZ= postsynaptic density 95, disks 

large, zonula occludens-1, PED= proline enriched domain. 
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through interaction of its PDZ domain (see figure 1.2) and mTORs’ FAT domain. The exact 

mechanism of DEPTORs’ inhibitory effect on mTOR isn’t known, but loss of DEPTOR 

increases phosphorylation of mTORC1 substrates. DEPTOR is a substrate of mTOR (Gao et 

al. 2011), and increased mTOR activity results in phosphorylation of DEPTOR and its eventual 

degradation through the ubiquitin-proteasomal pathway.  

 

Rheb 

Whilst not part of the core complex, the protein Rheb (Ras homolog enriched in brain) is crucial 

to the activity of mTORC1 (Patel et al. 2003). Rheb is a small GTPase and like all small 

GTPases cycles between a GTP and GDP bound state, which affects the conformation and 

ultimately function of the GTPase (Cherfils and Zeghouf, 2013). Cycling of GTPases between 

GTP and GDP bound forms is regulated by GAPs (GTPase activating proteins) which promote 

hydrolysis of bound GTP to GDP and GEFs (Guanine nucleotide exchange factors) which 

promote the release of bound GDP and reloading of GTP. Binding of GTP-bound Rheb (but 

not GDP-bound Rheb) strongly stimulates the kinase activity of mTORC1 (Long et al. 2005 

and Sato et al. 2009). The TSC1/TSC2 complex acts as a GAP for Rheb, and is key to the 

regulation of mTORC1 signalling. Rheb binds mTOR distally from the kinase site at the HEAT 

and FAT domains (see figure 1.2) producing a global conformational change that re-algins the 

active site residues to allosterically improve catalysis (Yang et al. 2017a).  

 

 

1.5.3 Activation and Regulation of mTORC1 Signalling 

mTORC1 acts as a major signalling node, integrating various intracellular and extracellular 

signals about the nutrient and energy status of the cell in order to regulate the growth and 

proliferation of the cell. The activation and regulation of this complex happens at multiple 

levels, affecting the activity and sub-cellular location of both the complex itself and its 

regulators. 

 

The TSC1/TSC2 complex and Rheb 

The small GTPase protein Rheb is key for mTORC1 activity; with the complex showing little 

kinase activity in vitro without the GTP-bound form (Long et al. 2005). The nucleotide bound 

status of Rheb is in turn controlled by the TSC1/2 complex (Inoki et al. 2003a), and thus 

through Rheb, TSC1/TSC2 negatively regulates mTORC1 signalling (Tee et al. 2002 and 
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Garami et al. 2003). Whilst a GTPase protein, Rheb exhibit low intrinsic GTPase activity itself 

(Yu et al. 2005) and thus favours its active state.  

Therefore, the GAP activity of the TSC1/2 complex is key for the acute switch to revert Rheb-

GTP to Rheb-GDP and thus inhibit mTORC1 (Mazhab-Jafari et al. 2012). The TSC complex 

itself is composed of three subunits: TSC1, TSC2 and also TBC1D7 (Dibble et al. 2012). TSC2 

is the actual GAP protein for Rheb, containing the GAP domain (Tee et al. 2003a). TSC1 is 

essential for the proper functioning of the complex, as it acts to stabilise TSC2 which is 

unstable when unbound and is prone to ubiquitin mediated degradation (Benvenuto et al. 

2000). So effective is TSC1/2s’ regulation of mTORC1 through Rheb, that many of the 

pathways that signal mTORC1 do so by regulating the activity of TSC1 and TSC2 (Huang and 

Manning, 2008). As highlighted in figure 1.3, TSC1 and TSC2 contain sites subject to post 

translational modifications (PTM) which alter the activity, stability or localisation of the TSC1/2 

complex, and hence the activity of mTORC1. 

 

Spatial regulation of the mTORC1 complex  

Spatial regulation of mTORC1 components happens at the cytoplasmic face of the lysosome 

(Menon et al. 2014). Sub-populations of Rheb have been found at the lysosome, tethering to 

the lysosomal membrane (Saito et al. 2005 and Menon et al. 2014). Through growth factor 

induced PI3K signalling colocalization of TSC1/2 complex at the lysosome is modulated. 

Activated AKT phosphorylates TSC2 at multiple sites (see figure 1.3), causing dissociation of 

the TSC1/TSC2 complex at the lysosome and partitioning of TSC2 to the cytoplasm (Cai et 

al. 2006). Amino acid signalling through a complex mechanism involving many proteins co-

localises mTORC1 with active Rag GTPases at the lysosome (Sancak et al. 2008), thereby 

bringing the complex into closer proximity with its activator Rheb. 

 

Growth Factor Signalling through PI3K/AKT and MAPK Pathways 

Growth factors signal mTORC1 primarily through two well characterised signalling cascades, 

the PI3K/AKT pathway and the Ras pathway (Saxton and Sabatini, 2017). As highlighted in 

figure 1.4, binding of growth factors, like insulin, to cognate receptors, results in the recruitment 

of adaptor proteins to the activated receptor tyrosine kinase (RTK) (Dibble and Cantley, 2015). 

In the case of PI3K/AKT signalling, activation of PI3K results in the conversion of PIP2 

(phosphatidylinositol (4,5)-bisphosphate) to PIP3 (phosphatidylinositol (3,5)-triphosphate). 

PIP3 in turn recruits AKT and PDK1, promoting the activation of AKT and also the 

phosphorylation of AKT by PDK1. PIP3 can activate mTORC2, which in turn phosphorylates 

AKT to further boost its activity. Activated AKT inhibits TSC2 as discussed in section 1.5.3 and  
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also via phosphorylation of PRAS40; resulting in its dissociation from mTORC1 (Sancak et al. 

2007). RTK dependent Ras signalling also regulates mTORC1 through converging on TSC2. 

In this instance, the activated MAPK kinase ERK and its effector RSK1 phosphorylate TSC2 

(Ma et al. 2005 and Roux et al. 2004) to inhibit the TSC1/TSC2 complex. Wnt signalling also 

stimulates mTORC1 signalling (Inoki et al. 2006) through TSC2 by inhibiting GSK3 (glycogen 

synthase kinase 3). Phosphorylation of TSC2 by GSK3 acts to promote activity of the TSC1/2 

complex.  

Figure 1.3. Schematic representation of TSC1 and TSC2 protein structure and their 

regulatory post translation modifications. Both TSC1 and TSC2 proteins are subject to 

multiple regulatory post-translation modifications (PTMs) that either positively or negatively affect 

their activity. Residue numbers subject to PTMs are annotated with the protein responsible for each 

PTM, if known, annotated above.  BD= binding domain, LZ= leucine zipper domain, CD= coiled 

domain, CaM BD= calmodulin binding domain, Rheb Rheb GAP= GTPase-activating protein 

domain.  



18 

 

 

Energy and Oxygen Availability 

In direct contrast to growth factor signalling through PI3K and Ras pathways, decrease in the 

energy status (e.g., drop in available glucose) of the cell acts to stimulate the activity of the 

TSC1/2 complex, thereby inhibiting mTORC1 signalling (Inoki et al. 2003b). AMPK largely 

governs this response. AMPK senses the ratios of AMP and ADP to ATP directly. 

Consequently, decreases in the ratio of ATP:ADP/AMP lead to AMPK activation (Hardie et al. 

Figure 1.4. Activation and regulation of the mTORC1 complex. The activation and regulation of 

mTORC1 occurs not only through alteration of the complex itself, but also through altering the activity of 

its principal negative regulator, the TSC1/TSC2 complex. Activation of growth factor/insulin receptors 

increase mTORC1 activity through canonical RAS and PI3K signalling. With effectors kinases ERK, RSK1 

and AKT mediating inhibitory phosphorylation of mTORC1 inhibitors TSC2, GSK3 or PRAS40. Low energy 

status (increased ATP/ADP ratio) is communicated to mTORC1 through AMPK. AMPK increases the GAP 

activity of TSC2 towards mTORC1s positive regulator Rheb and inhibits mTORC1 directly through 

phosphorylating RAPTOR. Hypoxia reduces ATP generation through decreased oxidative phosphorylation 

and thus feeds into AMPK. Hypoxia also upregulates the expression of REDD1, which competes with TSC2 

for binding to inhibitory 14-3-3 proteins. Amino acids are a strong stimulator of mTORC1 activity 

independently of TSC1/TSC2. The mechanism of amino acid activation of mTORC1 involves many 

proteins. In general, when the local presence of amino acids increases, Rag protein heterodimers adopt 

their active configuration (Rag A/B bound to GTP and Rag A/C bound to GDP). Active Rag complex binds 

and colocalises mTORC1 at the lysosome. Bringing mTORC1 in closer proximity within the cell to Rheb. 

Figure was created through the use of Biorender. 
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2012). AMPK inhibits mTORC1 through AMPK mediated phosphorylation of TSC2, increasing 

its GAP activity towards Rheb (Inoki et al. 2003b). Activated AMPK also inhibits mTORC1 

directly, via AMPK phosphorylating RAPTOR (Gwinn et al. 2008), which induces RAPTOR to 

bind to 14-3-3 proteins, dissociating RAPTOR from the mTORC1 complex. 

As with nutrient availability, oxygen status is communicated to mTORC1 to ensure growth and 

proliferation is enhanced only under optimal conditions. As detailed in figure 1.4, hypoxia is 

able to downregulate mTORC1 signalling through multiple mechanisms. Hypoxia feeds into 

AMPK activity, as hypoxic conditions decrease the rate of oxidative phosphorylation, reducing 

mitochondrial generation of ATP. The resulting concomitant decrease in available ATP 

activates AMPK as previously described. Hypoxia transcriptionally regulates the REDD1 gene. 

Upregulation of REDD1 protein levels inhibits mTORC1 signalling through TSC2 (Brugarolas 

et al. 2004). REDD1 releases TSC2 from its association with inhibitory 14-3-3 proteins 

(DeYoung et al. 2008), increasing the amount of TSC2 available to form active TSC1/2 

complexes. Lastly, the hypoxic response proteins BNIP3 and PML also negatively regulate 

mTORC1 signalling by binding mTOR and Rheb respectively (Bernardi et al. 2006 and Li et 

al. 2007), disrupting the association of mTOR with Rheb to decrease activity of the entire 

complex. 

Amino Acids 

As mTORC1 is a master regulator of protein synthesis, activity of the complex is coupled to 

intracellular concentrations of amino acids. Amino acid availability represents a potent 

activator of mTORC1, as even cells lacking functional TSC1 or TSC2 show decreased 

mTORC1 signalling on amino acid starvation (Nobukuni et al. 2005 and Roccio et al. 2006). 

Regulation of mTORC1 through amino acids has thus been viewed as largely independent of 

the TSC1/2 complex. The mechanisms by which amino acids regulate mTORC1 are 

complicated, and beyond the scope of this work. Simplified however, amino acid 

concentrations affect the nucleotide bound status of the Rag GTPases (Sekiguchi et al. 2001 

and Sancak et al. 2008). In the presence of sufficient amino acids, these Rag GTPases adopt 

their active conformation (see figure 1.4) and then bind RAPTOR on mTORC1. Rag bound 

RAPTOR localises mTORC1 at the lysosome (Kim et al. 2008a) where Rheb also resides, 

thus acting to concentrate mTORC1 signalling components and regulators. Spatial regulation 

of mTORC1 and TSC1/2 by amino acid and growth factor signalling respectively couples these 

two modes of regulation; ensuring maximal mTORC1 activity only when conditions for growth 

and proliferation are optimal. 

As highlighted by sections 1.5.2 and 1.5.3, mTORC1 is subject to regulation at multiple levels 

to ensure proper activation. And that much of that regulation is through the modulation of 
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activity of the TSC1/TSC2 complex. Which is why in the cells of TSC patients, loss of either 

TSC1 or TSC2 leads to run away hyperactivity of mTORC1. 

 

1.5.4. mTORC1 Complex Regulated Processes 

To understand how mTORC1 hyperactivity produces aberrant cell signalling and phenotypes, 

first the role of mTORC1 in healthy cells with functioning TSC1 and TSC2 must be described.  

 

Protein Synthesis 

Protein synthesis is the most energetically demanding process within a cell (Buttgereit and 

Brand, 1995) and is highly regulated to maintain cell homeostasis. mTORC1 positively 

regulates proteins synthesis through upregulating mRNA translation (Saxton and Sabatini, 

2017). mTORC1 coordinates mRNA translation primarily through modulating the activity of  

two key effectors, 4E-BP1 (eIF4E binding protein) and (p70S6 kinase 1). As its name implies, 

4E-BP1 is a binding protein that sequesters and inhibits translation initiation factor eIF4E. 

eIF4E binds the 5’-mRNA cap moiety present on all eukaryotic mRNAs and is part of the 

heterotrimeric eIF4F protein complex that recruits ribosomes and promotes translation 

initiation (Gingras et al. 1999a). Activated mTORC1 phosphorylates 4E-BP1 at multiple sites 

resulting in the dissociation of 4E-BP1 from eIF4E (Brunn et al. 1999 and Gingras et al. 1999b), 

promoting cap-dependent translation of mRNAs.  

mTORC1 phosphorylation of S6K1 is stimulatory and increases this kinases activity 

(Magnuson et al. 2012). As detailed in figure 1.5, activated S6K1 phosphorylates a number of 

protein substrates that in turn regulate aspects of protein translation. S6K1 promotes cap-

dependent translation through indirect activation of the eIF4A helicase, another member of 

the eIF4F complex responsible for unwinding secondary structures in the 5’ untranslated 

region (Gingras et al. 1999a). S6K1 phosphorylates PDCD4, an inhibitor of eIF4A, there by 

promoting the degradation of PDCD4 (Dorello et al. 2006). S6K1 also stimulates the activity 

of eIF4B, a cofactor for eIF4A that promotes its helicase activity (Shahbazian et al. 2006). 

Aside from translation initiation, S6K1 has been shown to promote translation elongation 

through inhibitory phosphorylation of eEF2K; itself an inhibitor of the translation elongation 

factor eEF2 (Wang et al. 2001). Lastly, activated S6K1 and mTORC1 itself can promote the 

production of ribosomes by activating and inhibiting ribosomal protein S6 (rpS6) and PP2A 

respectively (Saxton and Sabatini, 2017). Thus, by affecting multiple components of the 

translation machinery, mTORC1 is able to greatly increase protein synthesis.  
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Nucleotide and Lipid Biosynthesis 

mTORC1 doesn’t just drive protein synthesis, but also upregulates the activity of other 

anabolic pathways (figure 1.5). De novo synthesis of lipids is key to the growth and 

proliferation of cells, as it provides the materials for the generation of new membranes. 

mTORC1 activation of S6K1 promotes lipids synthesis through the activation of SREBP (sterol 

responsive element binding protein) transcription factors (Düvel et al. 2010) and inhibition of 

Lipin-1 an inhibitor of SREBPs (Peterson et al. 2011). mTORC1 also stimulates the de novo 

synthesis of nucleotides through S6K1 activation of CAD (carbamoyl-phosphate synthetase) 

(Ben-Sahra et al. 2013) and upregulating the expression of MTHFD2 (Ben-Sahra, et al. 2016). 

Autophagy 

mTORC1 signalling also supports cell growth by inhibiting catabolic processes (figure 1.5), 

such as autophagy. mTORC1 directly phosphorylates and inhibits ULK1 and ATG13 (Jung et 

al. 2009), both of which function within the same multiprotein complex that drives early 

Figure 1.5. mTORC1 mediated phosphorylation of targets and their downstream 

effectors. Upon activation by upstream signalling, mTORC1 mediates activatory (green) or 

inhibitory (red) phosphorylation of downstream target proteins. Downstream signalling resulting from 

activated or inhibited mTORC1 substrates results in the upregulation of anabolic processes such as 

protein biosynthesis (B), nucleotide and lipid biosynthesis (C) and the downregulation of catabolic 

processes such as autophagy (A). 
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autophagosome formation (Wirth et al. 2013). mTORC1 directed phosphorylation of ULK1 is 

a signalling mechanism by which mTORC1 can turn off autophagy. Phosphorylation of ULK1 

by mTORC1 prevents its activation through AMPK (Kim et al. 2011a), which is a driver of 

autophagy under starvation conditions. Phosphorylation of ATG13 by mTORC1, prevents it 

binding and stabilising ULK1. Lastly, mTORC1 is able to inhibit autophagy transcriptionally, 

by phosphorylating TFEB (Martina et al. 2012), preventing TFEBs nuclear localisation. TFEB 

is a transcription factor that drives expression of autophagy and lysosomal genes.  

 

1.5.5 Dysregulation of mTORC1 signalling in TSC. 

The significance of the loss of TSC1 or TSC2 in patients is that loss of functional TSC1/2 

complex equates to a loss of much of the regulation of mTORC1. As stated previously and 

highlighted in figures 1.3 and 1.4, many of the effector kinases of different signalling cascades 

modulate mTORC1 signalling through affecting the stability and activity of the TSC1/2 

complex. Without the TSC1/2 complex, mTORC1 is rendered mostly insensitive to growth 

factor signalling, starvation signalling through AMPK and some forms of hypoxic regulation. 

Without TSC1/2 to effectively control the activity of Rheb, mTORC1 is rendered permanently 

active and promotes improper growth and proliferation through affecting the catabolic/anabolic 

processes previously discussed. The contribution of hyperactive mTORC1 signalling to 

improper growth/proliferation can be seen within cancers. Cancer cells are fundamentally 

characterised by their sustained proliferation despite the absence of growth promoting signals 

and presence of growth suppressing signals (Hanahan and Weinberg, 2011). This abnormal 

proliferative drive is in part achieved through aberrant mTORC1 activation, as highlighted by 

the finding that pathogenic mutations within oncogenes and tumour suppressor genes of the 

mTORC1 pathway and the upstream Ras and PI3K/Akt signalling pathways are detected in 

up to 80% of human cancers (Menon and Manning, 2008). Whilst TSC lesions show low 

metastatic potential, as discussed in section 1 their formation alone contributes significantly to 

the morbidity and mortality of patients. Clearly, mTORC1 is a major disease facet of TSC. 

 

1.6 mTORC2 signalling. 

1.6.1 mTORC2 signalling and regulation. 

Regulation of mTORC2 and mTORC2 regulated processes were beyond the scope of this 

work, and comparatively is less understood relative to mTORC1. However, given there is 

signalling cross talk between the two mTOR complexes, the function of mTORC2 signalling is 

worth briefly summarising here. As with mTORC1, mTORC2 largely mediates complex activity 

through phosphorylation of downstream effectors. mTORC2 can promote cell survival and 
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growth through activating Akt signalling. mTORC2 can phosphorylate Akt at several sites, the 

best defined being at S473 (Hresko et al. 2005), but also at S477 and T479 (Liu et al. 2014a 

and Liu et al. 2014b). How phosphorylation of Akt at the S473 site effects Akt activity is context 

dependent (Hagiwara et al. 2012 and Tang et al. 2016), whereas the S477 and T479 site are 

thought to be crucial for Akt activity under growth stimulating conditions (Liu et al. 2014a and 

Liu et al. 2014b). Activation of mTORC2 by growth factors is thought to occur through occur 

through PI3K signalling (Gan et al. 2011 and Zinzalla et al. 2011). mTORC2 also functions in 

regulating the actin cytoskeleton (Jacinto et al. 2004), regulating actin polymerisation through 

phosphorylation of PKCα (Sarbassov et al. 2004). Not all signalling to Akt and PKCα by 

mTORC2 is growth factor dependent, as evidenced by the mTORC2 regulated 

phosphorylation sites T450 of Akt and T638 of PKCα being found unresponsive to growth 

factor stimulation and starvation conditions (Facchinetti et al. 2008 and Ikenoue et al. 2008). 

Other modes of growth factor independent activation of mTORC2 include the lipid species 

phosphatidic acids (Toschi et al. 2009 and Menon et al. 2017) and exercise (García-Martínez 

and Alessi, 2008 and Kleinert et al. 2017). mTORC2 also regulates cell growth and ion 

transport across cells through phosphorylation of its downstream substrate S6K1 (García-

Martínez and Alessi, 2008 and Lu et al. 2011).  

The components mTORC2 are subject to a number of posttranslational modifications which 

affect the activity of the overall complex, as with mTORC1. For example, p300 mediated 

acetylation of Rictor increases mTORC2 kinase activity towards Akt (Masui et al. 2015). 

Conversely phosphorylation of mSIN1 by Akt or S6K promotes mSIN1 dissociation from 

mTORC2, decreasing the complexes overall activity (Liu et al. 2013). As the case with the 

spatial regulation mTORC1 signalling components (Sancak et al. 2008 and Menon et al. 

2014), how localisation of mTORC2 complex is tied to mTORC2 function is still an active area 

of research. mTORC2 has been observed to localise to many different subcellular locations, 

including the nucleus, cytoplasm, plasma membrane, endoplasmic reticulum and more (Betz 

and Hall, 2013).  Studies have reported in response to growth factors, mTORC2 localises to 

the mitochondrial associated endoplasmic reticulum membrane (Betz et al. 2013) and 

associates with ribosomes (Zinzalla et al. 2011). 

 

1.6.2 Cross talk between mTORC2 and mTORC1 signalling. 

Signalling feedback loops exist between the two mTOR complexes. mTORC1 signalling can 

negatively regulate mTORC2 activity through a number of mechanisms. Activation of S6K1 by 

mTORC1 activity decreases mTORC2 activity by downregulating insulin-PI3K signalling 

through both inhibitory phosphorylation of insulin receptor substrate 1 (IRS1) and decreasing 

IRS1 protein expression (Shah et al. 2004 and Harrington et al. 2004). Furthermore, S6K1 
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can phosphorylate mSIN1 to decrease mTORC2 complex integrity (Liu et al. 2014c). In normal 

cells, mTORC2 signalling can promote mTORC1 signalling through increasing the activity of 

Akt1 (Hresko et al. 2005), which in turn can inhibit the function of the TSC1/TSC2 complex 

thereby relieving inhibition of mTORC1 (Cai et al. 2006). A study by of a related kinase, Akt2, 

found mutation of S474 (the homologous residue to S473 in Akt1) decreased Akt2 kinase 

activity for TSC2 by ~50% (Kearney et al. 2019). However, in TSC, Akt1’s effect on mTORC1 

through TSC2 is rendered non-functional due these cells lacking either functional TSC1 or 

TSC2. 

 

1.6.3 mTORC2 signalling within TSC and its potential role in TSC pathogenesis. 

Pharmacological intervention and study of the molecular aetiology of TSC has largely focused 

on mTORC1 signalling, however there is a growing appreciation that mTORC2 signalling may 

also contribute to TSC pathology. As mTORC1 hyperactivity is observed upon loss of either 

TSC1 or TSC2, in contrast, mTORC2 signalling appears decreased in TSC cells (Huang et al. 

2009 and Carson et al. 2012) and TSC associated lesions (Ruppe et al. 2014). This is in large 

part due to mTORC1 activity downregulating PI3K signalling (Shah et al. 2004 and Harrington 

et al. 2004), as previously describe in subsection 1.6.2. However, Huang et al. (2009) showed 

that the TSC1/TSC2 complex is able to stimulate the kinase activity of mTORC2 in vitro. 

Therefore, loss of function of the TSC1/TSC2 complex likely directly contributes to decreased 

mTORC2 activity observed in TSC cells. It should be noted that findings from a study by Yang 

et al. (2015) conflicted with previous reports of repressed mTORC2 activity in TSC cells. The 

authors found by immunohistochemical analysis of renal tumours of a Tsc2 +/− mouse model, 

that mTORC2 specific Akt and PKCα phosphorylation sites were elevated. In a similar vein, 

there is conflict between the findings of studies into the role of mTORC2 in driving TSC 

pathology.  Rictor conditional knockout mice showed disrupted brain and neurological features 

(Carson et al. 2013). Karalis et al. (2022) however observed that depletion of the mTORC1 

component Raptor, but not the mTORC2 component Rictor in a murine TSC model, 

rebalanced perturbed mTOR signalling in Tsc1 knockout neuronal cells and improved several 

pathology phenotypes associated with TSC, such as impaired myelination, neuronal 

hypertrophy, and premature mortality. Other studies have supported a role for mTORC2 

activity in TSC pathogenesis. Goncharova et al. (2011) found that siRNA downregulation of 

Rictor repressed proliferation of Tsc2 deficient cells. While Zordan et al. (2018) reported that 

sustained activation of Akt and mTORC2, concomitant with mTORC1 hyperactivity, was 

necessary for the induction of SENs and SEGAs in a murine TSC model. In summary, whilst 

there is conflict in the literature about whether mTORC2 activity is elevated or repressed in 

TSC model cells and TSC associated lesions, the role of mTORC2 signalling in TSC pathology 
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is not settled and may contribute towards aberrant signalling pathways explored within this 

thesis.  

 

1.7 Angiogenesis within TSC 

Whilst improper growth and proliferation through hyperactive mTORC1 signalling is the best 

defined aetiology for TSC, it is increasingly being shown not to be the sole driver of pathology. 

For example, increased angiogenesis within TSC lesions is an established consequence of 

loss of TSC1/TSC2. Angiogenesis is the process by which new blood vessels are formed from 

pre-existing vessels and is regulated by a number of secreted factors that activate many 

cellular pathways (Teleanu et al. 2019). Dysregulated angiogenesis is implicated in the 

pathogenesis of multiple diseases, and is necessary for the growth of solid tumours above the 

size of a few mm (McDougall et al. 2006). As without a dedicated blood supply to provide 

oxygen and nutrients the growth of the lesion would be severely restricted. TSC lesions are 

highly vascularised and display many characteristics that indicate pathological angiogenic 

signalling. For example, renal angiomyolipomas show extensive and irregular vasculature with 

elastic poor walls that are prone to aneurysm (Yamakado et al. 2002). While the stroma of the 

SEGA brain lesions is vasculature rich (Grajkowska et al. 2010).  

In addition to the histological features of these lesions, immunohistochemical analysis of TSC 

associated lesions by multiple papers further identifies them as angiogenic neoplasms. For 

instance, increased staining for PECAM-1, a specific marker of vascular endothelium, in 

kidney, brain and skin lesions of TSC was observed by Arbisler et al. (2002). While 

Papakonstantinou et al. (2004) found protein expression of matrix metalloproteinases (MMP) 

was enhanced in TSC associated lesions, whilst conversely finding expression of endogenous 

MMP inhibitors was decreased. An environment which favours remodelling of the extracellular 

matrix, itself an important process in angiogenesis. Lastly, elevated levels of several pro-

angiogenic factors, including hepatocyte growth factor (HGF), vascular endothelial growth 

factor-A (VEGFA), EGF (epidermal growth factor) and bFGF (basic fibroblast growth factor) 

were detected in TSC lesions by Parker et al. (2011) and Nguyen‐Vu et al. (2001).  

Aberrant angiogenesis can be described as resulting from the imbalance between such pro-

angiogenic factors as mentioned above and endogenous anti-angiogenic factors. For 

example, pro-angiogenic factors whose expression was found to be elevated in TSC lesions, 

such as VEGF and HGF, have been found to promote aberrant angiogenesis within tumours. 

VEGF and HGF stimulate key steps in angiogenesis, including epithelial/endothelial cell 

migration, proliferation and vessel branching (Vimalraj, 2022). Increased expression and/or 

secretion of the pro-angiogenic VEGF has been described for numerous cancers (Kajdaniuk 
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et al. 2011). With cells from angiogenic tumours being found to secrete far more VEGF than 

cells derived from non-angiogenic tumours (Naumov et al. 2006). While elevated expression 

of HGF and its cognate receptor MET are frequently reported in cancers (Moosavi et al. 2019), 

with targeting of either being shown to have good efficacy in decreasing scores of 

angiogenesis in multiple cancer cell lines (Maemondo et al. 2002, Jiao et al. 2016 and Li et al. 

2018a) 

 

1.7.1 mTORC1/HIF-1α mediated Angiogenesis 

Hyperactive mTORC1 signalling is not a hallmark of only TSC cells. Hyperactivity of the 

PI3K/AKT/mTORC1 cell signalling pathway is a common feature in human cancers (Polivka 

and Janku, 2014), promoting numerous perturbed cellular processes that drive tumorigenesis, 

angiogenesis being one of them (Karar and Maity, 2011). Indeed, within solid tumours, 

inhibitors which target mTORC1 have shown good antiangiogenic effects. For example, 

targeting mTORC1 directly, through rapamycin, suppressed enhanced PI3K/mTORC1/HIF-1α 

mediated expression of VEGF (Guba et al. 2002, Marimpietri et al. 2007, Falcon et al. 2011 

and Frost et al. 2013). While curcumin was found to inhibit HGF induced angiogenic signalling 

through preventing c-Met phosphorylation and downstream activation of PI3K/Akt/mTOR 

signalling in lung cancer cell lines (Jiao et al. 2016). In regard to TSC, rapalogues have been 

shown to be efficacious anti-angiogenic drugs in their own right. Within a TSC mouse model 

co-treatment with the rapalog everolimus in addition to sorafenib, an angiogenesis inhibitor 

which inhibits protein kinases including VEGF receptors, was found to be more effective in 

decreasing kidney tumour size and number than either inhibitor alone (Yang et al. 2017b). 

While rapamycin was found to be more effective than a panel of angiogenesis inhibitors 

administered as single agents in increasing median survival in mouse models of TSC 

associated renal lesions (Woodrum et al. 2010).  

In both cancers and TSC, stabilisation of HIF-1α by mTORC1 (Land and Tee, 2007) is thought 

to be one of the primary mechanisms by which mTORC1 hyperactivity promotes angiogenesis. 

A detailed description of HIF-1α signalling and regulation can be found later in this chapter 

(section 1.7). But in brief, HIF-1α is one part of the dimeric transcription factor complex HIF-1 

(Majmundar et al. 2010). Through affecting target gene expression, HIF-1 regulates adaptive 

responses to hypoxia, including promoting expression of pro-angiogenic factors such as 

VEGFA. HIF-1α is the liable subunit of HIF-1, whose degradation is promoted under higher 

physiological oxygen concentrations (Wang et al. 1995a). But mTORC1 hyperactivity can lead 

to stabilisation of HIF-1α even under conditions of plentiful oxygen (Land and Tee, 2007), 

primarily through increasing preferential translation of HIF1A mRNA.  
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In murine cell models of TSC, Brugarolas et al. (2003) and Düvel et al. (2010) showed HIF-1α 

protein expression, and HIF-1α target gene expression was elevated on the loss of either Tsc1 

or Tsc2. And that rapamycin was effective at suppressing HIF-1α expression. Additionally, El-

Hashemite et al. (2013) found mTORC1 hyperactivity in Tsc1 and Tsc2 deficient fibroblasts 

drove elevated VEGF expression, which could be normalised with rapamycin treatment. 

However, despite previously mentioned studies highlighting the ability of rapamycin to 

suppress HIF-1α expression, other studies have shown mixed results in the ability of mTORC1 

inhibitors to decrease proangiogenic factor expression. For example, Brugarolas et al. (2003) 

reported that whilst HIF-1α expression was effectively normalised by rapamycin treatment 

within Tsc2 −/− MEF cells, VEGF expression was relatively insensitive. A finding later 

confirmed in a TSC mouse model by Dodd et al. (2015). Additionally, other pro-angiogenic 

factors whose expression is elevated in TSC1 and TSC2 deficient cells, such as MMP2, have 

also been found to be insensitive to rapamycin (Lee et al. 2010). In TSC patients, Franz et al. 

(2012) found in an analysis of patient sera from two phase 3 clinical trials into the efficacy of 

everolimus, that while levels of many pro-angiogenic factors were lower in patients receiving 

everolimus, serum levels of VEGF-A were higher than in sera of patients receiving placebo. 

Furthermore, serum levels of several pro-angiogenic markers assayed in the sera of patients 

receiving everolimus were no different than levels in sera from patients receiving a placebo. 

Overall, the insensitivity of some of the pro-angiogenic factors (including VEGF) known to be 

elevated in TSC to rapamycin, highlighted by these studies suggest proangiogenic factor 

expression and hence angiogenesis is likely regulated by other dysregulated signalling 

pathways in addition to mTORC1/HIF-1α signalling. 

 

1.7.2 STAT3 Mediated Angiogenesis  

Relevant to the present work is the observation that the action of HIF-1α isn’t the only factor 

promoting aberrant angiogenesis within disease, and likely within TSC. Dysregulated STAT3 

activity may be driving pro-angiogenic factor expression within TSC. STAT3 is downstream of 

many tyrosine kinases, such as EGF-R (EGF-receptor) and Src, that promote angiogenesis. 

Early work by Niu et al. (2002) found STAT3 activity was correlated with VEGF expression in 

a set of diverse cancer cell lines. And since then, constitutive STAT3 activity has been found 

to drive tumorigenesis through enhancing pro-angiogenic factor expression in multiple types 

of cancer (Wei et al. 2003, Zhao et al. 2011, Yang et al. 2013b and Zhao et al. 2018). 

Furthermore, cross talk between dysregulated HIF-1α and STAT3 signalling within cancers 

has been shown to drive pathogenesis. Xu et al. (2005) found in breast, prostate and 

melanoma cancer cell lines, inhibiting STAT3 decreased HIF-1α and VEGF expression. Gray 

et al. (2005) found STAT3 and HIF-1α both bound at the VEGF promoter and co-operatively 
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drove VEGF expression in pancreatic and prostate cancer cell lines. Similar findings were 

observed in a triple negative breast cancer and renal clear cell carcinoma cell line by Pawlus 

et al. (2013) in which STAT3 and HIF-1α were found to cooperatively drive HIF-1α target gene 

expression. Lastly, focussing on TSC, Dodd et al. (2015) found that mTORC1 and STAT3 co-

operate to drive HIF-1α expression at the protein and mRNA level. Although STAT3 regulation 

of HIF1A transcription was determined from HEK293 cells, not TSC model cells.  

Within TSC cells dysregulated STAT3 activity alone, or in co-operation with hyperactive 

mTORC1/HIF-1α signalling, may be driving angiogenesis and cell proliferation. If true, then 

STAT3 inhibition may also normalise the expression of rapamycin resistant pro-angiogenic 

factor expression previously discussed. Given the requirement of lesions to co-opt angiogenic 

signalling pathways for growth above a certain size, and the mortality/morbidity arising from 

aneurysms of irregular vessels of TSC lesions (Yamakado et al. 2002 and Chihi et al. 2019), 

inhibitors of angiogenic pathways would have a clear clinical benefit for TSC patients. 

 

1.8 HIF-1α Signalling. 

As previously mentioned, TSC associated lesions are angiogenic lesions, whose abnormal 

vasculature and increased angiogenic signalling contribute to the morbidity and mortality these 

tumours incur on TSC patients. HIF-1α signalling is a key mediator of angiogenic signalling. 

Given that HIF-1α expression is elevated in TSC model cells and TSC associated lesions, 

further research into the ways increased HIF-1α signalling does and does not contribute to 

pro-angiogenic signalling within TSC is needed. Including whether there are better therapeutic 

agents than rapalogues which can target HIF-1α expression. In this regard, HIF-1α signalling 

and regulation are described below. 

  

 

1.8.1 HIF  

Molecular oxygen is indispensable for many cellular pathways, especially in the final step of 

synthesis of ATP through oxidative phosphorylation (Semenza et al. 2000). A decrease in 

oxygen levels below a certain point subjects’ cells to hypoxia, creating significant stress, in 

part through impaired aerobic respiration. Therefore, to mitigate hypoxic stressors, cells 

activate a number of adaptive responses to maintain oxygen homeostasis, including cell cycle 

arrest, pro-angiogenic and cell survival factor secretion and increasing the oxygen 

independent glycolytic pathway for ATP production (Majmundar et al. 2010). The coordination 

of these adaptive responses to hypoxia are mediated through multiple cellular pathways, 
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including through the hypoxia inducible factor (HIF) family of transcription factors. HIFs were 

first described as nuclear factors which promote erythropoietin gene transcription (Semenza 

and Wang, 1992). HIF transcription factors function as obligate heterodimeric DNA binding 

complexes, composed of an oxygen labile α subunit (HIF-1/2/3α) and a stable constitutively 

expressed β subunit (HIF-1β) (Wang et al. 1995b and Wang and Semenza 1995). Cells 

continuously synthesis new HIF-1α subunits, but under conditions of plentiful oxygen 

(normoxia) HIF-1α subunits have a short half-life (Jewell et al. 2001). Stabilisation of HIF-1α 

leads to its heterodimerisation with HIF-1β via their bHLH/PAS domains to form the 

transcriptionally active dimer able to bind DNA at hypoxia response elements (HREs) within 

target genes (Wenger et al. 2005). HIFs bound to HREs then, through their C-terminal 

transactivation domain, recruit transcriptional co-activators, like p300/CBP, to regulate target 

gene expression. 

Whilst the present work focuses on HIF-1α, two other HIF-α subunits have been described in 

humans, HIF-2α and HIF-3α (Majmundar et al. 2010). HIF-1α and HIF-2α are the best 

characterised HIF-α proteins. And while both isoforms are able to bind the same HRE, Mole 

et al. (2009) found in response to acute hypoxia, there was both overlap in promoters bound 

by HIF-1α and HIF-2α, and distinct promoter sites bound between the two HIF-α isoforms 

across the human genome. And while the stability of HIF-1α and HIF-2α are regulated by the 

same oxygen-dependent hydroxylation mechanisms (Ivan et al. 2001 and Lando et al. 2002), 

they differ in other post translation modifications (Keith et al. 2012), mRNA translation 

regulation through the mTOR complexes (Toschi et al. 2008) and sub-nuclear localisation and 

diffusion (Taylor et al. 2016).  

 

1.8.2 mTORC1 Regulation of HIF-1α Activity 

As discussed briefly in section 1.7.1 of this chapter, mTORC1 activity drives HIF-1α expression 

and therefore in the context of TSC an important driver of dysregulated signalling, including 

pro-angiogenic signalling. As seen in figure 1.6, growth factor/insulin signalling leads to 

activation of mTORC1 and Ras/ERK/MNK signalling. These signalling pathways drive the 

protein expression of HIF-1α through activation of protein biosynthesis machinery and factors 

that lead to enhanced HIF1A mRNA translation. mTORC1 activity promotes the preferential 

enhanced translation efficiency of a subset of mRNAs, of which HIF-1α is one, with long 

structured 5’ untranslated regions (UTR). This is achieved through promoting formation of the 

eIF4F complex (Fonseca et al. 2014). Stable secondary structures with the 5’ untranslated 

region (UTR) of mRNA impair translation efficiency (Jackson et al. 1997) and need to be 

linearised before initial 40S ribosome binding and scanning towards the translation initiation 

codon (Gebauer and Hentze 2004). Linearisation of this secondary structure is achieved by 
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the RNA helicase activity of eIF4A (Rogers Jr et al. 2002). mTORC1 promotes the activity of 

this helicase, and hence HIF-1α mRNA translation efficiency, through phosphorylation of 

multiple downstream substrates.  Inhibition of 4E-BP1 relieves its inhibitory effect on eIF4E, 

allowing recruitment of eIF4G and in turn eIF4A to the 5′ end of an mRNA (Hara et al. 1997). 

eIF4A RNA helicase activity is elevated by eIF4B and inhibited by PDCD4. mTORC1 activation 

of S6K1, leads to activatory phosphorylation of eIF4B (Raught et al. 2004) and inhibition of 

PDCD4 (Dorrello et al. 2006). Additionally, work by Wang et al. (2022) identified that the 5’ 

UTR of HIF1A, contained high affinity eIF4A binding motifs. Further indicating translation of 

HIF1A mRNA is particularly sensitive to mTORC1 activity. Additionally, the mRNAs whose 

translation is upregulated by mTOR/eIF4F activity have been found to almost entirely consist 

of transcripts containing 5’ terminal oligopyrimidine (TOP) motifs (Hsieh et al. 2012 and 

Thoreen et al. 2012). These 5’ TOP containing mRNAs have long been known to be rapamycin 

sensitive (Jefferies et al. 1994 and Terada et al. 1994). These TOP motifs are found at the 5’ 

end of mRNAs encoding all ribosomal proteins, elongation factors and a number of initiation 

factors (Meyuhas, 2000). Therefore, preferential translation of these mRNAs through 

mTORC1 activity allows tight control of the biosynthesis of these translation components in 

line with energy and nutrient availability within the cell.  Interestingly, TOPs have been 

identified in the 5’UTR region of HIF1A (Laughner et al. 2001 and Thomas et al. 2006), again 

highlighting HIF-1α translation is tightly coupled to mTORC1 activity. Hyperactivity of 

mTORC1 within the context of TSC, drives HIF-1α accumulation in disproportion to PHDs 

(prolyl hydroxylases), stabilising HIF-1α. Besides mTORC1's role in driving HIF-1α protein 

expression, mTORC1 activity has been found to promote transcriptional activity of HIF-1α. An 

mTORC1 signalling motif (TOS) in the N-terminal domain of HIF-1α is bound by Raptor, to 

promote p300/CBP binding (Land and Tee, 2007). HIF-1α mutants lacking this TOS motif, 

showed impaired HIF-1α transcription under hypoxia and p300/CBP binding. 

It is also worth noting that feedback inhibition of mTORC1 by increased HIF-1α activity is 

impaired in TSC. Stabilisation of HIF-1α leads to increased HIF-1α target gene expression, 

including that of REDD1 (Brugarolas et al. 2004). REDD1 inhibits mTORC1 signalling by 

releasing TSC2 from its inhibitory association with 14-3-3 proteins (DeYoung et al. 2008). 

Given that TSC patients lack functional TSC1/TSC2 complex, this feedback inhibition of 

mTORC1 signalling by HIF-1α activity is rendered unfunctional. In conclusion, within TSC 

cells, HIF-1α expression and activity are dysregulated at multiple levels through the loss of 

either TSC1 or TSC2.  
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Figure 1.6. HIF-1α protein regulation occurs through mTORC1 and Ras/Raf/MEK/ERK 

signalling mediated increase in protein synthesis and oxygen dependent proteasomal 

degradation. Activation of growth factor/insulin receptors increases the activity of both mTORC1, through 

the PI3K/AKT pathway, and of ERK and MNK kinases, through the Ras/Raf/MEK pathway. mTORC1, ERK 

and MNK phosphorylate downstream effectors that act through multiple mechanisms to increase the 

translation of HIF-1α mRNA. Under conditions of plentiful oxygen (normoxia) newly synthesised HIF-1α is 

degraded through the ubiquitin-proteasome pathway. Oxygen dependent prolyl hydroxylases (PHDs) 

hydroxylate HIF-1α at P402 and P564, which in turn allows pVHL to bind HIF-1α. pVHL bound HIF-1α is 

polyubiquitinated by an E3 ubiquitin ligase complex which marks HIF-1α for degradation by the proteasome 

complex. Oxygen dependent hydroxylation of HIF-1α by FIH blocks HIF-1α associating with the 

transcriptional activator p300/CBP at target gene promoters. Repressing HIF-1α mediated transcription. 

Under conditions of low oxygen (hypoxia), the inhibitory activity of PHD and FIH hydroxylases is inhibited. 

Therefore HIF-1α is free to translocate to the nucleus, bind with HIF-1β into the transcriptionally active HIF1 

heterodimer. HIF1 binds DNA at hypoxic response elements in a complex with transcriptional co-activators, 

such as p300/CBP, to regulate target gene transcription. Figure was created through the use of Biorender. 
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1.8.3 Canonical Regulation of HIF-1α through Oxygen Dependent Hydroxylation 

Understanding how physiological oxygen concentrations regulate HIF-1α is necessary to 

contextualise the research presented in this thesis. As this thesis proposes there is a hypoxic 

element to the dysregulated signalling pathways observed upon the loss of TSC2, including 

for HIF-1α signalling. 

To ensure proper activation of HIF-1 during periods of hypoxia, HIF-1α subunit stability is 

regulated by oxygen dependent enzymes that ultimately lead to degradation of HIF-1α through 

the ubiquitin mediated proteasomal degradation (Salceda and Caro, 1997). As illustrated in 

figure 1.6. These HIF-1α regulatory enzymes are prolyl hydroxylases (PHD) and Factor-

Inhibiting HIF (FIH). PHDs, hydroxylate HIF-1α on two conserved proline residues (P402 and 

P564) within the oxygen dependent degradation domain (ODDD) (Maxwell et al. 1999 and 

Masson et al. 2001). Hydroxylation of these proline residues allows HIF-1α to be bound by 

von-Hippel-Lindau protein (pVHL) (Maxwell et al. 1999 and Ohh et al. 2000). pVHL acts as a 

substrate recognition subunit within an E3 ubiquitin ligase complex, on HIF-1α binding pVHL 

will poly-ubiquitinate HIF1-α at K532, K538 and K567 (Paltoglou and Roberts, 2007). Poly-

ubiquitinated HIF-1α is then degraded by the 26S proteasome (Ivan et al. 2001).  

HIF-1α hydroxylation is also mediated by the asparaginyl hydroxylase FIH in an oxygen 

dependent manner (Lando et al. 2002). FIH hydroxylates asparagine 803 within the C-terminal 

transactivation domain of HIF-1α. Rather than affecting protein stability, this PTM regulates 

HIF-1α’s transcriptional activity by preventing association with transcriptional coactivators 

p300/CBP, which is necessary for HIF-1α to mediate hypoxic induced gene expression (Arany 

et al. 1996). The Km, substrate concentration permitting half maximum rate of enzymatic 

reaction, of FIH is lower than PHDs (Bracken et al. 2006). Meaning even on stabilisation of 

HIF-1α protein at lower intracellular oxygen concentrations, FIH may negatively regulate HIF-

1α activity. As oxygen is a necessary substrate for FIH and PHD hydroxylation, under hypoxia 

the action of these enzymes is inhibited, and thus HIF-1α protein stability and transcriptional 

co-activator binding is increased. HIF-1α is then free to associate with HIF-1β, bind HRE 

containing genes and drive their expression. PHDs are also regulated by intermediates of the 

tricarboxylic acid (TCA) cycle. Both PHDs and FIH rely on α-ketoglutarate as a substrate for 

their hydroxylation reactions and have been shown to be inhibited by TCA cycle intermediates, 

for example succinate and fumarate (Koivunen et al. 2007). This mode of regulation of PHDs 

and FIHs likely has functional significance to TSC pathology as TSC cells show a disturbed 

metabolism. For example, mTORC1 hyperactivity, through upregulating HIF-1α (Düvel et al. 

2010) and c-Myc (West et al. 1998) activity, promotes glycolysis within TSC cells.  
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1.8.4 Other Post-Translational Modifications Which Regulate HIF-1α Stability and 

Activity. 

As can be seen from figure 1.7, aside from hydroxylation, HIF-1α is subject to many regulatory 

PTMs that modulate its activity. Some of which have particular relevance to TSC. Aside from 

GSK3’s role in regulating mTORC1 signalling through the TSC1/TSC2 complex, GSK3 has 

been found to regulate HIF-1 activity. GSK3β has been found to phosphorylate serines 551 

and 589 and threonine 555 within the N-terminal transactivation domain of HIF-1α (Flügel et 

al. 2007). Phosphorylation of HIF-1α by GSK3β leads to pVHL independent proteasomal 

degradation of HIF-1α through FBW7-E3 ubiquitin ligase (Cassavaugh et al. 2011). GSK3β 

activity is repressed within TSC cells, owing to hyperactive mTORC1 signalling through S6K1 

activity (Zhang et al. 2006a and Pal et al. 2017). Additionally, Wnt signalling leads to GSK3 

inhibition. Mak et al. (2005) and Jozwiak et al. (2007) both found elevated markers of Wnt 

signalling within TSC associated renal and brain lesions. Therefore, GSK3β mediated 

regulation of HIF-1α protein stability is impaired within TSC cells (Bhaskar et al. 2009). Mak 

et al. (2005) and Jozwiak et al. (2007) also observed elevated levels of β-catenin within TSC 

associated renal and brain lesions. β-catenin has been found to associate with HIF-1α at the 

promoter of HIF-1α target genes and promote their expression (Kaidi et al. 2007). Not all PTMs 

negatively regulate HIF-1α. Cyclin dependent kinase’s (CDK) phosphorylation of HIF-1α 

increases HIF-1α stability. CDK1 directly interacts with and phosphorylates HIF-1α at serine 

668 (Warfel et al. 2013), decreasing proteasomal degradation. Acetylation of HIF-1α can also 

positively regulate HIF-1α activity. For example, acetylation of lysine 674 by PCAF promotes 

HIF-1α’s association with p300/CBP (Lim et al. 2010). 

PTMs under redox control have also been found to modulate HIF-1α activity. Hypoxia and 

elevated reactive oxygen species promote the s-glutathionylation (addition of glutathione to 

cysteine residues) of HIF-1α at cysteine 520 (Watanabe et al. 2016). S-glutathionylation, 

through increased intracellular oxidised glutathione, has been found to promote HIF-1α protein 

stability (Jeon et al. 2018) and HIF-1 dependent promoter activity (Tajima et al. 2009). 

Additionally, a cysteine (C824) within the C-terminal transactivation domain of HIF-1α (Shah 

et al. 2017), when oxidised, is targeted for reduction by the redox signalling protein Ref-1 

(Lando et al. 2000). Which increases the DNA binding affinity of HIF-1. Inhibition of Ref-1 

decreased HIF-1α driven luciferase reporter activity within pancreatic cancer cell lines (Fishel 

et al. 2011 and Logsdon et al. 2016). These studies highlight that inhibition of Ref-1 may be 

an efficacious strategy for targeting HIF-1α mediated pro-angiogenic signalling within TSC.  
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1.8.5 Transcriptional Regulation of HIF-1α 

Whilst post-translational modifications affecting HIF-1α stability and transcriptional activity 

ensure rapid and appropriate modulation of HIF-1α activity, mRNA expression of the HIF1A 

gene is also subject to regulation. Hypoxia has been found to induce HIF1A mRNA expression 

in multiple cell lines (reviewed in Gorlach, 2009). In addition, exposure of mice or rats to 

hypoxic conditions was found to elevate HIF1A mRNA expression within tissue samples from 

kidney, brain, and lung (Wiener et al. 1996). All organs predominantly affected by the clinical 

manifestations of TSC (Northrup et al. 2013) and have oxygen gradients across them as part 

of their normal functioning. Aside from hypoxia, HIF1A mRNA expression has been shown to 

be regulated by transcription factors, including nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-κB) and STAT3. Whilst the role of NF-κB signalling in TSC pathogenesis 

to date has been understudied, limited evidence has found elevated activity of this 

transcription factor within TSC brain lesions (Boer et al. 2008 and Dombkowski et al. 2019) 

and TSC2 mutant cancer cells (Gao et al. 2015). Induction of NF-κB activity has been found 

Figure 1.7. Schematic representation of HIF-1α protein structure and its regulatory 

post translation modifications. Post-translational modifications of HIF-1α across its protein 

structure regulate its activity at the level of protein stability and ability to bind transcriptional co-

activators.  Residue numbers subject to PTMs are annotated with the protein responsible for each 

PTM, if known, annotated above.  bHLH= basic helix–loop–helix motif, PAS= Per-Arnt-Sim (PAS) 

domain, ODDD= oxygen dependent degradation domain, N-TAD= N-terminal transactivation 

domain, C-TAD= C-terminal transactivation domain. 
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to increase HIF1A mRNA expression (van Uden et al. 2008). Additionally, NF-κB subunits p65 

and p50 have been observed to directly interact with HIF-1α at a NF-κB consensus site within 

the HIF1A promoter upon increased hypoxia and ROS (BelAiba et al. 2007 and Bonello et al. 

2007). STAT3 stimulatory cytokines have been found to increase HIF1A mRNA expression in 

multiple cell lines, in part through increased JAK signalling (Argaw et al. 2006, Gerber and 

Pober, 2008 and Vollmer et al. 2009). And Niu et al. (2008) found in myeloid derived cells, 

under hypoxia and growth stimulating conditions, STAT3 bound the HIF1A promoter and 

increased HIF1A mRNA levels (Niu et al. 2008). Lastly, in the context of TSC, Dodd et al. 

(2015) found that mTORC1 and STAT3 cooperate to drive HIF1A mRNA expression, through 

mTORC1 stimulating STAT3 transcriptional activity through phosphorylating STAT3 at S727. 

What these studies highlight is that within TSC, there are potentially several effectors, whose 

activity themselves has been found to be elevated in TSC, that could be driving aberrant 

HIF1A mRNA expression. 

 

1.9 STAT3 Signalling 

1.9.1 STAT3 and TSC 

STAT3 belongs to the signal transducer and activator of transcription (STAT) family of 

proteins, that mainly function as transcription factors (Turkson et al. 2004) downstream of 

receptors activated by cytokines and growth factors. STAT3 is pleiotropic transcription factor, 

responsible for, through its transcription of target genes, regulating a wide spectrum of 

biological processes. Including cell proliferation, differentiation, survival, chemotaxis, 

inflammation, and angiogenesis (Roca Suarez et al. 2018). Aberrant STAT3 activity is a driver 

of tumorigenesis common to many cancers, with constitutive STAT3 activation reported in 

70% of solid tumours (Diallo and Herrera, 2022). Constitutively activated STAT3 has been 

descried in multiple TSC associated lesions and model cell lines (El-Hashemite and 

Kwiatkowski, 2005, Chan et al. 2004 and Goncharova et al. 2009). Dodd et al. (2015) found 

that mTORC1 activity co-operates with STAT3 to drive HIF-1α expression through increasing 

S727 phosphorylation of STAT3. Presently however, knowledge of how STAT3 is 

constitutively activated within TSC and drives the pathogenesis of TSC remains unclear. 

STAT3 signalling and its regulation relevant to the present work is described below. 

 

1.9.2 Canonical STAT3 Signalling 

STAT3 activation can be initiated by a broad range of cytokines, including but not limited to 

interleukin 6 (IL-6) family members (Heinrich et al. 1998), and growth factors such as 

epidermal growth factor (Zhong et al 1994) and fibroblast growth factor (Megeney et al. 1996). 
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Some of which have been found to be elevated in TSC1 and TSC2 deficient cells (Parker et 

al. 2011 and Wang et al. 2021a). This broad range of activatory ligands for STAT3, in part, 

explains the many processes regulated by this protein. In canonical STAT3 signalling, STAT3 

exists as a latent unphosphorylated cytoplasmic monomer until STAT3 stimulatory ligands 

bind their cognate receptors. As exemplified by the signalling schematic in figure 1.8, these 

receptors largely lack intrinsic tyrosine kinase activity, with the exception of receptor tyrosine 

kinases. Therefore, must recruit adaptor kinases such as JAK family members or Src.  

Using IL-6 as an example for IL-6 family member cytokine activation, canonical STAT3 

signalling proceeds as follows. Ligand binding to the IL-6 receptor (IL-6Rα) results in IL-6Rα 

associating with gp130 (the common shared chain of the IL-6 family of cytokines), and this 

hetero-tetramer then associates with another to form a hexameric signalling complex 

(Boulanger et al. 2003). Multimerization of receptor components brings receptor associated 

JAK family adaptor kinases into proximity, inducing autoactivation of the JAKs by 

transphosphorylation, whereby one JAK protein phosphorylates specific tyrosine residues 

within the activation loop of the other and vice versa (Feng et al. 1997). Activated JAK kinases 

now have their active site exposed, allowing substrate and ATP binding (Hubbard, 1997). 

Activated JAKs proceed to phosphorylate specific tyrosine residues within the cytoplasmic 

domain of gp130, creating binding sites for STAT3 to associate with the receptor complex via 

its Src Homology 2 (SH2) domain (Hemmann et al. 1996). Recruited STAT3 is then 

phosphorylated at Y705 through the kinase activity of JAKs (Kaptein et al. 1996), and Y705 

phosphorylated STAT3 monomers dimerise with each other or other tyrosine phosphorylated 

STAT family members through their SH2 domain (Shuai et al. 1994). Tyrosine phosphorylated 

STAT3 dimers then translocate to the nucleus (Liu et al. 2005) where they preferentially bind 

to gamma interferon activation site (GAS) sequences (Raz et al. 1994 and Becker et al. 1998) 

and drive transcription of target genes. Aside from cytokine and growth factor receptor 

signalling, G-protein coupled receptors have been found to activate STAT3 through 

recruitment of JAK and Src adaptor kinases (reviewed in Yu et al. 2014).  

 

1.9.3 Phosphorylation of STAT3 at S727 

Aside from Y705 phosphorylation, phosphorylation of STAT3 at serine 727 (S727) is the other 

surrogate marker used to assess STAT3 activation or inhibition within the present work. 

Phosphorylation of STAT3 at S727 has also been shown to be constitutively high in TSC 

model cells (Onda et al. 2002), but it’s function in regard to modulating STAT3 activity is more 

controversial than phosphorylation at Y705. Therefore, the role of this PTM will be discussed 

in the present section. First identified by Zhang et al. (1995), the S727 site is located within 

the C-terminal transactivation domain of STAT3 and has been reported to be phosphorylated 
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by multiple serine/threonine kinases in response to cytokine or growth factor stimulation. 

These include: JNK-1 (Lim and Cao, 1999), MEKK1 (Lim and Cao, 2001), ERK (Kuroki and 

O’Flaherty, 1999) and mTOR (Yokogami et al. 2000, Kim et al. 2008b and Dodd et al. 2015). 

Erk mediated phosphorylation of STAT3 at S727 on cytokine stimulation can be visualised in 

figure 1.8. However, the role of this phosphorylation site in modulating STAT3 activity is less 

clear than the function of the Y705 site. Initially this site proposed to increase STAT3 

transcriptional activity. Wen et al. (1995) found through transfecting cells, showing low 

endogenous expression of STAT3, with wildtype STAT3 or a mutant STAT3 in which the S727 

Figure 1.8. Canonical STAT3 signalling. Many cytokines and growth factors can activate canonical 

STAT3 signalling. In the case of an IL-6 family cytokine binding its cognate receptor, that receptor forms a 

heteromeric complex with the common gp130 receptor subunit. Adaptor kinases of the JAK family bound to 

the activated receptor complex autoactivate one another before phosphorylating specific tyrosine residues 

within gp130 to create binding sites for SH2 domain containing proteins. STAT3 is recruited to the receptor 

complex and is phosphorylated at Y705 by receptor bound JAK kinases. Activation of G-coupled receptors 

and growth factor receptors can also lead to phosphorylation of STAT3 at Y705 through recruited JAK family 

kinases. STAT3 monomers phosphorylated at Y705 dimerise through their SH2 domains. STAT3 dimers 

translocate to the nucleus where they bind to gene promoters with canonical GAS sequences and drive target 

gene expression. Activation of cytokines receptors can also lead to phosphorylation of STAT3 at S727. GRB2 

binds JAK phosphorylated gp130. SOS bound to GRB2 activates Ras/Raf/MEK/ERK signalling, leading to 

ERK mediated phosphorylation of STAT3 at S727. Serine/threonine kinases activated through other 

pathways, not shown, can also phosphorylate STAT3 at S727. Such as MEKK1, JNK-1 and mTOR. Figure 

was created through the use of Biorender. 
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had been substituted for an alanine (S727A), phosphorylation of both the S727 and Y705 site 

was necessary for the maximal transcriptional activity of STAT3. Whilst the authors found by 

way of an electromobility shift assay that there was no difference in the DNA binding ability of 

Y705 phosphorylated wildtype STAT3 and S727A STAT3. Wildtype STAT3 however induced 

a luciferase reporter gene, driven by STAT3 binding sites, many fold higher than S727A 

STAT3.  

Later work however challenged the findings of Wen et al. (1995). Kim and Baumann (1997) 

observed no difference in activation of the haptoglobin acute phase promoter between HepG2 

cells overexpressing either wildtype STAT3 or the S727A STAT3 mutant.  With other studies 

suggesting the S727 site negatively regulated Y705 phosphorylation of STAT3. Lim and Cao, 

(1999) found JNK1 mediated phosphorylation of STAT3 at S727 on EGF stimulation of COS-

1 cells, which negatively regulated the Y705 phosphorylation and transcriptional activity of 

STAT3. Chung et al. (1997) performed phospho-amino acid analyses of immunoprecipitated 

proteins purified from 32P-labelled COS cells expressing either wild-type STAT3 or the S727A 

STAT3 mutant. The authors found tyrosine phosphorylation was elevated in the S727A STAT3 

expressing cells. These findings are supported by findings on STAT3-β, an endogenous 

isoform of STAT3 which lacks the C-terminal S727 site (through alternative splicing). STAT3-

β has been observed to be phosphorylated at Y705 even in the absence of stimulation 

(Caldenhoven et al. 1996 and Schaefer et al. 1995). Furthermore, Y705 phosphorylation of 

STAT3-β, induced by cytokine treatment, is sustained as opposed to the transient Y705 

phosphorylation of typical STAT3 (STAT3α) (Bharadwaj et al. 2014). However, the longer half-

life of phosphorylated Y705 of STAT3-β may be due to other factors outside the missing S727 

site. Subsequent studies have supported the original findings of Wen et al. (1995) that the 

S727 site phosphorylation, in addition to Y705 site is necessary for full STAT3 transcriptional 

activation. Schuringa et al. (2001) observed in COS-7 cells, overexpression of the STAT3 

S727A mutant or STAT3-β, resulted in lower STAT3 driven reporter activation on IL-6 

treatment compared to overexpressing wildtype STAT3.  While Shen et al. (2004) observed 

on IL-6 stimulation in MEF cells, generated from mice with the S727A mutation introduced into 

the STAT3 gene itself, lower STAT3 driven luciferase reporter activity than MEF cells with 

wildtype STAT3. Additionally, phosphorylation of the S727 site has been reported to promote 

association of STAT3 with the transcriptional co-activator p300/CBP (Schuringa et al. 2001). 

Therefore, S727 phosphorylation may promote STAT3 transcriptional activity despite reports 

this site attenuates Y705 phosphorylation. The conflicting results of the aforementioned 

studies, highlights that whether the S727 site is inhibitory or stimulatory to overall STAT3 

activity is likely context and cell type specific. 
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Regardless of the exact role of S727 phosphorylation in modulating STAT3 activity, it appears 

indispensable for proper STAT3 function. Highlighted by Shen et al. (2004), who found mice 

heterozygous for wildtype STAT3 and S727A mutation remain viable during embryonic 

development, but ~75 % die shortly after birth. Improper S727 phosphorylation of STAT3 is 

also implicated in cancer pathogenesis.  Overexpression of the S727A mutant in breast cancer 

cell lines was observed to decrease cell proliferation (Tkach et al. 2013). While constitutive 

phosphorylation of the S727 site has been found to promote tumorigenesis, independent of 

the Y705 site, in both prostate cancer and chronic lymphocytic leukemia (Qin et al. 2008 and 

Hazan-Halevy et al. 2010). 

 

1.9.4 Other Post Translation Modifications of STAT3. 

For the present work, it is an important consideration that STAT3 undergoes other post-

translational modifications (PTMs) other than those already described. Phosphorylation of 

both the Y705 and S727 sites within the transactivation domain of STAT3 are considered the 

master regulators of STAT3 activity, as they regulate dimerization, subcellular location, and 

canonical transcriptional regulation by STAT3. And whilst both Y705 and S727 sites are the 

PTMs chosen in this work to assess STAT3 activity. STAT3, across its protein structure, is 

subject to a host of other PTMs which act to modulate its activity. A literature search did not 

find studies assaying these PTMs within TSC cell models. However, aberrant induction or 

repression of these PTMs are increasingly being shown to be critical regulators of STAT3 

mediated pathogenesis, sometimes independent of Y705 phosphorylation.  

As visualised by figure 1.9, STAT3 is subject to several other PTMs. STAT3 can be acetylated 

at multiple sites in its N-terminal and SH2 domain by the transcriptional co-activator p300 in 

response to IL-6 family cytokine stimulation (Wang et al. 2005a, Yuan et al. 2005, Ray et al. 

2005 and Ohbayashi et al. 2007). Acetylation of K49 and K87 appears to have an activatory 

effect on STAT3 mediated transcription. As mutation of these lysine residues to arginine’s 

decreases STAT3 transcriptional activity, but through weaker association with p300 (Ray et 

al. 2005 and Hou et al. 2008) thereby destabilising enhanceosome formation. Acetylation of 

K685 on STAT3 by p300 is mediated through a PI3K/AKT dependent mechanism (Ohbayashi 

et al. 2007). The consequences of this PTM for STAT3 activity however is under debate, with 

reports finding acetylation of this residue promoting (Yuan et al. 2005) or inhibiting STAT3 

transcriptional activity.  STAT3 can also be subject to methylation in the N-terminal and coiled-

coiled domain. Di-methylation of K49 or methylation of K180 by the histone modifying methyl 

transferase EZH2, has been observed to promote STAT3 mediated transcription (Kim et al. 

2013 and Dasgupta et al. 2014). As mutating these residues or targeting EZH2 was found to 

downregulate expression of STAT3 regulated genes. Di-methylation of K140 by SET9 on the 
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other hand was reported to negatively regulate transcription, with Yang et al. (2010) reporting 

a subset of STAT3 genes were differentially expressed in cells expressing a K140R mutant of 

STAT3. 

STAT3 is subject to redox control. Moderate ROS production can enhance JAK activity, 

STAT3 phosphorylation and nuclear activity (Simon et al. 1997, Lee et al. 2007, Yoon et al. 

2010 and Kwon et al. 2016). However high intracellular ROS under conditions of oxidative 

stress can impair STAT3 transcriptional activity through s-glutathionylation or oxidation of 

specific cysteine residues (Kurdi and Booz, 2007, Xie et al. 2009, Li et al. 2010 and Sobotta 

et al. 2015). STAT3 cysteine oxidation can occur downstream of peroxiredoxin-2 (Prx2), a 

scavenger of H2O2. On H2O2 or IL-6 treatment, Prx2 oxidises cysteines located in the DNA 

binding domain and transactivation domain of STAT3 (Sobotta et al. 2015). This cysteine 

oxidation could be reversed through the treatment with thioredoxin-1 (Trx1), a protein which 

reduces oxidised cysteines on proteins. A recent study by Busker et al. (2020) highlighted the 

importance of Trx1’s action in keeping STAT3 transcriptionally active within multiple cancer 

cell lines. The authors found irreversible inhibition of Trx1 repressed STAT3 transcription, an 

effect mediated by increased cysteine oxidation of STAT3 by Prx2. Expression of a redox 

insensitive STAT3 mutant, in which the aforementioned cysteines are substituted for serine 

residues, rendered STAT3 insensitive to H2O2 mediated repression of STAT3 activity and 

Figure 1.9. Schematic representation of STAT3 protein structure and its regulatory 

post translation modifications. Apart from phosphorylation of STAT3 at Y705 and S727, 

STAT3 is subject to multiple forms of post translation modification across its protein structure that 

modulate its activity. Residue numbers subject to PTMs are annotated with the protein responsible 

for each PTM, if known, annotated above.  SH2 = Src Homology 2 and TAD= transactivation domain. 
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increased proliferation of breast cancer cell lines (Li et al. 2010). Cysteine residues within 

STAT3 protein domains can also undergo s-glutathionylation through glutathione. This form 

of PTM has found to be inhibitory to STAT3 transcriptional activity, nuclear translocation and 

Y705 phosphorylation (Xie et al. 2009, Butturini et al. 2014 and Heiss et al. 2016). One of the 

aims of the present work is to evaluate the efficacy of inhibiting the redox signalling protein 

Ref-1 in normalising dysregulated signalling of TSC2 deficient cells. STAT3 is a target of Ref-

1 and these studies highlight that redox regulation of STAT3 play an important role in 

hyperactive STAT3 signalling observed in TSC cells. 

 

 

1.9.5 Unphosphorylated STAT3 

As summarised above, canonical STAT3 signalling is described by tyrosine phosphorylation 

of STAT3 inducing active dimer formation. However, it is important to note that assuming 

STAT3, which is not phosphorylated at Y705, does not have activity is incorrect. It has long 

been known that unphosphorylated STAT3 (U-STAT3) can associate into dimers prior to 

“activation” by JAK family kinases (Haan et al. 2000 and Braunstein et al. 2003), is capable of 

nuclear-cytoplasmic shuttling (Cimica et al. 2011) and binding to DNA (Nkansah et al. 2013). 

Dimer formation on Y705 phosphorylation is explained by the interaction of the SH2 domains 

of phosphorylated STAT3 monomers. However, U-STAT3 dimer formation is thought to be 

mediated via N-terminal domain (NTD) interaction (Braunstein et al. 2003 and Vogt et al. 

2011). The important functional consequence of U-STAT3 is that a specific sub-set of STAT3 

target genes are preferentially transcribed by U-STAT3, as first described by Yang et al. 2005 

and confirmed by later studies (Yang et al. 2007 and Dasgupta et al. 2014). Whilst U-STAT3 

can bind the canonical GAS sequences, U-STAT3 also binds to AT-rich DNA sequences and 

specific DNA secondary structures (Timofeeva et al. 2012), which is likely how U-STAT3 

preferentially regulates a distinct subset of STAT3 target genes than those regulated by Y705 

phosphorylated STAT3. It should be clarified that whilst U-STAT3 is not phosphorylated at 

Y705, it may still be subject to PTMs previously mentioned which affect activity. Indeed, 

Dasgupta et al. (2014) found acetylation of the K685 site on STAT3 was necessary for 

expression of the majority of U-STAT3 genes assayed. As with constitutively phosphorylated 

STAT3, U-STAT3 may have a pathogenic function in disease. Higher levels of nuclear U-

STAT3 were correlated with the malignancy and lower survival within glioblastoma patients 

(Rodrigues et al. 2016).  
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1.9.6 Endogenous Inhibitors of the STAT3 signalling pathways. 

Under normal physiological conditions STAT3 activation is typically transient and tightly 

controlled by negative regulators of the STAT3 pathway. Which include SOCS3, PIAS3 and 

protein phosphatases. SOCS3 is a STAT3 target gene (Auernhammer et al. 1999) and on 

STAT3 activation through JAK family kinases, SOCS3 mRNA expression is strongly induced. 

SOCS3 acts to inhibit further STAT3 activation through IL-6 family cytokines (Lang et al. 2003). 

SOCS3 binds strongly to gp130 that has been phosphorylated, by JAKs as part of the 

upstream STAT3/JAK signalling cascade, through SOCS3’s SH2 domain (Nicholson et al. 

2000). Binding of SOCS3 with gp130 is sufficient to inhibit subsequent MAPK/ERK pathway 

activation (Lang et al. 2003), SOCS3 mediated inhibition of JAK/STAT3 relies on gp130 bound 

SOCS3 occluding the substrate binding site on the JAK kinase (Sasaki et al. 1999). The 

inhibitory effect of PIAS3 on JAK/STAT3 signalling on the other hand works downstream of 

the activated receptor/JAK complex. PIAS3 binds to the DNA binding domain of Y705 

phosphorylated STAT3 dimers, preventing STAT3 from binding to target DNA (Chung et al. 

1999). Lastly, phosphorylation status of STAT3 can be regulated by protein tyrosine 

phosphatases (PTP). PTPs, such as SHP-1, SHP-2 and PTP1B dephosphorylate STAT3 and 

counteract JAK activity (Kim et al. 2018). There is a lack of information on these endogenous 

negative regulators of the JAK/STAT3 pathway within TSC and how they may contribute to 

dysregulated STAT3 activity. The importance of these negative regulators however in proper 

control of JAK/STAT3 signalling is highlighted by findings that impaired negative regulation of 

JAK/STAT3 has been shown to drive tumorigenesis. Decreased expression of both SOCS3 

and PIAS3 have been found to promote chronic STAT3 activity within cancer cell lines (Zhang 

et al. 2002 and Yu et al. 2015a), while genes encoding PTPs are frequently inactivated across 

multiple cancers (Kim et al. 2018). Therefore, assaying expression and activity of the 

endogenous inhibitors of the JAK/STAT3 pathway, would elucidate whether similar 

mechanisms contribute to the enhanced activity of STAT3 within TSC. 

 

1.10 Reduction-oxidation factor 1 

Both HIF-1α and STAT3 are among the target transcription factors of Reduction-oxidation 

factor 1 (Ref-1) (Shah et al. 2017), and therefore represent a potential druggable target 

through which activity of these transcription factors could be normalised in TSC. Ref-1 is a 

dual function protein. Originally identified for its DNA repair role within the base excision repair 

pathway (Demple et al. 1991), a secondary function of Ref-1 as a redox sensitive regulator of 

transcription factor activation was defined shortly after (Xanthoudakis et al. 1992). The redox 

signalling and DNA repair activities of Ref-1 are functionally distinct and encoded by distinct 

and non-overlapping domains of the protein (Xanthoudakis et al. 1994). As well as HIF-1α and 
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STAT3, so far Ref-1’s redox signalling activity has been found to regulate the activity of 

numerous transcription factors, including NF-κβ (Nishi et al. 2002), p53 (Jayaraman et al. 

1997), nuclear factor erythroid 2-related factor 2 (Nrf2) (Fishel et al. 2015) and others.  

As highlighted in the schematic in figure 1.10, Ref-1 reduces oxidised cysteine residues in 

specific transcription factors, generally enhancing their transcriptional activity. As discussed 

previously within the sections concerning HIF-1α and STAT3, oxidation of cysteines within the 

transactivation domain of transcription factors is in general inhibitory to their transcriptional 

activity. The redox ability of Ref-1 is thought to be mediated by key cysteine residues. Within 

mammalian Ref-1, seven cysteine (C) residues are conserved, three of them (C65, C93 and 

C99) considered important for Ref-1’s redox signalling function (Luo et al. 2012). With analysis 

of cysteine to alanine Ref-1 mutants by Walker et al. (1993) identifying C65 as essential for 

redox activity.  Mechanistically, how Ref-1 reduces target transcription factors is still being 

determined. But occurs through a thiol exchange reaction, whereby reduced cysteines on Ref-

1 mediate a nucleophilic attack on the disulphide bond (oxidised cysteines) on the target 

transcription factor. This leads to the target cysteines on the transcription factor becoming 

reduced and the catalytic cysteines on Ref-1 becoming oxidised. Oxidation of Ref-1 

significantly impairs its ability to stimulate subsequent reduction of target transcription factors 

(Xanthoudakis et al. 1992). Therefore Ref-1 must be reduced to become fully active again. 

Regeneration of reduced Ref-1 is mediated by the thioredoxin system, as outlined by figure 

1.10. Reduced C32 and C35 of Thioredoxin (Trx1) mediates a nucleophilic attack on the 

oxidised cysteines within Ref-1 (Walker et al. 1993 and Qin et al. 1996) and resolves to form 

a disulphide bond in Trx1 and reduced cysteines within Ref-1. Oxidised Trx1 in turn is 

regenerated by thioredoxin reductase (TrxR1), whereby electrons from NADPH are 

transferred, through FAD co-enzyme bound to TrxR1, to a selenenylsulphide group within 

TrxR1, before regenerating reduced Trx1 (Zhong et al. 2000a and Cheng et al. 2009). 

The contribution of dysregulated Ref-1 signalling to pathogenesis is highlighted by the 

observation that enhanced Ref-1 expression has been reported in numerous cancers (Thakur 

et al. 2014) and has been correlated with poor prognosis and resistance to chemo-

/radiotherapy in multiple cancers (Yang et al. 2013b, Mahjabeen et al. 2013 and Cao et al. 

2020). The redox function of Ref-1 is likely key within many cancers to maintain the activity of 

transcription factors driving tumorigenesis. As intracellular ROS is often elevated in cancer 

cells, and is in turn relied upon by cancer cells to enhance cell proliferation, cell survival and 

metabolic adaptation (Weinberg et al. 2010). Indeed, drug inhibition of Ref-1’s redox inhibition 

has shown good efficacy in inhibiting dysregulated transcription factor activity within cancer 

cell lines. Including STAT3 (Cardoso et al. 2012 and Caston et al. 2021), HIF-1α (Fishel et al.  
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2011 and Logsdon et al. 2016) and NF-κB (Nishi et al. 2002). The Ref-1 inhibitors used within 

these studies, crucially represses Ref-1’s redox function without compromising Ref-1’s DNA 

repair function (Shah et al. 2017). And authors saw either downregulated STAT3/HIF-1α/NF-

κB driven luciferase activity or target gene expression. Within these studies Ref-1 inhibition 

resulted in repressed cancer cell proliferation and cell survival. Additionally inhibiting the 

thioredoxin system, which as described regenerates active Ref-1, has shown good efficacy in 

inhibiting STAT3 within cancer cell lines (Busker et al. 2020). Aside from stimulating HIF-1α 

and STAT3 activity by reducing oxidised cysteines within the transcription factors 

transactivating domains. Ref-1 has been shown to meditate recruitment of the transcriptional 

co-activators p300/CBP to HIF-1α and STAT3 target gene promoters (Ema et al. 1999, 

Carrero et al. 2000 and Gray et al. 2005). Therefore, targeting HIF-1α and STAT3 upstream 

by targeting Ref-1’s redox function, may be effective within TSC model cells at inhibiting these 

transcription factor’s dysregulated activity, downstream target gene expression and may 

decrease cell proliferation and cell survival. 

 

Figure 1.10. The redox regulation of target transcription factors by Ref-1 relies on the 

thioredoxin antioxidant system. Ref-1 reduces oxidised cysteine residues typically residing in the 

transactivation domain of target transcription factors. Ref-1 mediated reduction of TFs usually transactivates 

them, enhancing their DNA binding ability. Oxidised cysteines within Ref-1’s active site must be reduced in 

turn for Ref-1 activity to be restored. This is achieved through a redox relay involving thioredoxin 1 (TRX1) 

and thioredoxin reductase 1 (TRXR1), which transfer electrons from NADPH to oxidised Ref-1 cysteines. 

Activity of the thioredoxin antioxidant system itself is affected by redox status (i.e., oxidative stress) within 

the cell, which will in turn modulate Ref-1 activity through the mechanism just highlighted. Figure was 

created through the use of Biorender. 
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1.11 Hypoxia  

As previously mentioned, tissues predominantly affected by TSC have hypoxic gradients 

across them as part of their typical functioning (Northrup et al. 2013). Hypoxia may have 

several important functional consequences for TSC pathology, especially for the signalling 

pathways explored within this work. As described, hypoxia stabilises HIF1-α protein 

(Majmundar et al. 2010), but also has been found to be drive HIF-1α mediated transcription 

involving Ref-1 and STAT3 (Ziel et al. 2004, Gray et al. 2005, Logsdon et al. 2016 and 

Kobayashi et al. 2021). Similarly, within cancer cell lines, hypoxia has been found to stimulate 

STAT3 activity (Gray et al. 2005, Pawlus et al. 2014 and Soleymani Abyaneh et al. 2017). 

Hypoxia may also impact Ref-1 function within TSC cells. Ref-1 mRNA expression within colon 

cancer cells has been shown to be elevated under hypoxia (Yao et al. 1994). Additionally, 

ROS has been found to modulate Ref-1 expression (reviewed within Bhakat et al. 2009) and 

Ref-1s nuclear translocation (Tell et al. 2000 and Chen et al. 2010). While hypoxia has been 

observed to elevate levels of intracellular ROS through multiple pathways (Wang et al. 2007b 

and Kondoh et al. 2013), which may in turn stimulate Ref-1 activity through ROS production 

within TSC model cells.  A stimulatory effect by hypoxia on HIF-1α, STAT3 and Ref-1 may 

further enhance pathogenic signalling within the context of TSC. Therefore, within this work, 

the effect of hypoxia on measurable tumorigenic outputs of TSC cells will be assayed, as will 

hypoxias effect on HIF-1α and STAT3 signalling. 

 

1.12 improving therapies for TSC patients.  

To better contextualise the present work, it is worth considering the research conducted so 

far in either improving mTORC1 inhibitors or identifying novel vulnerabilities of TSC cells that 

can be targeted independently or in concert with mTORC1 inhibition.  

 

1.12.1 Improving efficacy of mTOR inhibitor based therapies.  

Over the years, newer more potent mTOR inhibitors have been developed in the hope to 

provide better treatments for TSC patients and cancer where PI3K/AKT/mTORC1 signalling 

drives tumorigenesis. Several ATP-competitive mTOR inhibitors have been developed, which 

can inhibit both mTORC1 and mTORC2 complexes and overcome the overcome the 

incomplete inhibition of mTORC1 by rapalogues (Cho et al. 2008 and Thoreen and Sabatini, 

2009). However, whilst pre-clinical studies of these 2nd generation mTOR inhibitors showed 

promising drug indications, in later clinical trials these inhibitors often showed only marginal 

benefit and significant toxicity (Naing et al. 2012, Carlo et al. 2016, Powles et al. 2016 and 

Graham et al. 2018). 
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Other research studies have instead focused on compensating for undesirable pro-survival 

effects that can be induced by rapalogue based mTORC1 inhibitors, as part of the therapeutic 

strategy to potentiate the efficacy of rapalogues. For example, in cells with chronically active 

mTORC1 signalling, such as those lacking functional TSC1 or TSC2, Akt signalling is 

constitutively inhibited (Zhang et al. 2003). Akt activation promotes cell survival and resistance 

to apoptosis. Therefore, the fact that rapamycin induces Akt activation (Wan et al. 2007), 

attenuates mTORC1 inhibitor’s therapeutic potential in targeting TSC1 or TSC2 deficient cells. 

Therefore, dual inhibition of both mTORC1 and Akt has been proposed as a strategy to 

improve the efficacy of mTORC1 inhibitors in treating TSC.  Ji et al. (2017) found that 

combinatorial treatment of rapamycin and the Akt inhibitor MK-2206 repressed Tsc1 and Tsc2 

null MEF cell proliferation further than either drug alone, in addition to inducing apoptosis in 

these cell lines. Furthermore, combinatorial treatment of rapamycin and MK-2206 decreased 

tumour size in a Tsc1 null MEF xenograft tumour mouse model further than either rapamycin 

or MK-2206 alone. Similarly, Govindarajan et al. (2012) found combinatorial treatment with 

rapamycin and the tyrosine kinase inhibitor Imatinib (targets PDGFRβ signalling to Akt), 

suppressed Akt activation and substantially decreased tumour volume in a mouse TSC 

xenograft model further than either rapamycin or Imatinib treatment alone. Rapamycin 

treatment has also been shown to promote activation of the pro-survival ERK/MAPK signalling 

pathway by relieving mTORC1 mediated suppression of this signalling pathway (Carracedo et 

al. 2008). Similarly, to the dual targeting of Akt and mTORC1 signalling, combinatorial 

treatment of rapamycin and the MEK1/2 (constituent of the ERK/MAPK pathway) inhibitor 

PD98059 suppressed Tsc2 −/− MEF proliferation to a greater extent than rapamycin or 

PD98059 alone (Mi et al. 2009). Lastly, as briefly described in section 1.5.4 of this chapter, 

mTORC1 signalling represses autophagy by inhibiting ULK1 and ATG13 (Jung et al. 2009). 

Consequently, rapalogue inhibition of mTORC1 leads to induction of autophagy, which has 

been shown to promote survival of TSC cells (Parkhitko et al. 2011). The addition of autophagy 

inhibitors to rapamycin treatment has been shown to preferentially promote apoptosis in Tsc2 

−/− MEF and TSC2 deficient AML cells relative to TSC2 competent control cells (Alayev et al. 

2014) and to be more effective at decreasing the growth of TSC2-null xenograft tumours in 

mice compared to rapamycin or autophagy inhibitor alone (Parkhitko et al. 2011). 

 

1.12.2 The search for alternative therapies to mTOR inhibition. 

In the search for better therapies for TSC patients, a number of studies have attempted to 

exploit vulnerabilities of TSC diseased cells that do not rely on inhibition of mTORC1. Instead, 

many studies have focused on targeting the many facets of TSC cells imbalanced cell 

homeostasis to find alternate therapeutic strategies. For instance, as mTORC1 is a master 
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regulator of cell growth and proliferation in response to the energy and nutrient status of the 

cell (Kim and Guan, 2019), hyperactivity of the mTORC1 pathway leads to perturbations in 

the metabolism of TSC cells which can be exploited for potential therapies. For example, 

mTORC1 hyperactivity promotes glucose and glutamine addiction in Tsc2 −/− MEF cells by 

upregulating glycolytic (Choo et al. 2010 and Düvel et al. 2010) and glutaminolysis pathways 

(Csibi et al. 2013). Jones et al. (2019) showed in Tsc2 +/− mice that long term drug inhibition 

of both glycolysis and glutaminolysis reduced both size and number of renal lesions. While 

Csibi et al. (2013) found pharmacologic inhibition of both glycolysis and glutaminolysis resulted 

in significant and selective cell death in Tsc2 −/− MEF cells. Other studies have focused on 

the elevated endoplasmic reticulum (ER) stress present in TSC cells, the result of the 

accumulation of unfolded protein in response to mTORC1 hyperactivity potently upregulating 

global protein synthesis, whilst simultaneously repressing autophagy (Appenzeller-Herzog 

and Hall, 2012). Enhancing ER stress, whilst inhibiting autophagy was shown to promote 

selective cell death in Tsc2 deficient cell lines (Johnson et al. 2015 and McCann et al. 2018). 

TSC cells are thought to maintain proteostasis and prevent cell death in the absence of typical 

autophagy by upregulating proteasome activity through mTORC1 (Zhang et al. 2014a). 

Johnson et al. (2018a) found enhancing ER stress through nelfinavir treatment while 

simultaneously inhibiting the proteasomal degradation pathway through bortezomib treatment 

potently and selectively killed Tsc2 deficient cells with minimal toxicity in Tsc2 competent 

control cells. Another facet of TSC cells warped homeostasis found to be a potential avenue 

that could be exploited pharmacologically is redox homeostasis. Increasing evidence indicates 

loss of either TSC1 or TSC2 disrupts redox homeostasis and elevates oxidative stress in cells 

(Chen et al. 2008, Suzuki et al. 2008 and Di Nardo et al. 2009). As found with drugs which 

elevated metabolic and proteostatic stress in the aforementioned studies, enhancing oxidative 

stress further in TSC2 deficient cells was found to show promising therapeutic effects. Drugs 

which reduced the antioxidant capacity of cells, such as chelerythrine (Medvetz et al. 2015) or 

glutaminase inhibitors (Li et al. 2015a) selectively induced cell death in multiple TSC2 deficient 

cell lines. While Malik et al. (2015) found drug inhibition of glutamate-cysteine ligase catalytic 

subunit, a key enzyme in the biosynthesis of the cellular antioxidant glutathione, arrested 

growth and induced cell death in cells derived from SEGAs.  

An increasing number of studies indicate that loss of TSC1 or TSC2 promotes a dysregulated 

inflammatory response (Boorjian et al. 2009, Makovski et al. 2014, Prabowo et al. 2013, 

Grabole et al. 2016 and Martin et al. 2017). Therefore, immunotherapy based treatments have 

also been explored in vitro and in animal models as a potential avenue of treatment for TSC. 

For example, as described in section 1.8 of this chapter, hyperactivity of the JAK/STAT3 

pathway has been described in both TSC model cells and TSC associated lesions (Onda et 
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al. 2002, El-Hashemite and Kwiatkowski, 2005 and Goncharova et al. 2009), as has elevated 

production of IL-6 (Goncharova et al. 2012 and Lesma et al. 2014). Among STAT3 signalling’s 

pleiotropic effects is the regulation of inflammation. Wang et al. (2021a) found blockade of IL-

6 signalling through an anti-IL-6 neutralising antibody suppressed TSC2 deficient cell 

proliferation and reduced the renal tumour burden in Tsc2 +/− mice. A similar strategy of 

targeting cytokine/growth factor signalling was shown to be effective by Lesma et al. (2015). 

The authors previously found that proliferation and survival of cells isolated from a LAM/TSC 

patient were dependent on epidermal growth factor (EGF) signalling (Lesma et al. 2008). 

Repressing EGF signalling through a EGF receptor antagonising antibody, decreased the 

number and size of lung nodules in a LAM/TSC nude mouse model (Lesma et al. 2015). Other 

immunotherapy based strategies that have shown good therapeutic potential involve immune 

checkpoint blockade. That is reactivating suppressed activity of immune cells (such as T-cells) 

to mediate antitumour effects, typically by inhibiting/blocking expression of coinhibitory 

immune checkpoint receptors on T cells (Wei et al. 2018). One such coinhibitory immune 

checkpoint receptor that suppresses T-cell activity is programmed cell death protein 1 (PD-1). 

Liu et al. (2018) observed levels of T-cells are ~8 fold higher in AMLs relative to normal kidney 

tissue. With Liu et al. (2018) reporting elevated expression of PD-1 in those T-cells, and Maisel 

et al. (2018) finding elevated expression of PD-1’s coinhibitory ligand PD-L1 in nodules from 

human LAM patients. Anti-PD1 blocking antibody treatments substantially suppressed tumour 

growth in a Tsc2 deficient mouse model (Liu et al. 2018), with 37% of the mice showing 

complete tumour rejection 100 days after treatment. 

 

Whilst pre-clinical, collectively these studies highlight that alternative therapies which target 

aberrant cell signalling pathways other than mTORC1 could lead to better treatments for TSC 

patients. The work contained within the present thesis is a contribution to this body of research, 

aiming to better elucidate mTORC1 dependent and independent signalling processes that 

contribute to TSC pathology and evaluate the efficacy of drug inhibition of such pathways 

against conventional mTORC1 inhibitors. 
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1.13 Central Hypothesis and Aims of This Project 

Whilst rapamycin based drugs show clear clinical benefit for TSC patients, they do not 

normalise all signalling pathways that have been observed to be dysregulated upon loss of 

either TSC1 or TSC2. To provide better therapies for TSC patients that can be used as single 

agents or in adjunct therapy with mTORC1 inhibitors, the mechanisms driving TSC pathology 

need to better defined. Especially those independent or not wholly reliant on mTORC1 

signalling. 

The main hypothesis of the present work is that tumorigenic and pro-angiogenic signalling 

observed within TSC is in part mediated through a signalling axis involving Ref-1, STAT3 and 

HIF-1α, with potential input from mTORC1 activity. The central objective of this work is to 

better characterise the Ref-1/STAT3/HIF-1α signalling axis and to assay whether drug 

inhibition of this axis shows desirable therapeutic effects in vitro within TSC model cell lines.  

 

The main aims of this work were as follows: 

 

1. Assess the efficacy of inhibitors targeting Ref-1, STAT3, HIF-1α or NF-κB in decreasing 

measurable tumorigenic outputs of TSC2 deficient cells against efficacy of mTORC1 

inhibitors. 

 

2. Further characterise dysregulated HIF-1α and proangiogenic signalling within TSC2 

deficient cells and contrast the ability of Ref-1, STAT3 and mTORC1 inhibitors at 

normalising aberrant HIF-1α and proangiogenic signalling. 

 

3. Better characterise mechanisms and outputs of dysregulated STAT3 signalling within 

TSC2 deficient cells. 

 

4. Further define the relationship between mTORC1 and STAT3 activity within TSC2 

deficient cells.  

 

5. Briefly assess response of TSC2 deficient cells to oxidative stress and it’s input into HIF-

1α and STAT3 signalling.  
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Chapter 2. Materials and Methods 
In general, experimental procedures were performed following standard protocols of the Tee 

lab. When procedures and kits were individualised, changes are indicated. 

 

2.1 Materials 

Reagents, kits, and equipment used for the research within this thesis are listed in the tables 

below. Reagents, kits and equipment and their supplier used for the outsourced mRNA 

sequencing are mentioned in the main text instead.  

Table 2.1 Reagents 

Name Supplier Catalogue Number 

ABsolute qPCR Plate Seals Thermo Scientific AB1170 

Acetic acid Sigma-Aldrich 695092 

Acridine Orange/Propidium Iodide Stain Logos Biosystems F23001 

Agarose (Low-EEO/Multi-Purpose/Molecular 
Biology Grade) 

Fisher Scientific BP160500 

Amersham ECL Select Western Blotting 
Detection Reagent 

Cytiva RPN2235 

Antipain dihydrochloride from microbial source Sigma-Aldrich A6191 

Anti-rabbit IgG, HRP-linked Antibody CST 7074 

Anti-mouse IgG, HRP-linked Antibody CST 7076 

Benzamidine Sigma-Aldrich 12072 

Bovine Serum Albumin Sigma-Aldrich A7906 

Bradford Reagent Sigma-Aldrich B6916 

Bromophenol Blue Sigma-Aldrich B0126 

DIFCO Noble Agar BD 214230 

Dimethyl sulfoxide  Sigma-Aldrich D2650 

DL-Dithiothreitol Roche DTT-RO 

Ethanol Fisher Scientific E/0600DF/17 

Ethylenediaminetetraacetic Acid, Di Na Salt 
Dihydr. 

Fisher Scientific BP120-1 

Flag-TSC2/pcDNA3.1 

Gifted by Prof. Cheryl Walker (Baylor College 
of Medicine)  

GelRed Nucleic Acid Gel Stain Biotium 41002 

Glycerol Sigma-Aldrich G6279 

Goat IgG HRP-conjugated Antibody R&D Systems HAF017 

HIF1 Luciferase Reporter Vector Affymetrix  LR0128 

Hydrochloric Acid (~37%) Fisher Scientific H/1150/PB17 

Immobilon-P PVDF Transfer Membrane Millipore IPVH00010  

NuPAGE MES SDS Running Buffer (20X) Invitrogen NP0002 

NuPAGE Tris-Acetate SDS Running Buffer 
(20X) 

Invitrogen LA0041 

Ionic Detergent Compatibility Reagent  Thermo Scientific 22663 

Leupeptin Sigma-Aldrich L8511 
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Matrigel Basement Membrane Matrix, LDEV-
free 

Corning 354234 

Methanol Sigma-Aldrich M/4000/17 

MicroAmp Optical 96-Well Reaction Plate Applied Biosystems N8010560 

Nuclease free water  Invitrogen AM9937 

NuPAGE 3 to 8%, Tris-Acetate, 1.0 mm, Mini 
Protein Gels 

Invitrogen 12085655 

NuPAGE 4 to 12%, Bis-Tris, 1.0 mm, Mini 
Protein Gels 

Invitrogen 10247002 

Orange G Sigma-Aldrich O3756 

pcDNA3.1 
Gifted by Prof. John Blenis (Harvard 
University) 

Pepstatin A Sigma-Aldrich P5318 

Phenylmethylsulfonyl fluoride Sigma-Aldrich PMSF-RO 

Phosphate buffered saline Sigma-Aldrich P4417 

Pierce™ 660nm Protein Assay Reagent Thermo Scientific 22660 

Prestained Protein Ladder – Broad molecular 
weight (10-245 kDa) 

Abcam ab116028 

pRL Renilla Luciferase Control Reporter Vector Promega E2231 

Quantitative PCR Human Reference Total RNA Agilent 750500 

RNAprotect Cell Reagent QIAGEN 76526 

Skimmed Milk Powder Millipore 70166 

Sodium Chloride Sigma-Aldrich S7653 

Sodium deoxycholate Sigma-Aldrich 30970 

Sodium dodecyl sulfate Sigma-Aldrich L4390 

Sodium Hydroxide Sigma-Aldrich S8045 

Sodium orthovanadate Sigma-Aldrich S6508 

Sucrose Sigma-Aldrich 84100 

Triton X-100 Sigma-Aldrich X100 

Trizma base Sigma-Aldrich T1503 

Trizma hydrochloride Sigma-Aldrich T3253 

TWEEN 20 Sigma-Aldrich P1379 

Whatman Paper  Cytiva 3030-917 

β-Mercaptoethanol Sigma-Aldrich M3148 

 

 

Table 2.2 Kits 

Name Supplier Catalogue Number 

CyQUANT Cell Proliferation Assay Invitrogen C7026 

Dual-Luciferase Reporter Assay System Promega E1960 

DuoSet ELISA Ancillary Reagent Kit 2 R&D Systems DY008B 

GoldStar PCR Mix Eurogentec PK-0064-02 

Human HGF DuoSet ELISA R&D Systems DY294 

Human IL-6 DuoSet ELISA R&D Systems DY206 
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Human IL-6/IL-6R alpha Complex DuoSet 
ELISA 

R&D Systems DY8139 

Human VEGF DuoSet ELISA R&D Systems DY293B 

jetPEI HTS DNA transfection reagent VWR 101000053 

Nuclear Extract Kit Active Motif 40010 

QIAshredder QIAGEN 79656 

Qubit RNA Broad Range Assay Kit Invitrogen Q10210 

Reverse Transcriptase Core kit Eurogentec RT-RTCK-03 

RNeasy Plus Mini Kit QIAGEN 74134 

Takyon ROX SYBR 2X MasterMix dTTP blue Eurogentec UF-RSMT-B0701 

TransAM STAT3 Transcription Factor ELISA Kit Active Motif 45196 

 

 

Table 2.3 Equipment 

Name Supplier 

7500 Real time PCR Systems Applied 
Biosystems 

Amersham ImageQuant 800  Cytiva 

Binder CB150 hypoxic chamber BINDER 

BioDoc-It Imaging Sytem UVP  

Bioruptor Diagenode 

Corning CoolCell Cell Freezing Container Corning  

Cytation 3 plate reader BioTek 

EVOSXL Core Imaging System - Microscope Life Technologies 

G-Storm Thermal Cycler LabTech 

Hoefer Blot Module for MiniVE Mini Vertical Electrophoresis Unit Hoefer 

Jenway 3510 benchtop pH meter Jenway 

Qubit 2.0 Fluorometer Invitrogen 

SE300 miniVE Integrated Vertical Protein Electrophoresis and Blotting 
Unit 

Hoefer 

TR717 Microplate Luminometer  Applied 
Biosystems 

XCell SureLock Mini-Cell Electrophoresis System Invitrogen 
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Table 2.4 Drugs, Antioxidants and Cytokines 

Name Supplier Catalogue Number Solvent 

1S,3R-RSL 3 Sigma-Aldrich SML2234 DMSO 

APX2009 Gifted by Professor Mark Kelley (Indiana 
University) 

DMSO 

APX2014 Gifted by Professor Mark Kelley (Indiana 
University) 

DMSO 

APX3330 Gifted by Professor Mark Kelley (Indiana 
University) 

DMSO 

DMNQ, non-alkyiating redox 
cycling quinone 

Abcam ab144626 DMSO 

Etoposide (VP-16) Selleckchem S1225 DMSO 

FLLL31 Sigma-Aldrich F9057 DMSO 

Glutathione reduced ethyl ester Sigma-Aldrich G1404 Water 

JSH-23 Sigma-Aldrich J4455 DMSO 

KU0063794 Selleckchem S1226 DMSO 

ML 385 Bio-Techne 6243 DMSO 

N-Acetyl-L-cysteine Sigma-Aldrich A7250 DMEM 

Rapamycin Sigma-Aldrich R8781 DMSO 

Recombinant human IL-6 protein  Abcam ab198571 Water 

Rotenone Sigma-Aldrich R8875 DMSO 

STAT3 Inhibitor XIII, C188-9 Sigma-Aldrich 573128 DMSO 

Trolox Tocris 6002 Ethanol 

 

Table 2.5 General Cell Culture 

Name Supplier Catalogue Number 

96-well Flat Clear Bottom Black 
Polystyrene TC-treated Microplates 
(Sterile) 

Corning 3603 

Dulbecco′s Modified Eagle′s Medium - 
high glucose 

Sigma-Aldrich D6429 

Trypsin-EDTA (0.25%), phenol red Gibco 25200056 

Fetal Bovine Serum Sigma-Aldrich F7524 

Penicillin-Streptomycin Sigma-Aldrich P0781 

Opti-MEM I Reduced Serum Medium Thermo Scientific 31985070 

Recovery Cell Culture Freezing Medium Gibco 12648010 

6-well Tissue Culture Plate TPP 92006 

12-well Tissue Culture Plate TPP 92012 

24-well Tissue Culture Plate TPP 92024 

75cm2 Tissue Culture Flask TPP 90076 

300cm2 Tissue Culture Flask TPP 90301 

40mm Tissue Culture Plate TPP 93040 

60mm Tissue Culture Plate TPP 93060 

100mm Tissue Culture Plate TPP 93100 
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Table 2.6 Antibodies 

Target Company Catalogue 

number 

Dilution 

used (v/v) 

Predicted Band 

Size (kDa) 

β-Actin CST 4970 1/5000 45 

AIFM2/FSP Protein Tech 20886-1-AP 1/2000 41 

ANGPTL4 Abcam ab115798 1/1000 45 

APE1/Ref-1 Novus Bio NB100-116 1/1000 37 

BNIP3 Novus Bio NBP2-67192 1/2000 21 

Catalase R&D Systems AF3398 1/500 64 

GPX8 Protein Tech 16846-1-AP 1/2000 24 

HIF1-α BD Biosciences 610959 1/750 120 

HIF1-α CST 14179 1/1000 120 

HMOX1 Abcam Ab68477 1/4000 33 

JAK2 CST 3230 1/1000 125 

p-JAK2 
(Y1007/1008) 

CST 3776 1/1000 125 

NRF2 Novus Bio NBP1-32822 1/1000 68 

NF-κB/RelA CST 8242 1/1000 65 

NF-κB/p-RelA 
(S536) 

CST 3033 1/1000 65 

rpS6 CST 2317 1/4000 32 

p-rpS6 (S235/236) CST 2211 1/4000 32 

SirT1 CST 9475 1/1000 120 

SOCS3 Abcam ab16030 1/2000 24 

STAT3 CST 9139 1/2000 86 

p-STAT3 (S727) CST 9134 1/1000 86 

p-STAT3 (Y705) CST 9145 1/2000 86 

Thioredoxin 1 R&D Systems AF1970 1/500 12 

Thioredoxin 2 R&D Systems AF3254 1/500 12 

Tuberin/TSC2 CST 4308 1/1000 200 

p-4E-BP1 (P65) CST 9451 1/1000 20 

p-4E-BP1 (T37/40) CST 9459 1/1000 20 
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2.2. Buffers 

Buffers used for research within this thesis and their composition are listed in the tables below. 

Double-distilled water was used in the preparation of buffers unless otherwise stated. 

Hydrochloric acid and sodium hydroxide solution were used to adjust buffer pH as needed. 

 

Western Blotting – Transfer Buffer - 10X 

Component Concentration 

Trizma base 250 mM 

Glycine 1.92 M 

Sodium dodecyl sulphate (SDS) 6.94 mM 

 

 

Tris-Buffered Saline (TBS) - 10X 

Component Concentration 

Trizma base 200 mM 

Sodium Chloride 1.37  

 

• pH of TBS buffer is adjusted to 7.6. 

• To make TBS-TWEEN (TBS-T), TWEEN-20 is added at 0.1% v/v to 1X TBS. 

 

Tris base, Acetic acid and EDTA (TAE) Buffer - 10X 

Component Concentration 

Trizma base 400 mM 

Acetic Acid 200 mM 

Ethylenediaminetetraacetic Acid (EDTA) 10 mM 

 

 

Laemmli Sample Buffer 

Component Concentration 

Trizma hydrochloride 62.5 mM 

SDS 2% w/v 

Glycerol 10% v/v 

DL-Dithiothreitol (DTT) 50 mM 

 

• pH of Laemmli Sample Buffer is adjusted to 7.6 before SDS is added. 

• DTT is added fresh before lysis and protein lysates standardisation. 
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RIPA Buffer 

Component Concentration 

Trizma hydrochloride 50 mM 

TritonX-100 1% v/v 

Sodium Chloride 150 mM 

Sodium Deoxycholate 0.5% w/v 

SDS 0.1% w/v 

 

• pH of RIPA is adjusted to 7.6 before SDS is added. 

 

Orange G Loading Buffer – 5X (50 mL) 

Component Amount 

Sucrose 8 g 

EDTA (0.5 M) 5 mL 

Orange G Spatula tip  

 

 

 

2.3. Methodology 

2.3.1 General Cell Culture 

The human TSC model cell lines used within this work were the TSC2 deficient 

angiomyolipoma (AML) 621-102 cells and TSC2 re-expressed (RE) AML 621-103 cells, both 

of which were a kind gift from Dr. L. Henske (Harvard University). The AML cell lines had 

previously been established by other groups as follows. Single cell cultures were established 

from patient derived angiomyolipoma tissue through collagenase digestion as described in Yu 

et al. (2004). Hong et al. (2008) generated the 621-102 and the 621-103 AML cells lines. The 

authors generated the stable AML 621-102 (previously termed TRI102) cell line from primary 

cultures of TSC2 null human AML cells (Yu et al. 2004) through transfection of these cells with 

E6/E7 (pLXSN 16E6E7-neo) and human telomerase (pLXSN hTERT-hyg) plasmids. The 621-

103 AML cell line (previously termed TRI102) was generated through stable transfection of 

the 621-102 AML cell line with wild-type TSC2 (pcDNA3.1 TSC2-zeo). The murine TSC model 

cell lines used within this work were the Tsc2 −/− (Tp53−/−) mouse embryonic fibroblasts 

(MEFs) and the Tsc2 +/+ (wildtype) (Tp53−/−) MEFs, which were a kind gift from Prof. D. 

Kwaitowski (Harvard University). Both MEF cell lines were established by Zhang et al. (2003) 

by littermate pair crossings. Both MEF cell lines were null for Tp53 as authors found MEF cells 
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null for Tsc2 alone showed early senescence. Therefore, Zhang et al. (2003) interbred 

Tsc2+/− mice with Tp53−/− mice to generate Tsc2+/− Tp53−/− mice, which in turn were 

interbred to generate Tsc2 −/− Tp53−/− embryonic fibroblasts. Tp53 loss rescued Tsc2 loss 

induced senescence. Tsc2 +/+ Tp53−/− embryonic fibroblasts were generated in the same 

manner. The human non-TSC cells used within this work were the human kidney 2 (HK2) cell 

line and the human embryonic kidney 293 (HEK-293) cell line. The HK2 cell line were a kind 

gift from Dr. S. Land (Dundee University) while the HEK-293 cell line was a kind gift from Prof. 

J. Blenis (Cornell University), with both cell lines originally purchased from ATCC. The HK2 

cell line was originally immortalised through viral transduction of primary cells with the human 

papilloma virus (HPV 16) E6/E7 genes (Ryan et al. 1994). The HEK-293 cell line was originally 

generated through transformation of primary HEK cells with sheared fragments of human 

adenovirus 5 DNA (Graham et al. 1997). 

Unless otherwise stated, AML cells lines were grown in Dulbecco′s modified Eagle′s medium 

(DMEM) supplemented with 15% (v/v) foetal bovine serum and 1% v/v penicillin streptomycin 

(Pen-Strep). Unless otherwise stated MEF, HEK-293 and HK2 cells were cultured in DMEM 

supplemented with 10% (v/v) foetal bovine serum and 1% v/v Pen-Strep. Cell lines were 

incubated in a humidified incubator with 5% CO2 and 21% O2 (normoxia) at 37oC, unless 

otherwise stated, and split when confluent. For hypoxic (hypoxia) culture conditions, cells were 

incubated in a humidified Binder CB150 hypoxic chamber with 5% CO2 and 1% O2 at 37 oC. 

Adherent cells were dissociated from tissue culture plastic through two sequential washes with 

trypsin-EDTA, which was aspirated off before incubation for 3 – 5 minutes at 37 oC. 

For long-term cell storage, cells were first trypsinised as previously described before 

resuspension in DMEM. Cells were then spun down at 5 min at 2000 rpm. Pelleted cells were 

then resuspended in 1 mL of recovery cell culture medium before being transferred to 

cryogenic vials that were initially frozen in a cell freezing container. Cryogenic vials were then 

transferred and kept in liquid nitrogen storage. 

 

2.3.1.1 Cell Treatments 

Prior to generating RNA and protein lysates, all cell lines were cultured in DMEM 

(supplemented with 1% v/v Pen-Strep and 10% v/v FBS unless otherwise stated) with no drug, 

DMSO or the specified drug/antioxidant/cytokine for the time specified in the appropriate 

figure. Treated/untreated cells were then grown either under hypoxia or normoxia as 

previously described. Before any treatment cells were allowed to grow to a minimum of 70% 

confluency. 
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2.3.1.2 Conditioned Media Treatments 

To generate conditioned media for treatment of cells, either the AML or MEF cell lines were 

seeded at equal numbers in 100 mm tissue culture plates in DMEM and grown to confluency 

in a humidified incubator with 5% CO2 and 21% O2. Cells were then washed with serum free 

DMEM before equal volumes of fresh DMEM (supplemented with 1% v/v Pen-Strep and 10% 

v/v FBS unless otherwise stated) were applied and cells were incubated either under normoxia 

or hypoxia for 24 h. Conditioned media was then collected, and dead/floating cells were 

removed through centrifugation at 2500 rpm. Generated conditioned media was then used to 

treat confluent cells, washed with serum free DMEM, for the time specified in the appropriate 

figure. 

 

2.3.1.3 Drug Concentrations 

Selectivity experiments (chapters 3 and 6) within this work informed the maximum dose of 

drugs used before cytotoxicity was observed.  

Concentrations of the Ref-1 inhibitors (APX3330, APX2009 and APX2014) used within the 

present work were informed by guidance from the provider of these drugs, and expert in the 

field of Ref-1 signalling and drug inhibition, Prof. Mark Kelley. Drug concentrations of Ref-1 

inhibitors used were the same or close to drug concentrations found to show desirable drug 

effects, e.g., inhibition of Ref-1’s target transcription factors activity, in both pancreatic cancer 

cell lines (Fishel et al. 2011, Cardoso et al. 2012, Logsdon et al. 2016 and Logsdon et al. 

2018) and prostate cancer cell lines (McIlwain et al. 2018). Furthermore, Champion et al. 

(2022) (a paper which this thesis contributed to) found in the Tsc2 −/− MEF cell line, the same 

concentrations of APX3330 and APX2009 used within this thesis were sufficient to block 

activity of the Ref-1 target transcription factors HIF-1α, STAT3 and NF-κB, as assessed by 

luciferase assay. 

Concentrations of mTOR inhibitors used for drug treatments were informed by the large body 

of research within the TSC model cell lines by the Tee lab and the wider TSC research 

community. 50 nm was the concentration of rapamycin used within this work, which has been 

shown to be sufficient to inhibit phosphorylation of downstream mTORC1 substrates (Dodd et 

al. 2015, Brugarolas et al. 2004, Land and Tee, 2007 and Tee et al. 2003b). 1 µM was the 

concentration of Ku-0063794 used within this work as García-Martínez et al. (2009) found 1 

µM was able to completely suppress mTORC1 and mTORC2 activity without suppressing 

activity of 76 other kinases the authors tested.  
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FLLL31 concentrations used (largely 5 µM and 10 µM) were informed by a previous publication 

by the Tee lab (Dodd et al. 2015) in which FLLL31 repressed STAT3 mediated HIF-1α 

expression. Additionally, the paper initially characterising the efficacy of FLLL31 to inhibit 

STAT3 phosphorylation, found 5 µM of FLLL31 was sufficient to potently suppress JAK2 

kinase activity and phosphorylation of STAT3 at Y705 in both pancreatic and breast cancer 

cell lines (Lin et al. 2010). Initial concentration range of C188-9 chosen was based on the 

paper initially characterising the efficacy of C188-9 in inhibiting STAT3 compared to the parent 

compound C188 (Bharadwaj et al. 2016). The authors found the IC50 range for inhibiting 

constitutive STAT3 phosphorylation in four head and neck squamous cell carcinoma cell lines 

was between 10.6 µM and 22.8 µM. Early into the research contained in this thesis, a range 

of C188-9 concentrations were tested (1.875 – 60 µM) to inhibit constitutive STAT3 

phosphorylation in Tsc2 −/− MEF cells and reduce HIF-1α transcriptional activity (by way of 

luciferase assay) in Tsc2 −/− MEF cells (see chapter 2, figure 4.7). Based on this work the 

primary C188-9 concentrations selected for treatment were primarily 15 and 30 µM.  

Concentrations of the NF-κB inhibitor JSH23 chosen for this work, typically 10 and 20 µM, was 

based on the paper initially characterising efficacy of this compound to inhibit 

lipopolysaccharide (LPS) induced NF-κB nuclear translocation (Shin et al. 2004). Authors 

found 10 µM of JSH23 reduced NF-κB transcriptional activity by ~68% in LPS stimulated RAW 

264.7 macrophage cells, as assessed by NF-κB reporter gene expression. Additionally, 10 µM 

of JSH23 has been shown to effective in reducing NF-κB target gene expression in other non-

TSC cell lines (Gaultier et al. 2008, Zhang et al. 2016 and Li et al. 2018). 

The initial concentration range of the Nrf2 inhibitor ML385 (1.25 – 20 µM) selected for this 

work was based on the paper initially characterising efficacy of this compound at inhibiting 

Nrf2 activity in the lung cancer cell line A549, which showed elevated Nrf2 activity due to a 

loss of function mutation in KEAP1 a negative regulator of Nrf2 (Singh et al. 2016). The authors 

found 5 – 10 µM of ML385 was effective at reducing Nrf2 mediated transcription, decreasing 

the intracellular glutathione pool and total antioxidant capacity in A549 cells. 20 µM of ML385 

was then selected for treatment of TSC2 deficient AML and Tsc2 −/− MEF cells, as little 

decrease in cell viability was observed for upper limit of initial concentration range tested for 

cytotoxicity (see supplemental figure S.6.6). The main purpose of treating AML and MEF cell 

lines with the ROS inducing drugs DMNQ, rotenone and RSL3, were to induce cell death in 

order to observe if there was selective cell death between TSC2 deficient and competent cells 

in response to ROS induction. Therefore, a broad range of concentrations of DMNQ, rotenone 

and RSL3, were initially tested to narrow down cytotoxic concentration ranges of these drugs 

used within this work. 
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For experiments where etoposide was used as a positive control for a decrease in cell viability, 

a concentration in excess was used in order to induce cell death. 

 

 

2.3.2 Tissue culture assays 

2.3.2.1 Anchorage Independent Growth Assay 

Two-layered anchorage independent growth (soft agar) assays were performed in 6-well 

tissue culture plates. The initial layer consisted of 1.5mL melted 0.6% (w/v) agar in phosphate-

buffered saline (PBS). After setting of the first layer, either AML (12,000 cells) or MEF (50,000 

cells) were suspended in a second layer of 2 mL melted 0.3 % agar in PBS with DMEM (50% 

v/v). The top agar/cell layer was then set at 37 oC within a tissue culture incubator before 2 

mL of DMEM (supplemented with 10% v/v FBS and 1% v/v Pen-Strep for both cell lines) with 

working concentrations of each drug or DMSO. Colonies of AML and MEF cells were cultured 

for 4 weeks, with drugged media changed twice weekly. Pictures were then taken using an 

EVOSXL core microscope. Colonies were scored and colony diameter determined using 

ImageJ (v.50). 

 

2.3.2.2 Tumour Spheroid Growth Assay 

To the bottom of each well of a clear bottomed 96 well tissue culture plate 70 µL of melted 

1.5% (w/v) agarose in PBS was added to create a non-adherent surface for coalescing of cells 

into spheroids. On top of this agarose layer, either 5,000 TSC2 deficient AML cells or 1,000 

Tsc2 −/− MEF cells were seeded in DMEM (supplemented with 10% v/v FBS and 1% v/v Pen-

Strep). Optimal seeding densities for sustained spheroid growth was determined for AML and 

MEF cells by seeding density calibration experiments (see supplemental figures S.3.1 and 

S.3.2). Seeded cells were allowed to coalesce into spheroids in an incubator for 3 days, before 

treatment with specified drug or DMSO (day 0). Pictures were then taken using an EVOSXL 

core microscope at day 0, 4, 7, 11 and 14. With half of cell media being replaced with fresh 

drugged media at each time point. Area of spheroids was determined using ImageJ (v.50).  

 

2.3.2.3 Tumour Spheroid Outgrowth assay 

Tumour spheroids after the end time point of the tumour spheroid growth assay (day 14) were 

transferred to separate wells of a 24-well tissue culture plate in drug free DMEM 

(supplemented with 10% v/v FBS and 1% v/v Pen-Strep). Transplanted MEF tumour spheroids 

were then incubated for 3 days, whereas transplanted AML tumour spheroids were incubated 
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for 6 days with 5% CO2 and 21% O2 (normoxia). Pictures were then taken using an EVOSXL 

core microscope to assess viability and outgrowth of spheroids after long-term treatment with 

specified drug or DMSO.  

 

2.3.2.4 Vasculature Mimicry Assay 

To the bottom of each well of a clear bottomed 96 well tissue culture plate 50 µl of chilled 

Matrigel basement membrane matrix was added and allowed to set at room temperature. On 

top of this matrigel layer, either 50,000 TSC2 deficient AML cells or 30,000 Tsc2 −/− MEF cells 

were seeded in Optimem reduced serum media and treated with specified drug or DMSO 

control. Tissue culture plates were then incubated overnight for 16 h in a humidified Binder 

CB150 hypoxic chamber with 5% CO2 and 1% O2 (hypoxia) at 37 oC. Pictures of each well 

were then taken using an EVOSXL core microscope and analysed using AngioTool software 

(v.0.6a) (Zudaire et al. 2011). 

 

2.3.2.5 Acridine Orange/Propidium Iodide (AO/PI) Cell Viability Assay 

Plates of TSC2 deficient AML cells or Tsc2 −/− MEF cells at a minimum of 70% confluency 

were treated with the specified drug or DMSO in DMEM, supplemented with 1% v/v Pen-Strep 

and either 2.5% v/v FBS in the case of the viability assay in chapter 3 and 10% v/v FBS in the 

case of the viability assay in chapter 6. Cells were then incubated for 24 h under in a humidified 

incubator with 5% CO2 and either 21% O2 or 1% O2 (see specific figure). Cells were then 

trypsinised and collected, retaining original drugged media and trypsin washes, before being 

spun down at 2000 rpm. Cell pellets were then resuspended in 1 mL of fresh media. 18 µL of 

each cell suspension was mixed with 2 µL of AO/PI before being analysed on a LUNA-FL Dual 

Fluorescence Cell Counter to assay cell viability. 

 

2.3.2.6 CyQuant Cell Proliferation Assay 

Either 5,000 cells for the AML lines or 2,500 cells for the MEF lines were seeded into the wells 

of a 96-well clear bottoms opaque walled tissue culture plate. Cells were allowed to adhere 

for 24 h in a humidified incubator at 5% CO2 and 21% O2, before fresh DMEM (supplemented 

with 1% v/v Pen-Strep and either 15% v/v FBS for AML lines or 10% FBS for MEF lines) alone 

or with specified drug, was added to each well. Cells were cultured for the specified time before 

being assayed for cell number using the CyQuant Cell Proliferation Assay Kit according to 

manufacturer’s instructions. Fluorescence was assayed on a Cytation 3 plate reader. 
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Fluorescence was converted to cell number using cell line specific standard curves of cell 

number. 

 

2.3.2.7 Scratch Wound Healing Assay 

Tsc2 −/− MEF cells were seeded in 60 mm tissue culture plates with DMEM (supplemented 

with 1% v/v Pen-Strep and 10% FBS) and cultured to 100% confluency in in a humidified 

incubator at 5% CO2 and 21% O2. Confluent cell monolater was then ‘wounded’ using a pipette 

tip and dead/floating cells were removed through washes with fresh serum-free DMEM. Fresh 

serum-free DMEM with either DMSO or specified drug was then added to tissue culture plates. 

Pictures were then taken 24 h after treatment using an EVOSXL core microscope.   

 

 

2.3.3 Cell Lysis 

2.3.3.1 In Laemmli Sample Buffer 

Cells were lysed Laemmli sample buffer, after specified treatment and/or culture conditions, 

for analysis by western blotting. Treated/untreated cells were first washed in 1 mL of chilled 

PBS. Unless cells were cultured under hypoxia, in which they were lysed immediately to limit 

re-oxygenation of cells. Cells were then lysed in Laemmli sample buffer, before being 

sonicated for 3 x 30 s cycles on full power (30 microns) using a Bioruptor. Lysates were then 

centrifuged at 13,000 rpm for 8 minutes at room temperature before being stored at −80 oC. 

 

2.3.3.2 In RIPA Buffer 

Cells were lysed in RIPA buffer, after specified treatment and/or culture conditions, to generate 

whole cell lysates for analysis by ELISA (chapter 4). Cells were washed in 1 mL of chilled PBS 

before being lysed in RIPA buffer supplemented with protease inhibitors: 2 µM of antipain, 1 

mM of benzamidine, 10 µM of leupeptin, 1 mM of Sodium orthovanadate, 1µg/mL of pepstatin 

and 100 µM of Phenylmethylsulfonyl fluoride. Lysed cells were sonicated for 3 x 30 s cycles 

on full power (30 microns) using a Bioruptor and then centrifuged at 13,000 rpm for 8 minutes 

at 4 oC before use in ELISAs.  

 

2.3.3.3 In RNA Protect Cell Reagent 

Cells for mRNA extraction were first washed in in 1 mL of chilled PBS before being lysed in 

RNA Protect Cell Reagent. These lysates were stored at −80 oC until mRNA extraction. 
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2.3.4 Western Blot 

2.3.4.1 Protein Quantification 

The protein concentration of lysates was determined through using either Pierce 660nm or 

Bradford reagent in the microplate format according to the manufacturer’s instructions. For 

protein quantification of lysates generated with Laemmli sample buffer, Pierce 660nm reagent 

was supplemented with Ionic Detergent Compatibility Reagent according to manufacturer’s 

instructions. 96-well microplates were analysed on a Cytation 3 plate reader. Absorbance 

readings were converted into protein concentrations utilising standard curves generated from 

bovine serum albumin (BSA) serially diluted into the appropriate lysis buffer. Ascertained 

protein concentration values were then used to standardise protein concentration of lysates, 

with bromophenol blue added to standardised lysates generated with Laemmli sample buffer 

after protein quantification to avoid interference with measurement.  

 

2.3.4.2 SDS – Polyacrylamide Gel Electrophoresis  

Electrophoresis was carried out using Invitrogen NuPAGE gel Novex gel system according to 

manufacturer’s protocol. Lysates previously standardised for protein concentration were 

loaded first heated to 90 oC for 10 mins before being centrifuged for 1 min at 13,000 rpm. 

Lysates were then loaded into the wells of pre-cast NuPAGE gels, with the first well being 

loaded with pre-stained protein ladder. Typically, 3-8% Tris-acetate gels were used to 

separate larger weight (kDa) proteins and 4-12% Bis-Tris gels were used to separate small to 

medium weight proteins. 3-8% gels were run in Tris-Acetate SDS running buffer, whereas 4-

12% gels were run in MES SDS running buffer. Gels were initially run at 200 V for 10 min and 

then at 120 V until appropriate separation of the protein ladder was achieved. 

 

2.3.4.3 Electro-transfer 

After electrophoresis, separated proteins on gels were transferred to polyvinylidene difluoride 

(PVDF) membranes using a Hoefer miniVE vertical electrophoresis system according to 

manufacturer’s protocol. Before electro-transfer, PVDF membranes were pre-treated with 

methanol for 1 min before washing with in 1X transfer buffer. PDVF membrane and gel were 

sandwiched between Whatman paper. Electro-transfer was run in transfer buffer at 5 V 

overnight (~ 18 h).  
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2.3.4.4 Western Blot Analysis 

Membranes with transferred protein were blocked in 10 mL of TBS-T with 5% (w/v) skimmed 

milk powder for 2 h minimum. After blocking, membranes were washed in TBS-T for 3 min 

twice before incubation overnight at 4 oC with primary antibody diluted in TBS-T supplemented 

with 2% (w/v) of BSA. Primary antibody sourcing and dilutions used can be found in table 2.6. 

The next day, membranes were washed twice in TBS-T for 3 min, before incubation at room 

temperature with the appropriate secondary horse radish peroxidase-conjugated antibody 

diluted (1/10,000 v/v) in 10 mL of TBS-T with 5% (w/v) skimmed milk powder. Membranes 

were the washed for 3 mins in TBS-T four times before incubation in Amersham ECL Select 

Western Blotting Detection Reagent for 1 min. Chemiluminescence analysis of blots was 

performed using the Amersham ImageQuant 800. Predicted resolving band sizes (kDa) for 

the protein targets detected by specific antibodies are listed in table 2.6. 

 

2.3.4.5 Densitometry Analysis of Western Blots 

Densitometry analysis is semi-quantitative and has been considered unreliable (Butler et al. 

2019) but is used within the present work to elucidate trends and differences in protein 

expression that can be statistically tested. Densitometry analysis of western blots was 

performed using plot profile function on ImageJ software (v.50). Resulting values for protein 

bands were typically normalised to values obtained for β-actin or total protein bands. Resulting 

ratios for experimental conditions were often expressed as a foldchange to a designated 

control sample (see appropriate figure legend). 

 

2.3.5 Polymerase Chain Reaction (PCR) 

2.3.5.1 mRNA purification 

 
Cells previously stored in RNA Protect Cell Reagent were thawed and then centrifuged for 5 

min at 5,000 rpm. Supernatant was discarded and mRNA was purified from cell pellets using 

RNeasy Plus Mini Kit according to manufacturer’s instructions. 10 µL of β-mercaptoethanol 

was added per 1 mL of RLT lysis buffer used. Cell lysates were homogenized using 

QIAshredders. Purified RNA was stored at −80 oC until use. 

 

2.3.5.2 Complementary DNA (cDNA) Synthesis  

 
Previously purified RNA was quantified using Qubit RNA Broad Range Assay Kit according to 

manufacturer’s instructions on a Qubit 2.0 fluorometer. cDNA was synthesised from purified 

RNA using the Reverse Transcriptase Core kit according to manufacturer’s instructions on a 
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G-Storm Thermal Cycler. Random nonamers, part of the kit, were used as reverse 

transcription primers. 200 ng per reaction volume (10 µL) for each sample, generating cDNA 

at 20 ng/µL (assuming 1:1 conversion of RNA to cDNA). cDNA was stored at −80 oC until use. 

 

cDNA synthesis cycling conditions 

Step Time (min) Temperature (oC) 

Initial Step 10 25 
Reverse Transcription Step 30 48 
Inactivation of RT Enzyme 5 95 

 
 

2.3.5.3 Quantitative Real-Time PCR (qPCR) 

 
For qPCR, Takyon ROX SYBR 2X MasterMix dTTP blue was used according to 

manufacturer’s instructions. As part of this master mix, SYBR green dye is used for detection 

of double stranded PCR products, whilst ROX acts as the passive reference dye. qPCR 

reactions were set up within MicroAmp Optical 96-Well Reaction Plates. Per reaction, 25 ng 

of cDNA was added, as well as 100-200 nM of both forward and reverse primer. Plates were 

sealed with optically clear plate seals. qPCR reactions were run on a 7500 Real time PCR 

System with the cycling conditions below. A no template control was run for each primer pair 

for each qPCR ran to check for contamination.  

 

qPCR cycling conditions 

Step Time Temperature (oC) 

Takyon Activation 3 min 95 

 
40 cycles of 

Denaturation 10 s 95 
Annealing 20 s Optimal primer annealing temp. 
Extension 40 s 72 

 
To ensure primer specificity, i.e., only one PCR product was formed per primer pair, a 

dissociation step was performed following each qPCR for melt curve analysis. Gene 

expression analysis was performed using the Pfaffl method (Pfaffl, 2001), which allows for 

differing primer efficiencies (E). In short, for target gene and the housekeeping gene, first CT 

values of technical repeats were averaged and ΔCT between condition and reference condition 

(e.g., DMSO) calculated. Then E^ΔCT of target gene was divided by E^ΔCT of the house 

keeping gene to calculate normalised gene expression values. Either HMBS or IPO8 were 

utilised as housekeeping genes. Annealing temperature and efficiencies of primer pairs were 

previously assayed. All primers can be found in the appendix, tables 1 and 2. 
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2.3.5.4 Primer Design 

 
The Primer3 online tool (Rozen and Skaletsky, 2000) and exonic gene sequences sourced 

from Ensembl (Cunningham et al. 2022) were used to design custom primers for qPCR. Primer 

specificity and correct gene mRNA targeting were assessed using in silico PCR (Kent et al. 

2002) and Primer-BLAST (Ye et al. 2012) online tools. Pre-designed KiCqStart SYBR Green 

Primers were also purchased. Primer sequence, sourcing and optimisation information can be 

found in the appendix, tables 1 and 2. 

 

2.3.5.5 Annealing Temperature Optimization 

 
Before use in qPCR, primers optimal annealing temperatures were first determined by 

endpoint PCR using GoldStar PCR Mix according to manufacturer’s instructions. Annealing 

temperature was run at a temperature gradient (50 – 65 oC) on a G-Storm Thermal Cycler. 

Template DNA used was cDNA reverse transcribed (as previously described) from 

Quantitative PCR Human Reference Total RNA.  

 

PCR cycling conditions 

Step Time Temperature (oC) 

Initial Denaturation 5 min 94 

 
35 cycles of 

Denaturation 30 s 94 

Annealing 30 s 50 – 65 
 Extension 30 s 72 

Final Elongation 5 min 72 

 
 
PCR products were then mixed in equal volume with orange G loading dye and 

electrophoretically separated on a 1.2% (w/v) agarose gel (agarose melted in 1X TAE buffer 

with 1% v/v gel red) in 1X TAE buffer. Bands of PCR products were then visualised under UV 

light on a BioDoc-It Imaging System. Annealing temperatures for primer pairs that produced 

single bands and highest amount of product were determined using plot profile function of 

ImageJ (v.50). 

 

2.3.5.6 Primer Efficiency Determination 

 
Prior to experimental qPCR amplification efficiency of primer pairs was determined by qPCR, 

using Takyon ROX SYBR 2X MasterMix dTTP blue and cycling conditions previously outlined 

on a 7500 Real time PCR System. This time template DNA (cDNA reverse transcribed from 
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Quantitative PCR Human Reference Total RNA) was run at a gradient (50, 25, 10, 5, 2 ,1, 0.4 

ng). For each primer pair CT values of technical repeats were averaged and plotted against 

the log concentration of template. The slope of the line was converted into an efficiency value 

by efficiency (%) = (10^(-1/slope)-1)*100. For gene expression analysis using the Pfaffl 

method, efficiency values were converted by E = (primer effiency (%)/100) + 1. 

 

2.3.6 mRNA Sequencing Data  

Within the present work, differentially expressed gene (DEG) analyses of four different RNA 

sequencing data sets were utilised. Two RNA sequencing data sets were generated during 

the research contained with this thesis: TSC2 deficient AML versus TSC2 re-expressed AML 

cells cultured under normoxia or hypoxia and TSC2 deficient AML cells treated with either 

DMSO, rapamycin or C188-9. The other two RNA sequencing data sets were generated prior 

to the research contained within this thesis. The first was conducted by another research group 

(see Martin et al. 2017) and compared TSC associated lesions to non-TSC tissue. The second 

was conducted in the Tee lab (Johnson et al. 2018a) and compared Tsc2 −/− MEF and Tsc2 

+/+ MEF cells. Methods and materials for sample collection, mRNA extractions, sequencing 

library preparation, sequencing platform, sequencing data quality control and differential 

expression analysis are described individually for each data set in the following subsections. 

Company or institution who performed the sequencing and differential expression analysis are 

noted also.  

 

2.3.6.1 TSC2 deficient AML versus TSC2 re-expressed AML cells cultured under 

normoxia or hypoxia RNA sequencing data set. 

This RNA sequencing data set compared TSC2 deficient or TSC2 re-expressed AML cells 

cultured under either normoxia or hypoxia. Six biological repeats per cell line per condition 

(normoxia or hypoxia) were included within the analysis. Sequencing data was generated 

during the research contained within this thesis and is currently unpublished. Cell culture and 

sample preparation was undertaken within the Tee lab, the library preparation, RNA 

sequencing itself and subsequent DEG analyses was outsourced to Wales Gene Park (Cardiff 

University). 

 

Sample Collection 

The cell lines used for this RNA sequencing data set were the AML 621-102 (TSC2 deficient) 

and the AML 621-103 (TSC2 re-expressed) cell lines, whose features, origin, and culture are 

described in section 2.3.1 within this chapter. AML cell lines were plated onto 6cm2 tissue 
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culture plates and allowed to adhere overnight. AML cell lines were then cultured for 24 h in 

DMEM supplemented with 15% (v/v) foetal bovine serum and 1% v/v Pen-Strep at 37 °C, 5% 

(v/v) CO2 under either normoxia (21% O2) or hypoxia (1% O2). 

 

 

mRNA extraction and quality control  

AML cells were washed in PBS before lysis with RNAprotect cell reagent (Qiagen). Lysates 

were homogenised using Qiashredders (Qiagen) and RNA was purified from homogenised 

lysates as described in section 2.3.5.1 of this chapter. Before sequencing, isolated RNA 

integrity and concentration was determined by Wales Gene Park using an Agilent 4200 

TapeStation and RNA screenTapes (Agilent Technologies). Only samples with a high RNA 

integrity number (RIN) (> 7) were taken forward for library preparation.  

 

Sequencing Library Preparation and Sequencing Platform 

Library preparation was conducted by Wales Gene Park as follows. From 50 ng of input RNA 

per sample, mRNA was isolated using the NEBNext® Poly(A) mRNA magnetic isolation 

module (New England BioLabs) according to the manufacturer’s instructions. Sequencing 

libraries were generated using the NEB® Ultra™ II Directional RNA Library Prep Kit for 

Illumina (New England BioLabs). Manufacturer’s instructions were followed, for the following 

stages: ribosomal RNA depletion, mRNA purification from input RNA, first strand cDNA 

synthesis, second strand cDNA synthesis, adenylation of DNA fragment 3’ ends, adapter 

ligation (1:80 dilution) and PCR amplification (14 cycles). For purification of double-stranded 

cDNA after second strand cDNA synthesis AMPure XP beads (Beckman Coulter®) were used 

instead of SPRIselect Beads or NEBNext Sample Purification Beads part of the NEB® Ultra™ 

II Directional RNA Library Prep Kit. Amplified and purified libraries were both validated and 

insert size was determined using the Agilent 4200 TapeStation and hsD1000 ScreenTapes 

(Agilent Technologies). Fluorometric quantification of libraries were performed using a Qubit 

(Thermo Fisher Scientific). Validated and quantified libraries were normalised to 4 nM, pooled 

together, and sequenced with 1% PhiX spike-in, on an S1 (200 cycle) flow cell (v1.0) using a 

2x100 bp paired end strategy on an Illumina NovaSeq6000 sequencing system.  

 

Quality Control, read Quantification and differential expression (DEG) analysis. 

Raw sequencing reads were processed by Wales Gene Park’s in-house scripts to clean paired 

end reads. Quality control checks of data were undertaken using FastQC. Paired-end clean 

reads were mapped to the UCSC human GRCh38 reference genome using Tophat and Bowtie 
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software. Read numbers mapped to genes or exons in the reference genome were counted 

and normalised RPKM (fragments per kilobase of exon per million mapped fragments) values 

calculated. Differential expression analysis of normalised count data between conditions was 

performed by Wales Gene Park on R software using DESeq2 R package. Resulting p-values 

were adjusted using Benjamini and Hochberg’s procedure (Benjamini and Hochberg, 1995) 

for controlling the False Discovery Rate (FDR). 

 

2.3.6.2 TSC2 deficient AML cells DMSO versus Rap versus C188-9 treatment RNA 

sequencing data set. 

This RNA sequencing data set compared TSC2 deficient AML cells cultured under hypoxia 

treated with either DMSO, rapamycin or C188-9. Eight biological repeats per treatment 

condition were included within the analysis. Sequencing data was generated during the 

research contained within this thesis and is currently unpublished. Cell culture and sample 

preparation was undertaken within the Tee lab, the library preparation, RNA sequencing itself 

and subsequent DEG analyses was outsourced to Novogene (Cambridge, UK).  

 

Sample Collection 

The cell line used for this RNA sequencing data set were the AML 621-102 (TSC2 deficient) 

cells, whose features, origin, and culture are described in section 2.3.1 within this chapter. 

AML cell lines were plated onto 6cm2 tissue culture plates, initially cultured in DMEM 

supplemented with 15% (v/v) foetal bovine serum and 1% v/v Pen-Strep and allowed to adhere 

overnight at 37 °C, 5% (v/v) CO2 before treatment. AML cells were then cultured in DMEM 

supplemented with 10% (v/v) foetal bovine serum and 1% v/v Pen-Strep under hypoxia (1% 

O2) for 8 h in the presence of either DMSO, rapamycin at 50 nM or C188-9 at 15 µM. Lower 

concentration of 15 µM C188-9 rather than 30 µM was used for these treatments to limit 

potential apoptotic pathways from being activated. The volume of DMSO between treatments 

was kept consistent.  

 

mRNA extraction and quality control  

After 8 h treatment, AML cells were washed in PBS before lysis with RNAprotect cell reagent 

(Qiagen). Lysates were homogenised using Qiashredders (Qiagen) and RNA was purified 

from homogenised lysates as described in section 2.3.5.1 of this chapter. Before sending 

samples for sequencing with Novogene, isolated RNA integrity and concentration was 

determined using an Agilent 4200 TapeStation and RNA screenTapes (Agilent Technologies) 
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by Wales Gene Park (Cardiff University). Only samples with a high RNA integrity number (RIN) 

(> 8) were taken forward for sequencing.  

 

Sequencing Library Preparation and Sequencing Platform 

RNA sequencing, library preparation by Novogene was as follows. Sequencing libraries were 

generated using NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB). Manufacturer’s 

instructions were followed, for the following stages: ribosomal RNA depletion, mRNA 

purification from input RNA, RNA fragmentation, first strand cDNA synthesis, second strand 

cDNA synthesis, blunting of overhangs, adenylation of DNA fragment 3’ ends and adaptor 

ligation with NEBNEXT Adaptors. AMPure XP system (Beckman Coulter) was used for 

selection of cDNA fragments preferentially of 150 – 200 bp length. Amplification PCR was 

performed with Phusion High-Fidelity DNA polymerase (NEB), Universal PCR Primers (NEB), 

Index (X) Primers (NEB) and adaptor ligated and size selected cDNA. Subsequent PCR 

products were purified using the AMPure XP system (NEB) and library quality was then 

validated using an Agilent Bioanalyzer 2100 system. Following library preparation, RNA 

concentration normalised samples were clustered on a cBotTM Cluster Generation System 

according to the manufacturer’s instructions. Library preparations were then sequenced using 

a 150 bp paired-end strategy on an Illumina NovaSeq 6000 platform.  

 

Quality Control, read Quantification and differential expression (DEG) analysis. 

Raw sequencing reads were processed by Novogene’s in-house scripts to produce clean data. 

Paired-end clean reads were mapped to the UCSC human GRCh38 reference genome using 

HISAT2 software.  Read numbers mapped to genes or exons in the reference genome were 

counted and FPKM (fragments per kilobase of exon per million mapped fragments) calculated. 

FPKM, used over RPKM for paired-end RNA-seq, considers sequencing depth and a genes 

length on counting fragments. Differential expression analysis of normalised FPKM values for 

genes between treatment conditions was performed by Novogene on R software using 

DESeq2 R package. Resulting p-values were adjusted using Benjamini and Hochberg’s 

procedure (Benjamini and Hochberg, 1995) for controlling the False Discovery Rate (FDR). 
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2.3.6.3 TSC lesion versus non-TSC tissue RNA sequencing data set. 

This RNA sequencing data set compared the TSC associated lesions to non-TSC tissue. Brain 

TSC associated lesions subependymal nodule/subependymal giant cell astrocytomas 

(SEN/SEGA) and cortical tubers (TUB) to non-TSC brain tissue (NB). And renal TSC 

associated angiomyolipomas (RA) to non-TSC kidney tissue (NK). Sample repeat numbers 

included in the final analysis were 15 for SENSEGA, 15 for TUB, 8 for NB, 11 for RA and 3 for 

NK. Sequencing data was generated prior to the research contained in this thesis by a different 

research group (see Martin et al. 2017) and access to the data was kindly provided by Prof. 

Jeffrey MacKeigan (Michigan State University).  

 

Sample Collection 

The authors acquired TSC lesion or non-TSC tissue samples from TSC patients or non-TSC 

organ donors respectively through tissue banks and medical schools referenced in Martin et 

al. (2017). Tissue samples used for the generation of these RNA sequencing data sets were 

fresh-frozen at the time of surgery or post-mortem. Before subsequent workflow, tissue type 

and sample integrity were confirmed by a clinical pathologist. Samples with 

inconsistent/unclear diagnoses of tissue type were excluded from the study. For all 

participants providing samples for this study written informed consent was obtained. Detailed 

information about individual sample and patients/donors can be found in the supplementary 

information section in Martin et al. (2017).  

 

mRNA extraction and quality control  

Authors isolated RNA from frozen tissue samples using an altered version of the method 

described in Peña-Llopis and Brugarolas (2013). Tissue samples were disrupted and 

homogenised with mirVana kit lysis buffer (Ambion), micropestle and QIAshredder columns 

(Qiagen). Homogenised lysates were then run through AllPrep coulmns (Qiagen), with acid 

phenol–chloroform extraction and the mirVana kit (Ambion) used to isolate RNA from column 

flowthroughs. Before sequencing, RNA extractions from tissue samples were assayed using 

a BioAnalyser 2100 (Agilent Technologies) for RNA integrity. 

 

Sequencing Library Preparation and Sequencing Platform 

RNA isolated from TSC lesion and non-tissue samples was sequenced by HudsonAlpha 

Institute for Biotechnology Genomic Services Laboratory. Ribosomal RNA depletion and 

mRNA libraries were prepared for RNA sequencing using NEBNext reagents (New England 
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BioLabs) according to the manufacturer’s instructions. mRNA library preparations were 

sequenced using a directional 100 bp paired-end read strategy on the Illumina HiSeq 2500 

sequencing system. 

 

Quality Control, read Quantification and differential expression (DEG) analysis. 

Raw sequencing reads were quality filtered and clean paired end reads were mapped to the 

hg19 reference genome through Subread. Raw read counts were then obtained using 

FeatureCounts software. Differential expression analysis was undertaken using limma from 

raw read counts imported into R software. Counts per million were calculated and log2-

transformed through voom and then normalised through trimmed mean of M-values 

normalisation method. Resulting p values of differential expression analysis were corrected 

using the FDR method. 

 

2.3.6.4 Tsc2 −/− MEF versus Tsc2 +/+ MEF cell RNA sequencing data set. 

This RNA sequencing data set compared Tsc2 +/+ MEF and Tsc2 −/− MEF cell lines. Three 

biological repeats per cell line were included within the final analysis. Sequencing data was 

generated prior to the research contained within this thesis by the Tee lab and published in 

Johnson et al. (2018). Cell culture and sample preparation was undertaken within the Tee lab, 

the library preparation, RNA sequencing itself and subsequent DEG analyses was outsourced 

to Wales Gene Park (Cardiff University). 

 

Sample Collection 

The cell lines used for this RNA sequencing data set were the Tsc2 +/+ Tp53 −/− MEF and 

Tsc2 −/− Tp53 −/− MEF cell lines, whose features, origin, and culture are described in section 

2.3.1 within this chapter. MEF cell lines were plated onto 6cm2 tissue culture plates, cultured 

in DMEM supplemented with 10% (v/v) foetal bovine serum and 1% v/v Pen-Strep and allowed 

to adhere overnight at 37 °C, 5% (v/v) CO2 before treatment with DMSO. MEF cells were 

treated with DMSO as these samples were vehicle only controls for other samples in the whole 

original RNA sequencing data experiment that were treated with Nelfinavir mesylate hydrate 

(Sigma-Aldrich, PZ0013) and Bortezomib (Merck, CAS 179324-69-7). DEG analyses of 

Nelfinavir mesylate hydrate & Bortezomib treated MEF cell lines was excluded from 

bioinformatic analysis for the purpose of this work.  
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mRNA extraction and quality control  

DMSO treated MEF cells were washed in PBS before lysis with RNAprotect cell reagent 

(Qiagen). Lysates were homogenised using Qiashredders (Qiagen) and RNA was purified 

from homogenised lysates as described in section 2.3.5.1 of this chapter. Before sequencing, 

isolated RNA integrity and concentration was determined using an Agilent 2100 Bioanalyser 

and an RNA Nano 6000 kit (Agilent Technologies).  

 

Sequencing Library Preparation and Sequencing Platform 

Library preparation was conducted by Wales Gene Park as follows. Between 100 and 900 ng 

of total RNA with an RNA integrity number (RIN) value of > 8 was depleted of ribosomal RNA 

with Ribo-Zero Gold kit (Illumina) according to the manufacturer’s instructions except the 

clean-up stage after the ribosomal RNA depletion, where instead AmpureXP beads (Beckman 

Coulter) and 80% ethanol were used. Following ribosomal RNA depletion and cleanup 

samples were then used to prepare sequencing libraries using the Illumina TruSeq Stranded 

total RNA kit (Illumina) according to the manufacturer’s instructions. Library preparation stages 

included: RNA fragmentation, first strand cDNA synthesis, second strand cDNA synthesis, 

adenylation of DNA fragment 3’ ends, adapter ligation, library amplification by PCR. Libraries 

were cleaned up according to Illumina TruSeq Stranded total RNA kit instructions. Amplified 

and cleaned libraries were validated on a 2100 Bioanalyser with a high-sensitivity kit (Agilent 

Technologies) in order to determine insert size. Validated library preparations were quantified 

using a Qubit (Thermo Fisher Scientific) and then normalised to 4nM and clustered on a cBotTM 

2 Cluster Generation System according to the manufacturer’s instructions. RNA library 

preparations were then sequenced using a 75 bp paired end dual index read strategy on an 

Illumina HiSeq 2500 sequencing system (high-output mode). 

 

Quality Control, read Quantification and differential expression (DEG) analysis. 

Raw sequencing reads were processed by Wales Gene Park’s in-house scripts to clean paired 

end reads. Quality control checks of data were undertaken using FastQC. Paired-end clean 

reads were then mapped to the UCSC mouse mm10 reference genome using Tophat and 

Bowtie software. Read numbers mapped to genes or exons in the reference genome were 

counted and RPKM (fragments per kilobase of exon per million mapped fragments) calculated. 

Differential expression analysis of normalised count data between conditions was performed 

on R software by Wales Gene Park using DESeq2 R package. Resulting p-values were 

adjusted using Benjamini and Hochberg’s procedure (Benjamini and Hochberg, 1995) for 

controlling the False Discovery Rate (FDR). 
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2.3.6.5 Compilation of Gene Sets 

The gene sets used for the present work, to generate volcano plots and heat maps were 

manually compiled. Genes chosen were experimentally validated in the literature. Gene sets 

used within this present work can be found in the appendix.  

• HIF1-α target gene set: genes were collated from a meta-analysis of HIF1-α target genes 

in literature (Slemc et al. 2016), two papers utilising chromatin immunoprecipitation (ChIP) 

and genome profiling to identify HIF1 target genes (Mole et al. 2009 and Xia et al. 2009) 

and one review article (Wenger et al. 2005). 

 

• STAT3 target gene set: genes were collated from a ChIP and microarray analysis of 

STAT3 DNA binding (Snyder et al. 2008), a study contrasting expression of STAT3 

regulated genes in RNA-seq data from renal cell carcinoma subtypes (Robinson et al. 

2019) and a review which listed experimentally validated STAT3 target genes relevant to 

human cancers (Carpenter and Lo, 2014). 

 

• The Nrf2 target gene set: genes were collated mainly from the supplementary table of 

Nrf2 regulated genes in Ma (2013) and individual papers experimentally confirming Nrf2 

mediated expression of genes within different cellular contexts. 

 

• Endogenous Antioxidant gene set: genes were collated from the literature, including 

any genes found involved in the cells response to oxidative and xenobiotic induced stress. 

 

Volcano plots and heatmaps were generated using R software with inbuilt packages and the 

following optional packages installed: ggplot2, ggrepel, RColorBrewer and gplots. 

 

 

2.3.7 Enzyme-Linked Immunosorbent Assay (ELISA) 

DUOSET ELISAs were used, according to manufacturer’s instructions, to quantify protein 

concentration of VEGFA, HGF, IL6 or IL-6/IL6R complex in either the conditioned media or 

whole cell lysate of AML cell lines under oxygen and culture conditions listed in the appropriate 

figure legend. Whole cell lysates were generated using RIPA buffer as previously described. 

Conditioned media was diluted 1/5 into fresh DMEM to assay IL6 and VEGFA. ELISA plates 

were assayed for absorbance on a Cytation 3 plate reader. Absorbance values were converted 

into protein concentrations using standard curves generated from serially diluted protein 

standards provided in the DUOSET ELISA kits.  
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2.3.8 Assaying Nuclear Active STAT3 

Nuclear lysates were generated from the AML and MEF cell lines using Active Motif’s nuclear 

extract kit according to manufacturer’s instructions. Nuclear lysates were assayed for protein 

concentration using Pierce 660nm reagent, as previously described. Active Motif STAT3 

TransAM ELISA kits were used to assay active DNA binding STAT3 in nuclear lysates 

standardised for protein concentration. The wells of the TransAM ELISA plates are coated in 

immobilised oligonucleotides that contain STAT3 consensus sequences and therefore capture 

the STAT3 in nuclear lysates capable of binding DNA. TranAM ELISA plates were assayed 

for absorbance on a Cytation 3 plate reader. 

 

2.3.9 Luciferase Assay 

A Promega dual-luciferase reporter assay was utilised according to the manufacturer’s 

instructions to assay transcriptional activity of HIF-1α. The HIF1-α luciferase reporter vector 

used contained multiple copies of HIF-1α cis-acting enhancer elements inserted upstream of 

a promoter which drives firefly luciferase expression. Thereby DNA binding of HIF-1α 

correlates to luciferase expression and is termed HIF-1α “transcriptional activity” within the 

present work.  

HIF-1α sequence (5’-3’): GTGACTACGTGCTGCCTAGGTGACTACGTG 
CTGCCTAGGTGACTACGTGCTGCCTAGGTGACTACGTGCTGCCTAG 

A pRL Renilla luciferase control reporter vector was used as an internal transfection control, 

and it was assumed the Renilla luciferase reporter was constitutively expressed regardless of 

treatments within this work.  

Before conducting luciferase assay sub-confluent Tsc2 −/− MEFs cultured in 40mm tissue 

culture plates were transfected using jetPEI HTS DNA transfection reagent according to 

manufacturer’s instructions. For Tsc2 add back conditions, Tsc2 −/− MEFs were transfected 

with Flag-TSC2/pcDNA3.1, under all other conditions Tsc2 −/− MEFs were transfected with 

an empty vector (pcDNA3.1). Optimal ratio of HIF-1α luciferase reporter vector to additional 

vectors used was previously determined in the Tee lab and is summarised in the table below. 

Optimal vector amount for transfection of one 40mm plate of Tsc2 −/− MEFs 

DNA Construct Amount of Construct (ng) 

HIF1 Luciferase Reporter Vector 1200 
pRL Renilla Luciferase Control Reporter Vector 400 
pcDNA3.1 (empty vector) or Flag-TSC2/pcDNA3.1 400 
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Plates were lysed in passive lysis buffer provided with the Promega dual-luciferase reporter 

assay system. 20 µL of protein lysates were added per well of an opaque walled clear 

bottomed 96-well plate. Luminescence was assayed using a TR717 Microplate Luminometer 

and luminescence values were adjusted to total protein concentrations of lysates determined 

by a Bradford assay, as previously described. To confirm repression of STAT3 

phosphorylation at Y705 in the case of C188-9 treatment, equal parts luciferase lysate and 2X 

Laemmli sample buffer were mixed and then sonicated before being subject to western blotting 

procedure as previously described.  

 

2.3.10 Statistical Analysis  

All statistical analysis was performed using R software. Means between two groups of smaller 

data sets were compared for statistically significant differences by using either two sample t-

tests, when the assumption of normal data distribution were met, or a Mann-Whitney U test 

when the assumption of normal data distribution were not met. To determine whether a t-test 

or Mann-Whitney U test was the appropriate statistical test for a data set, normality of data 

was tested using a Shapiro Wilks test and Q–Q plots. The type of t-test performed was either 

a student’s t-test if variances of data were found equal, or a Welch’s t test was performed if 

variances of data were found to be unequal. An F-test was used to determine whether 

variances of data sets were equal or not, and hence whether a student’s t-test or a Welch’s t 

test was the appropriate statistical test. Means of larger data sets were compared for 

statistically significant differences amongst multiple groups through the use of a one way 

analysis of variance (ANOVA) test. Normal distribution of data was determined by a Shapiro 

Wilks test and Q-Q plots on the standardised residuals of the ANOVA, to assess whether an 

ANOVA was the statistically appropriate test. If data was found to be normally distributed, then 

a Bartlett test was used to determine if whether variances of data sets were equal or not. If 

assumptions about normality or homogeneity of variances of data were not met, then a 

Kruskal–Wallis one-way ANOVA was performed. For statistical comparisons between all 

means amongst groups within the same large data set, a Tukey’s post-hoc test was used. In 

incidences were the effect of two different categorical variables on one dependent variable 

was assessed, a two-way ANOVA was performed. Bioinformatics deriving p values and 

adjusted p values associated with DEG analysis of RNA sequencing data was undertaken out 

of house. The statistical test used to assess significance between groups of data is annotated 

in each appropriate figure legend. 
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Chapter 3. Evaluating the efficacy of targeting the Ref-

1/HIF-1α/STAT3/NF-κB signalling axis on measurable 

tumourigenic outputs of TSC2 deficient cells against 

mTORC1 inhibitors. 
 

3.1 Introduction  

TSC associated lesions remain a significant burden of illness and represent a leading cause 

of mortality for TSC patients (Amin et al. 2017, Sheperd et al. 1991 and Zöllner et al. 2020). 

And whilst phase three clinical trials of Everolimus (rapamycin analogue) demonstrate that 

mTOR inhibition is effective at reducing tumour volume of brain and renal lesions (Bissler et 

al. 2013 and Franz et al. 2013), these trials also showed that a significant proportion of patients 

did not respond to treatment. This suggests, that on loss of TSC1/TSC2, other signalling 

pathways are dysregulated independently of mTORC1 hyperactivity and in turn may contribute 

towards tumourigenesis within TSC. Preliminary data (now published in Champion et al. 2022) 

that formed the basis of this research project identified a signalling axis upregulated in Tsc2 

−/− MEF cells; composed of Ref-1, HIF-1α, STAT3 and NF-κB. The preliminary data 

established that: Ref-1 protein expression and activity of HIF-1α, STAT3 and NF-κB (reported 

by luciferase assays) was elevated in Tsc2 −/− MEFs compared to Tsc2 +/+ MEFs. Crucially, 

it was also demonstrated that rapamycin treatment did not normalise HIF-1α or STAT3 activity 

in Tsc2 −/− MEFs to a level equivalent to wild-type cells, but treatment with the 1st generation 

Ref-1 inhibitor APX3330 did. Based on the preliminary data and observations from clinical 

trials about the incomplete efficacy of mTOR inhibitors at reducing tumour burden in all TSC 

patients, the present work hypothesised that increased activity of the Ref-1/HIF-1α/STAT3/NF-

κB axis drives increased cell growth and proliferation in TSC2 deficient cells.  

Aside from its function in the base-excision repair pathway (Demple et al. 1991), Ref-1 is a 

redox status signalling protein (Xanthoudakis et al. 1992). In response to redox stress, Ref-1 

upregulates the activity of its target transcription factors through oxidising specific cysteine 

residues (Shah et al. 2017); transactivating them. Ref-1 has been shown to increase the 

activity of HIF-1α (Logsdon et al. 2016), STAT3 (Cardoso et al. 2012) and NF-κB (Nishi et al. 

2002). These transcription factors individually regulate a host of target genes involved in many 

diverse processes (Dengler et al. 2014, Snyder et al. 2008 and Oeckinghaus and Ghosh, 

2009). Aside from activation by Ref-1, each of these transcription factors have well defined 

pathways and mechanisms through which their activity is regulated in response to stimulation. 

See the main introduction for activation and regulation of HIF-1α and STAT3. Cytokine 

activation of NF-κB canonically follows a mechanism whereby inhibitors of the inhibitory 

protein that sequester NF-κB in the cytoplasm are themselves phosphorylated (Oeckinghaus 
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and Ghosh, 2009), marking them for degradation. NF-κB subunits can also be subject to a 

number of post-translational modifications which alter their activity. For example, 

phosphorylation of S536, which is thought to increase NF-κB transactivation (Jiang et al. 2003) 

and may be important for translocation of NF-κB to the nucleus (Oakley et al. 2009).  

Owing to its function as a master regulator of the hypoxic response (Majmundar et al. 2010), 

HIF-1a activity is elevated under low oxygen. STAT3 activity has also been shown to be 

elevated under hypoxia in a variety of human cancers (Pawlus et al. 2014 and Soleymani 

Abyaneh et al. 2017), whilst multiple mechanisms have been described for how hypoxia 

promotes NF-κB activity (Xie et al. 2015, Koong et al.1994 and Li et al. 2015b). Hypoxia also 

increases the production of cellular reactive oxygen species (ROS) (Kondoh et al. 2013 and 

Wang et al. 2007b). Kobayashi et al. (2021) recently demonstrated that increased ROS 

production under prolonged hypoxia induced Ref-1, in turn increasing HIF-1α activity. Given 

that in different contexts, hypoxia has been shown to increase the activity of Ref-1, HIF-1α, 

STAT3 and NF-κB, the present work hypothesised that hypoxia will further elevate the activity 

of the Ref-1/HIF-1α/STAT3/NF-κB signalling axis in TSC. Supported by the observation that 

the tissues predominantly effected by TSC, (namely skin, lungs, kidneys and brain) all have 

hypoxic gradients across them as part of their normal functioning (Northrup et al. 2013).  

Whilst not metastatic in nature, growth of benign lesions in TSC still result in severe symptoms 

for patients (Northrup et al. 2013) and TSC lesions are also highly vascularised and prone to 

aneurysm (Yamakado et al. 2002). Therefore, delineating other modes of tumorigenesis and 

dysregulated angiogenesis in TSC is crucial for improving treatment. The present chapter 

therefore employed assays typically used to study effectiveness of drugs at targeting cancer 

cell lines in vitro. Namely, tumour spheroid growth, anchorage independent growth and tube 

formation (vasculature mimicry) assays. To assess the relative contribution of each 

component of the Ref-1/HIF-1α/STAT3/NF-κB axis, inhibitors which target Ref-1, STAT3 and 

NF-κB individually were used. Rapamycin was employed to also target HIF-1α, as mTOR 

inhibition has been demonstrated to reduce total HIF-1α protein in TSC2 deficient cells (Land 

and Tee, 2007). Ref-1 inhibitors used were APX3330, APX2009, APX2014, which are highly 

selective at targeting the redox function of Ref-1 without compromising the proteins 

endonuclease activity (Shah et al. 2017). The STAT3 inhibitors used were FLLL31 and C188-

9 (Lin et al. 2010 and Bharadwaj et al. 2016). The NF-κB inhibitor used was JSH23 (Shin et 

al. 2004). The second generation mTOR inhibitor Ku0063794, which more robustly inhibits the 

mTOR complexes (García-Martínez et al. 2009), was also used in the present work. 

The TSC model cell lines used within this chapter, and all subsequent chapters, are the human 

TSC2 deficient angiomyolipoma (AML) 621-102 and TSC2 re-expressed (RE) AML 621-103 
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cells, and the murine Tsc2 −/− (Tp53−/−) mouse embryonic fibroblasts (MEFs) and the Tsc2 

+/+ (wildtype) (Tp53−/−) MEFs. The AML 621-102 cell line were previously generated by Hong 

et al. (2008), where primary AML cells were immortalised through transfection with human 

papilloma virus E6/E7 and human telomerase plasmids. Hong et al. (2008) generated the AML 

621-103 cell line by stably transfecting the AML 621-102 cell line with wildtype TSC2. Both 

MEF cell lines were generated by Zhang et al. (2003), through mice littermate pair crossings 

to generate embryonic fibroblasts which were Tp53−/− and either had Tsc2 −/− or Tsc2 +/+. 

MEFs null for Tp53 were necessary to overcome the senescence associated with null Tsc2. 

More detail on cell lines and their culture can be found in chapter 2, section 2.3.1. 

 

3.2 Results 

3.2.1 Protein expression and activity of constituents of the Ref-1/HIF-1α/STAT3/NF-κB 

signalling axis is dysregulated in TSC2 deficient cells. 

Based on the findings from the preliminary data this chapter’s first aim was twofold. First 

through western blotting to establish in the Tsc2 −/− MEFs whether the luciferase assay data 

is reflected in the total protein expression of Ref-1, HIF-1α, STAT3, NF-κB and markers of 

their activity. Secondly to carry out the western blot analysis in the AML cells, to see if the 

findings within the murine TSC cell model is reflected in the human TSC cell model. The effect 

of normoxic and hypoxic culture conditions was also assayed. As illustrated within the blot 

panels in figures 3.1 (A) and 3.2 (A) both the TSC2 deficient AML and MEF cell lines do not 

express TSC2 protein. Furthermore, re-expression of TSC2 within the AML cells (TSC2 RE) 

appears stable.  

Both TSC2 deficient AML cells and Tsc2 −/− MEF cells cultured under normoxia show higher 

expression of HIF-1α compared to TSC2 RE AML and Tsc2 +/+ cells cultured under normoxia. 

A finding reported as significant by densitometry analysis (figures 3.1 B and 3.2 B). HIF-1α 

protein expression was elevated under hypoxic culture in all cell lines, with densitometry 

analysis reporting the enhanced foldchange in HIF-1α protein expression for each AML and 

MEF cell line under hypoxia as significant relative to their normoxia cultured equivalents. While 

blot panels indicate HIF-1α protein expression is higher in both TSC2 deficient AML and Tsc2 

−/− MEF cells cultured under hypoxia than TSC2 RE AML and Tsc2 +/+ MEF cells respectively 

cultured under hypoxia, densitometry analysis did not report the differences in foldchange in 

HIF-1α expression as significant. However, protein expression of BNIP3, whose gene is a 

direct target of HIF-1α (Guo et al. 2001), is elevated substantially in both TSC2 deficient AML  
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and Tsc2 −/− MEF cell lines cultured under hypoxia compared to TSC2 RE AML and Tsc2 +/+ 

MEF cells cultured under hypoxia. The difference in foldchange in HIF-1α between the Tsc2 

−/− MEF and Tsc2 +/+ MEF cells under hypoxia was not reported as significant however 

(Figure 3.3 B). As the case with HIF-1α expression, significantly enhanced BNIP3 expression 

was observed under hypoxia in all cell lines relative to their normoxia cultured equivalents. 

Within TSC2 deficient AML cells, BNIP3 expression was significantly enhanced under 

normoxia relative to the TSC2 RE AML cells under normoxia (Figure 3.1 A). Observations that 

either HIF-1α and/or BNIP3 protein expression under normoxia is elevated on loss of TSC2, 

characterises TSC2 deficient AML and MEF cells as ‘psuedohypoxic’, that is enhanced 

Figure 3.1. Protein expression and markers of activity of constituents of the Ref-1/HIF-

1α/STAT3/NF-κB signalling axis is upregulated upon loss of TSC2 in AML cells. TSC2 

deficient (−/−) and TSC2 re-expressed (RE) AML cells were cultured overnight in either normoxic (N) or 

hypoxic (H) conditions. Cells were then lysed and protein expression of TSC2 and constituents of the Ref-

1/HIF-1α/STAT3/NF-κB signalling axis were assayed by western blotting, with β-actin acting as a loading 

control. Panel A shows representative panel of the assayed protein targets in the AML cell lines (N=3 

minimum). Panel B shows densitometry analysis of the resulting western blots (N=3 minimum). For 

densitometry analysis total proteins (HIF-1α, p65 (Rela) and Ref-1) were normalised to β-Actin and 

phosphorylated proteins were normalised to their respective total proteins. Resulting ratios were then 

expressed as fold changes compared to a designated control sample, in this case TSC2 RE cells under 

normoxia. Statistical analysis of differences in foldchange was by student’s t test. Significance annotations 

above each bar on graph indicates significance of difference in foldchange between each condition and 

TSC2 RE cells under normoxia. Pairwise statistical comparisons between TSC2 (−/−) cells under normoxia 

or hypoxia and between TSC2 (−/−) and TSC2 RE cells under hypoxia are also annotated. Significance 

denoted by: * = p <0.05, ** = p <0.01, *** = p< 0.001, NS = not significant. Bars represent standard error of 

the mean. Predicted running band size (kDa) of protein targets can be found in chapter 2, table 2.6. 
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hypoxic-like signalling by these cells is observed even when oxygen is plentiful (Hayashi et al. 

2019). 

 

 

Total STAT3 protein is elevated in both TSC2 deficient cell lines. β-actin bands for Tsc2 −/− 

MEF cells are less intense than those of Tsc2 +/+ MEFs, therefore total STAT3 protein is likely 

to be more strongly expressed in Tsc2 −/− MEFs than represented in figure 3.2. Analysis of 

the expression of total STAT3, within both AML and MEF lines will be more fully described in 

chapter 5, which focuses on characterising the STAT3 signalling pathway within these cells in 

more depth than the present chapter. In both TSC2 deficient AML and MEF cell lines 

Figure 3.2. Protein expression and markers of activity of constituents of the Ref-1/HIF-

1α/STAT3/NF-κB signalling axis is upregulated upon loss of Tsc2 in MEF cells. Tsc2 −/− 

and Tsc2 +/+ MEF cells were cultured overnight in either normoxic (N) or hypoxic (H) conditions. Cells 

were then lysed and protein expression of TSC2 and constituents of the Ref-1/HIF-1α/STAT3/NF-κB 

signalling axis were assayed by western blotting, with β-actin acting as a loading control. Panel A shows 

the shows representative panel of the assayed protein targets in the MEF cell lines (N=3 minimum). 

Panel B shows densitometry analysis of the resulting western blots (N=3 minimum). For densitometry 

analysis total proteins (HIF-1α, p65 (Rela) and Ref-1) were normalised to β-Actin and phosphorylated 

proteins were normalised to their respective total proteins. Resulting ratios were then expressed as fold 

changes compared to a designated control sample, in this case Tsc2 +/+ cells under normoxia. 

Statistical analysis of differences in foldchange was by student’s t test. Significance annotations above 

each bar on graph indicates significance of difference in foldchange between each condition and Tsc2 

+/+ cells under normoxia. Pairwise statistical comparisons between Tsc2 −/− cells under normoxia or 

hypoxia and between Tsc2 −/− and Tsc2 +/+ cells under hypoxia are also annotated. Significance 

denoted by: * = p <0.05, ** = p <0.01, *** = p< 0.001, NS = not significant. Bars represent standard error 

of the mean. Predicted running band size (kDa) of protein targets can be found in chapter 2, table 2.6. 
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phosphorylation markers of active STAT3, tyrosine 705 (Y705) and serine 727 (S727) (two 

post translation modifications that increase the transcriptional activity of STAT3, see main 

introduction), are elevated irrespective of normoxic/hypoxic culture conditions relative to TSC2 

RE AML and Tsc2 +/+ MEF cells respectively (Figures 3.1 and 3.2). Although densitometry 

analysis did not find the increased foldchange in STAT3 phosphorylated at S727 in TSC2 

deficient AML cells relative to the TSC2 RE AML cells significant, except when both cell lines 

had been cultured under hypoxia (Figure 3.1 B). While enhanced phosphorylation of STAT3, 

at either Y705 or S727, within hypoxic cultured Tsc2 −/− MEF cells relative to hypoxic cultured 

Tsc2 +/+ cells was not found to be significant by densitometry analysis (Figure 3.2 B). Whilst 

oxygen availability appeared to significantly affect the level of phosphorylation of STAT3 at 

Y705 and S727 within TSC2 RE AML cells (figure 3.1 B), it did not have a significant effect in 

either TSC2 deficient AML or Tsc2 −/− MEF cells.  

 

As can be seen from the blot panel and densitometry analysis in figure 3.1, Ref-1 protein 

expression appears only moderately elevated within TSC2 deficient AML cells relative to TSC2 

RE AML cells. And only for TSC2 deficient AML cells cultured under normoxia was the 

increased Ref-1 expression reported significant. Within Tsc2 −/− MEF cells, Ref-1 expression 

is far more enhanced relative to Tsc2 +/+ MEF cells (over 2 fold higher), irrespective of oxygen 

availability. Densitometry analysis found the higher Ref-1 expression of Tsc2 −/− MEF cells 

under either normoxia or hypoxia as significant (figure 3.2 B). Oxygen availability did not 

significantly impact Ref-1 expression in the AML or MEF cell lines. It should be noted that the 

lack of substantial differences observed in Ref-1 expression between the AML cell lines does 

not truly reflect the activity of Ref-1 to promote redox driven transcription. This is because Ref-

1 is activated by reactive oxygen species (ROS) and transactivates target transcription factors 

(Shah et al. 2017). However, the contrasting Ref-1 protein expression between the TSC2 

deficient AML and MEF cell lines could represent an important difference in Ref-1 cell 

signalling overall, and any perturbed signalling pathways Ref-1’s activity factors in, between 

the human and murine model cells. 

 

p65 (nuclear factor NF-kappa-B p65 subunit or RelA) is a key component of the 

transcriptionally active NF-κB dimer p50/p65 (Oeckinghaus and Ghosh, 2009). Therefore, p65 

was chosen as the target indicator of NF-κB activity. Across all cell lines cultured under both 

normoxic and hypoxic conditions, total p65 protein appears expressed to a similar level 

(Figures 3.1 A and 3.2 A), although may be elevated within Tsc2 −/− MEFs owing to the less 

intense β-actin bands. Phosphorylation of p65 at S536 by and large does not appear to be 
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enhanced within TSC2 deficient AML cells relative to TSC2 RE AML cells (Figure 3.1 A). Only 

the slight increase in phosphorylation of p65 at S536 within TSC2 deficient AML cells cultured 

under hypoxia was found significant relative to TSC2 RE AML cells cultured under either 

normoxia or hypoxia (Figure 3.1 B). Within the Tsc2 −/− MEF cells however, phosphorylation 

of p65 at S536 appears enhanced to a much greater degree relative to the Tsc2 +/+ MEF cells 

(figure 3.2 A). Densitometry analysis reported the increased phosphorylation of p65 at S536 

within the Tsc2 −/− MEF cells compared to the Tsc2 +/+ MEF cells as significant, irrespective 

of oxygen availability (Figure 3.2 B). Normoxic vs hypoxic culture conditions however had no 

significant effect on phosphorylation of p65 at S536 in either MEF cell line. As the case with 

Ref-1 expression, discordance in the level of phosphorylation of p65 at S536 between both 

TSC2 deficient AML and MEF cells may represent an important distinction in the aberrant 

signalling pathways that characterise these TSC model cells upon the loss of TSC2. 

 

3.2.2 APEX1, HIF1A and STAT3 are differentially expressed between TSC2 re-

expressed/+/+ and TSC2 deficient AML and MEF cells. 

As protein markers of Ref-1, HIF-1α, STAT3 and p65 (Rela) were found to be elevated upon 

loss of TSC2 in AML and MEF cells (Figures 3.1 and 3.2), qPCR was utilised to assess 

whether gene expression of APEX1 (Ref-1), HIF1A, STAT3 and RELA was also dysregulated 

upon loss of TSC2 in AML and MEF cells. With the effect of oxygen availability on mRNA 

expression also assessed. As shown in figure 3.3. expression of the APEX1 gene appears to 

be downregulated in AML TSC2 deficient cells under normoxia and hypoxia, having a fold 

change of 0.49 (p=0.0005) and 0.65 (p=0.0015) respectively relative to AML TSC2 RE cells 

under normoxia. APEX1 expression in AML cells appears to be sensitive to oxygen availability 

as the differences in APEX1 fold change between cells under normoxia and hypoxia was 

significant for both cell lines (p=0.0103 between AML TSC2 RE cells and p=0.0095 between 

AML TSC2 deficient cells).  Again, the trend for the expression of the Apex1 gene appears to 

be downregulated in MEF Tsc2 −/− cells. However, only the foldchange observed in the MEF 

Tsc2 −/− cells (0.49 fold) was reported as being significant (p=0.0175). As with the AML cell 

lines, the expression of Apex1 within between MEF Tsc2 −/− cells cultured under either 

normoxia or hypoxia was significant (p=0.0278). However, in both TSC2 deficient AML and 

Tsc2 −/− cells cultured under hypoxia, APEX1 expression was not found to be significantly 

different from their TSC2 competent counterparts cultured under hypoxia. 

As illustrated in figure 3.4. the mRNA expression of HIF1A, STAT3 & RELA is elevated within 

both AML and MEF TSC2 deficient cell lines and oxygen availability appears to have an input 

in the expression of each gene. Within AML TSC2 deficient cells both HIF1A and STAT3 are 

upregulated irrespective of oxygen availability. HIF1A was found to be expressed higher in  
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AML TSC2 deficient cells under either normoxia (3.75 fold, p=0.0126) and hypoxia (2.90 fold, 

p=0.0461) compared to AML TSC2 RE cells under normoxia. However, the difference in 

HIF1A expression between AML TSC2 deficient cells grown under normoxia or hypoxia was 

not reported as significant. The same expression pattern was found for STAT3 in the AML 

cells. Fold changes in STAT3 mRNA for AML TSC2 deficient cells under normoxia (2.03 fold, 

p=0.0360) or hypoxia (2.79 fold, p=0.0111) was significantly different from AML TSC2 RE cells 

under normoxia; but was not significantly different from each other. Additionally, the 

foldchange in STAT3 mRNA between TSC2 deficient and TSC2 RE AML cells cultured under 

hypoxia (p= 0.00821). 

Within the MEF cells, only the Tsc2 −/− cells under hypoxia showed a significantly different 

fold change in Hif1a (3.12 fold, p= 0.0114) and Stat3 mRNA (3.10 fold, p=0.0294) compared 

to the Tsc2 +/+ cells under normoxia. Additionally, the difference in foldchange in Hif1a and 

Stat3 mRNA between Tsc2 −/− and Tsc2 +/+ cells cultured under hypoxia was found to be 

significant (Hif1a p= 0.0027, Stat3 p= 0.0162). Unlike what was observed in the AML cell lines, 

the difference between mRNA expression of Hif1a and Stat3 between Tsc2 −/− MEF cells 

cultured under normoxia or hypoxia was found significant (Hif1a p=0.0051, Stat3 p=0.0397).  

Figure 3.3. mRNA expression of APEX1 is downregulated upon loss of TSC2 and is 

oxygen sensitive. TSC2 deficient and TSC2 re-expressed (RE) AML cells or Tsc2 −/− and Tsc2 

+/+ MEFs were cultured overnight in either normoxic (N) or hypoxic (H) conditions. Cells were then 

lysed and mRNA was purified from these cells and by qPCR mRNA expression of APEX1 was 

quantified (N=3 minimum). mRNA levels were standardised to HMBS expression. For fold change 

calculations, AML TSC2 RE under normoxia and MEF Tsc2 +/+ under normoxia acted as reference 

samples. Statistical analysis of differences in foldchange between conditions was by way Welch’s 

two sample t test. Significance annotations above each bar on graph indicates significance of 

difference in foldchange between each condition and the reference sample (AML: TSC2 RE or MEF: 

Tsc2 +/+ cells under normoxia). Pairwise statistical comparisons between TSC2 deficient/Tsc2 −/− 

cells under normoxia or hypoxia and between TSC2 deficient/Tsc2 −/− cells and TSC2 RE/Tsc2 +/+ 

cells under hypoxia are also annotated. Significance denoted by: * = p <0.05, ** = p <0.01, *** = p< 

0.001, NS = not significant. Bars represent standard error of the mean. 
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Figure 3.4. mRNA expression of HIF1A and STAT3 is upregulated upon loss of TSC2 

and is oxygen sensitive. TSC2 deficient and TSC2 re-expressed (RE) AML cells or Tsc2 −/− and 

Tsc2 +/+ MEF cells were cultured overnight in either normoxic (N) or hypoxic (H) conditions. Cells 

were then lysed, and mRNA was purified from these cells and by qPCR HIF1A, STAT3 and RELA 

mRNA expression was quantified (N=3 minimum). mRNA levels for each gene were standardised to 

HMBS expression. For fold change calculations, AML TSC2 RE under normoxia and MEF Tsc2 +/+ 

under normoxia acted as reference samples. Significance annotations above each bar on graph 

indicates significance of difference in foldchange between each condition and the reference sample 

(AML: TSC2 RE or MEF: Tsc2 +/+ cells under normoxia). Pairwise statistical comparisons between 

TSC2 deficient/Tsc2 −/− cells under normoxia or hypoxia and between TSC2 deficient/Tsc2 −/− cells 

and TSC2 RE/Tsc2 +/+ cells under hypoxia are also annotated. Statistical analysis was by way of 

Welch’s two sample t test. Significance denoted by: * = p <0.05, ** = p <0.01, NS = not significant. 

Bars represent standard error of the mean. 
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Overall, this suggests hypoxia may play a more important role in the dysregulation of the 

STAT3 and HIF1A genes with the murine model than the human model of TSC. When 

comparing mRNA expression of RELA, no differences in mRNA expression between either 

AML or MEF TSC2 deficient cells and their controls, respective TSC2 competent cells under 

normoxia, were reported as significant irrespective of oxygen availability.  

 

3.2.3. Inhibition of Ref-1, HIF-1α, STAT3 or NF-κB alone or in combination with 

rapamycin was not selectively cytotoxic to TSC2 deficient cells. 

Whilst treatment with current mTOR inhibitors (rapamycin and its structural analogues) is 

effective at shrinking TSC lesions (Bissler et al. 2008), their drug effect is cytostatic, rather 

than cytotoxic. Therefore, the next aim of the present chapter was to assess whether a 

potential therapeutic benefit of targeting the Ref-1/HIF-1α/STAT3/NF-κB signalling axis would 

be induction of selective cytotoxicity in TSC2 deficient cells but not the TSC2 wildtype control 

cells. To develop this line of enquiry further, inhibitors of the Ref-1/HIF-1α/STAT3/NF-κB 

signalling axis were tested as single agents or in combination with rapamycin. To assess cell 

viability, acridine orange/propidium iodide (AO/PI) staining was utilised. AO/PI staining is a 

more robust viability assay when compared to trypan blue exclusion methods (Mascotti et al. 

2000). It was first observed that the inhibitors used to target the Ref-1/HIF-1α/STAT3/NF-κB 

signalling axis were generally well tolerated at standard FBS concentrations used to culture 

both the AML and MEF cell lines. It is well established that albumin protein components in 

supplemented culture media reversibly bind many drugs and small molecule inhibitors (Epps 

et al. 1999), thereby effectively decreasing the active titre of drug. Therefore, FBS 

concentration was lowered to 2% (v/v) for these assays to increase potential sensitivity to the 

drug inhibitors used.  

 

As visualised in figure 3.5 A, both concentrations of the Ref-1 inhibitors APX3330 and 

APX2009 and the lower concentration of APX2014 are well tolerated in both TSC2 RE and 

TSC2 deficient AML cells under normoxia or hypoxia. A one way analysis of variance 

(ANOVA), reported there was no significant difference in cell viability compared to the DMSO 

controls. Consistent with what is known about mTOR inhibition in TSC cells, rapamycin or the 

more potent mTOR inhibitor Ku0063794, caused no significant decrease in cell viability (as 

shown in figure 3.5 B). Additionally, both concentrations of APX3330 and APX2009, and the 

lower concentration of APX2014, in combination with rapamycin caused no significant change 

in cell viability compared to the DMSO controls. Furthermore, there was no significant 

difference in cell viability between cells treated with either of the three Ref-1 inhibitors at the  
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aforementioned concentrations alone and in combination with rapamycin. For both AML cell 

lines under either normoxia or hypoxia, only APX2014 at the higher concentration caused a 

significant decrease in cell viability compared to DMSO controls (figure 3.5 A) (AML TSC2 RE 

N = 67.5%, p=5.0x10-6, AML TSC2 RE H = 54.9% p=2.9x10-5, AML TSC2 −/− N = 40.8% 

Figure 3.5. Ref-1 inhibitors alone or in combination with rapamycin are not selectively 

cytotoxic to TSC2 deficient AML cells. TSC2 RE or TSC2 deficient (−/−) cells in tissue culture 

plates were grown to ~70-80% confluency. Cells were then treated with Ref-1 inhibitors (APX3330, 

APX2009, APX2014) either under normoxia (N) or hypoxia (H) for 24 h with either the specified inhibitor 

alone (Graph A) or in combination with rapamycin (Graph B) at 50 nM. Cells were then collected, retaining 

trypsin washes and original drugged media, spun down and resuspended. Cell suspensions were then 

mixed with AO/PI stain and viable/non-viable cells were assayed on a dual-fluorescence cell counter 

(N=4 minimum). Average percentage of viable cells are plotted on the above graphs. The significance 

between differences in percentage of viable cells for each cell line under each drug condition was 

determined through one-way ANOVA and annotated on each graph. Significance denoted by: * = p <0.05, 

** = p <0.01, *** = p< 0.001, NS = not significant. Etoposide (100 μM) treatments represent positive 

controls for decrease in cell viability. Bars represent standard error of the mean. 
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p=<1.0x10-8, AML TSC2 −/− H = 34.6% p=<1.0x10-8). A two-way ANOVA found that the 

difference between cell viability on treatment with APX2014 at 10 µM between TSC2 RE and 

TSC2 deficient AML cells was significantly different (p=0.0026), but that oxygen availability 

made no significant difference. The addition of rapamycin with APX2014 at 10 µM treatment 

only significantly changed the cell viability for AML TSC2 deficient cells under hypoxia (figure 

3.5 B). Overall, these results indicate that under these conditions Ref-1 inhibition by and large 

is not selectively cytotoxic to AML TSC2 deficient cells, as only treatment of APX2014 at 10 

µM seemed to cause any decrease in viability compared to AML TSC2 RE cells and this 

finding is not fully recapitulated when AML TSC2 deficient cells were treated with rapamycin 

in combination with APX2014 at 10 µM. 

As seen if figure 3.6 (A & B), treatment of MEFs with both concentrations of APX3330, 

APX2009 at 5 µM and APX2014 at 5 µM alone or in combination with rapamycin recapitulate 

the previous findings within the AML cell lines. With no significant difference in cell viability for 

Tsc2 +/+ and Tsc2 −/− MEF cells under either normoxia or hypoxia compared to DMSO 

controls. MEF cell lines appear to be more sensitive to APX2009 and APX2014 at 10 µM than 

the AML cells (figure 3.6 A). Additionally, the finding that APX2014 at 10 µM appears more 

selectively cytotoxic to TSC2 deficient AMLs is not reproduced in the Tsc2 −/− MEF cells. With 

differences in cell viability on treatment with APX2014 at 10 µM between Tsc2 +/+ and Tsc2 

−/− MEF cells not being reported as significant, irrespective of oxygen availability or the 

addition of rapamycin (as reported by two-way ANOVAs). 

As visualised in figure 3.7 (A), targeting STAT3 downstream of Ref-1 through either the 

FLLL31 or C188-9 inhibitors in AML cells does not appear to be selectively cytotoxic towards 

TSC2 deficient AML cells. In fact, the trend appears to be a relative decrease in cell viability 

of TSC2 RE AML cells. AML cell lines tolerate lower concentrations of FLLL31 and C188-9 

well, with the exception of TSC2 RE cells under normoxia, whose decrease in cell viability was 

found to be significantly different from relative DMSO controls when treated with FLLL31 at 5 

µM (64.1% p=1.8x10-7) or C188-9 at 15 µM (68.1% p=5.6x10-6). Treatment of AML cell lines 

under normoxia or hypoxia at the higher concentrations of FLLL31 and C188-9, did cause a 

significant decrease in cell viability compared to DMSO controls (figure 3.7 A). Interestingly, 

treatment of TSC2 deficient cells with 30 µM of C188-9 under hypoxia caused a significant 

decrease in cell viability compared to the same treatment under normoxia (normoxia=69.8%, 

hypoxia=41.3%, p=0.0010). This finding is repeated within TSC2 deficient AML cells treated 

with C188-9 at 15 µM in combination with rapamycin (figure 3.7 B). As observed with the Ref-

1 inhibitors, combinatory treatment of the STAT3 inhibitors with rapamycin had no significant 

effect on cell viability. Both the higher and lower concentrations of the NF-κB inhibitor JSH23 
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are well tolerated by both AML cells lines irrespective of oxygen availability, with no significant 

difference in cell viability compared to DMSO controls.  

 

  

Figure 3.6. Ref-1 inhibitors alone or in combination with rapamycin are not 

selectively cytotoxic to Tsc2 −/− MEF cells. Tsc2 +/+ or Tsc2 −/− MEF cells in tissue culture 

plates were grown to ~70-80% confluency. Cells were then treated with Ref-1 inhibitors (APX3330, 

APX2009, APX2014) either under normoxia (N) or hypoxia (H) for 24 h with either the specified 

inhibitor alone (Graph A) or in combination with rapamycin (Graph B) at 50 nM. Cells were then 

collected, retaining trypsin washes and original drugged media, spun down and resuspended. Cell 

suspensions were then mixed with AO/PI stain and viable/non-viable cells were assayed on a dual-

fluorescence cell counter (N=4 minimum). Average percentage of viable cells are plotted on the 

above graphs. The significance between differences in percentage of viable cells for each cell line 

under each drug condition was determined through one-way ANOVA and annotated on each graph. 

Significance denoted by: * = p <0.05, ** = p <0.01, *** = p< 0.001, NS = not significant. Etoposide 

(100 μM) treatments represent positive controls for decrease in cell viability. Bars represent 

standard error of the mean. 
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Figure 3.7. Targeting STAT3 downstream of Ref-1 in AML cells is generally more cytotoxic 

than targeting Ref-1 but doesn’t appear selective towards TSC2 deficient AML cells. TSC2 

RE or TSC2 deficient (-/-) AML cells in tissue culture plates were grown to ~70-80% confluency. Cells were 

then treated with the STAT3 inhibitors (FLLL31 & C188-9)/NF-kB inhibitor (JSH23) either under normoxia (N) 

or hypoxia (H) for 24 h, with either the specified inhibitor alone (Graph A) or in combination with rapamycin 

(Graph B) at 50 nM. Cells were then collected, retaining trypsin washes and original drugged media, spun 

down and resuspended. Cell suspensions were then mixed with AO/PI stain and viable/non-viable cells were 

assayed on a dual-fluorescence cell counter (N=4 minimum). Average percentage of viable cells are plotted 

on the above graphs. The significance between differences in percentage of viable cells for each cell line 

under each drug condition was determined through one-way ANOVA and annotated on each graph. 

Significance denoted by: * = p <0.05, ** = p <0.01, *** = p< 0.001, NS = not significant. Etoposide (100 μM) 

treatments represent positive controls for decrease in cell viability. Bars represent standard error of the mean. 
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3.2.4. Effect of Ref-1 inhibition on the growth of TSC2 deficient AML and MEF tumour 

spheroids.  

Whilst Everolimus (rapamycin analogue) is effective at reducing tumour volume of brain and 

renal lesions (Bissler et al. 2013 and Franz et al. 2013), these inhibitors are not effective for 

all TSC patients. This clinical observation suggests that other dysregulated signalling 

pathways besides mTORC1 may contribute towards tumourigenesis in TSC. Therefore, the 

next aim of this chapter was to evaluate the efficacy of targeting the Ref-1/HIF-1α/STAT3/NF-

κB axis in reducing the growth of tumour spheroids formed from TSC2 deficient cells. Tumour 

spheroids are a more representative cell model for screening drug efficacy in vitro, as 3D-cell 

cultures recapitulate more features of lesions than 2D cell culture. Such as cell to cell 

contacts/signalling (Baker and Chen, 2012), oxygen gradients through tumours (Grimes and 

Currell, 2018) and factoring in drug penetrance (Minchinton and Tannock, 2006). 

As seen by the growth curve in figure 3.8 (A), a one-way ANOVA found that the mean 

differences in spheroid area from time 0 days among all treatment conditions, at each 

timepoint, was significant. Treatment with either 50 µM or 100 µM of APX3330 does not 

significantly affect the growth of TSC2 deficient AML spheroids compared to the DMSO 

control, with a Tukey post-hoc test finding at no time point was the difference in spheroid 

growth between DMSO and APX3330 treated spheroids significant. Spheroids treated with 

both concentrations of APX2009 (5 and 10 µM) and 5 µM of APX2014 showed decreased 

growth over time in culture compared to the DMSO control, as shown in figure 3.8 (A). 

However, the % change in spheroid area between 14 and 0 days in culture, the endpoint of 

the growth assay for statistical analysis, was only found to be significantly different for 

spheroids treated with 5 µM of APX2009 compared to DMSO (32.8% for APX2009 at 5 µM 

compared to 66.6% for DMSO) (Figure 5.8 B). At no time point before day 14 was there a 

significant difference between % change in spheroid area from time 0 days between DMSO 

and APX2009 treated spheroids, as determined by a Tukey post-hoc test. Strangely, higher 

concentrations of both APX3330 (100 µM) and APX2014 (10 µM) resulted in a higher % 

change in spheroid area between 14 and 0 days in culture, but again was not significantly 

different from spheroids treated with DMSO. Only at day 4 of treatment was the % change in 

spheroid area from time 0 days found to be significantly different between spheroids treated 

with either DMSO or APX2014 at 10 µM. By and large however, from treatment time 7 days a 

Tukey post-hoc test found that the difference between % change in spheroid area from time 0 

days between APX2014 at 10 µM treated spheroids and spheroids treated with the other Ref-

1 inhibitors was significant. Although a standard method, measuring the perimeter of spheroid 

cross section images may not be the best way to assess tumour growth. It was observed in 

the image panel in figure 3.9, that the treatment with these inhibitors resulted in cell  
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Figure 3.8 Lower concentrations of APX2009 and APX2014 significantly affect TSC2 

deficient AML spheroid growth. In the agarose coated wells of a clear-bottom 96-well plate, 

5,000 cells were added per well and allowed to coalesce into spheroids for 3 days. After 3 days, 

spheroids were treated with either DMSO (vehicle) or the specified concentrations of Ref-1 inhibitors 

APX3330, APX2009 and APX2014. Pictures were taken from treatment at time = 0, 4, 7, 11, and 14 

days, with half of media in each well changed for fresh drugged media at each time point. Area of 

spheroids at each time point was measured and change in area from time 0 days was calculated 

and plotted to generate a growth curve (graph A). Median number of spheroids scored per condition 

(N#) was 44. Significance of differences in change in area from time 0 days at each time point 

between all treatment conditions was determined by one-way ANOVA and annotated on graph. 

Change in area of spheroids between time 14 and 0 days was taken as the endpoint of the spheroid 

growth assay (graph B). Statistical analysis of differences in change in area from time 0 days and 

14 days between DMSO and all other drug treatments was by one-way ANOVA with a Tukey post 

Hoc test and annotated on graph. Significance denoted by: * = p <0.05, ** = p <0.01, *** = p< 0.001, 

NS = not significant. Bars represent standard error of the mean. 
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Figure 3.9. AML TSC2 deficient spheroids treated with 2nd generation Ref-1 

inhibitors adopt irregular shapes, as reflected by their change in circularity. The 

Image panel shows representative images of treated AML spheroids at time 14 days. As seen, 

treating TSC2 deficient AML spheroids with the 2nd generation Ref-1 inhibitors APX2009 and 

APX2014 results in them adopting irregular more elongated shapes. This is reflected in the average 

change in the spheroid’s circularity at time 14 days since time 0 days. Median number of spheroids 

scored per condition (N#) was 44. Significance of differences in change in circularity between t=14 

days and 0 days between DMSO and all other drug treatments was by one-way ANOVA with a 

Tukey post Hoc test and annotated on graph. Significance denoted by: *** = p< 0.001 and NS = not 

significant. Bars represent standard error of the mean. 
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aggregations that adopted unusual and elongated cylinder shapes. This change in shape can 

be scored by the average % change in spheroid circularity between 14 and 0 days in culture. 

Circularity, defined by the equation 4π x (area/(perimeter2)), is a measure of how much a 

shape conforms to that of a perfect circle. The lower a shape’s circularity than 1, the less that 

shape conforms to a perfect circle. As shown in figure 3.9, DMSO treated AML spheroid’s 

shape remains stable and show a small average change in circularity (0.06%). The average 

change in circularity for AML spheroids treated with APX2009 and APX2014 was much higher 

(APX2009 at 5 µM and 10 µM: 0.25% and 0.24% respectively, APX2014 at 5 µM and 10 µM: 

0.20% and 0.60% respectively) and was found to be significantly different compared spheroids 

treated with DMSO. Linear regression analyses found strong negative correlations between 

spheroid area and circularity for spheroids treated with APX2009 and APX2014. This further 

suggests that area measurements for spheroids treated with APX2009 and APX2014 is 

influenced by their change in circularity and thus may not be directly comparable with DMSO 

spheroids.  

 

As with TSC2 deficient AML spheroids, the general trend for Tsc2 −/− MEF cell spheroid 

growth on treatment with Ref-1 inhibitors is to decrease compared to the DMSO control. With 

a one-way ANOVA finding that the mean differences in spheroid area from time 0 days among 

all treatment conditions, at each time point, significant. As seen in figure 3.10 (A), treatment 

of MEF Tsc2 −/− spheroids with 50 µM and 100 µM of APX3330 results in decreased growth 

compared to spheroids treated with DMSO. With a one way ANOVA reporting the % change 

in spheroid area between 14 and 0 days in culture for APX3330 treated spheroids (-4.4% at 

50 µM, 8.7% at 100 µM) as significantly different from DMSO (31.6%) treated spheroids 

(APX3330 50 µM vs DMSO p=3.16x10-6 and APX3330 100 µM vs DMSO p=0.0408) (figure 

3.10 B). Interestingly, it was observed that at day 4 and 7, the lower concentration of APX3330 

(50 µM) repressed spheroid growth relative to day 0 further than the higher concentration of 

APX3330 used (100 µM). With a Tukey post-hoc test finding that % change in spheroid area 

from time 0 days between spheroids treated with APX3330 at 50 µM and 100 µM significant. 

Why the lower concentration of APX3330 would repress the growth of Tsc2 −/− MEF spheroids 

further than the higher concentration used is unclear. The lower % change in spheroid area 

between 14 and 0 days in culture for MEF spheroids treated with APX2009 at 5 µM (19.7%), 

APX2014 at 5 µM (21.7%) and 10 µM (9.5%) was not found to be significantly different from 

spheroids treated with DMSO. This is despite MEF spheroid shape remaining stable as seen 

in figure 3.11, and average % change in spheroid circularity between 14 and 0 days in culture 

not significantly different between MEF spheroids treated with DMSO or APX2009 and 

APX2014. Owing to high standard deviation in spheroid area at day 14 (figure 5.10), perhaps  
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Figure 3.10 APX3330 significantly decreases Tsc2 −/− MEF spheroid growth. In the 

agarose coated wells of a clear-bottom 96-well plate, 1,000 cells were added per well and allowed to 

coalesce into spheroids for 7 days. After 7 days, spheroids were treated with either DMSO (vehicle) 

or the specified concentrations of Ref-1 inhibitors APX3330, APX2009 and APX2014. Pictures were 

taken from treatment at time = 0, 4, 7, 11, and 14 days, with half of media in each well changed for 

fresh drugged media at each time point. Area of spheroids at each time point was measured and 

change in area from time 0 days was calculated and plotted to generate a growth curve (graph A). 

Median number of spheroids scored per condition (N#) was 37. Significance of differences in change 

in area from time 0 days at each time point between all treatment conditions was determined by one-

way ANOVA and annotated on graph. Change in area of spheroids between time 14 and 0 days was 

taken as the endpoint of the spheroid growth assay (graph B). Statistical analysis of differences in 

change in area from time 0 days and 14 days between DMSO and all other drug treatments was by 

one-way ANOVA with a Tukey post Hoc test and annotated on graph. Significance denoted by: * = p 

<0.05, *** = p< 0.001, NS = not significant. Bars represent standard error of the mean. 

 



96 

 

the experiment was not empowered enough to find the observed decrease in spheroid growth 

on treatment with APX2009 or APX2014 statistically significant, despite a median of 37 

spheroids measured per condition at time 14 days. Looking at % change in spheroid area from 

time 0 days before the day 14 endpoint, a Tukey post-hoc test did find that at day 4 and day 

7, all three Ref-1 inhibitors at least at one concentration used, resulted in a significant % 

change in spheroid area from time 0 days relative to the DMSO control. In order to check that 

decrease in spheroid growth was not due spheroids becoming non-viable in the presence of 

Figure 3.11. MEF Tsc2 −/− spheroids circularity remains stable when treated with 2nd 

generation Ref-1 inhibitors. The Image panel shows representative images of treated MEF spheroids 

at time 14 days. As seen, Tsc2 −/− MEF spheroids treated with the 2nd generation Ref-1 inhibitors 

APX2009 and APX2014 retain a spherical shape and does not result in significant changes to the 

spheroid’s circularity at time 14 days since time 0 days. Median number of spheroids scored per condition 

(N#) was 37. Significance of differences in change in circularity between t=14 days and 0 days between 

DMSO and all other drug treatments was by one-way ANOVA with a Tukey post Hoc test and annotated 

on graph. Significance denoted by: NS = not significant. Bars represent standard error of the mean. 
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Ref-1 inhibitors, tumour outgrowth was carried out. As demonstrated in the image panel in 

figure 3.12, both TSC2 deficient AML and MEF spheroids treated with APX3330, APX2009 

and APX2014 remained viable, showing cell outgrowth. The etoposide treated control 

spheroids however showed no outgrowth, as expected with this cytotoxic drug. Therefore, the 

drug action of the Ref-1 inhibitors to reduce tumour growth is likely cytostatic, as opposed to 

cytotoxic. 

 

  

Figure 3.12 Both TSC2 deficient AML and MEF tumour spheroids remain viable after 

treatment with Ref-1 inhibitors. At the end of tumour spheroid growth assays (t=14days), AML 

and MEF spheroids were transferred individually to the wells of a 24-well tissue culture plate, 

containing fresh drug free media. Tumour spheroids were allowed to outgrow to assess spheroid 

viability after treatment. Pictures were taken at time 6 days for AML spheroid and 3 days MEF 

spheroids. The above image panel shows representative images (N=6 spheroids per condition). After 

prolonged drug treatment with Ref-1 inhibitors, both TSC2 deficient AML and MEF spheroids are able 

to outgrow. The inhibitor, at the defined concentration, the spheroids were cultured with is annotated 

above images. Etoposide (100 µM) control spheroids show no outgrowth. 
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3.2.5. Effect of STAT3 and NF-κB inhibition on the growth of AML and MEF TSC2 

deficient tumour spheroids.  

The next aim of the present chapter was to assay whether targeting STAT3 or directly NF-κB  

reduced the growth of tumour spheroids formed from TSC2 deficient cells, in comparison to 

mTORC1 inhibition. As seen by the growth curve in figure 3.13 (A), a one-way ANOVA found 

that the mean differences in spheroid area from time 0 days among all treatment conditions, 

at each timepoint, was significant. mTOR inhibition is the most effective at decreasing AML 

TSC2 deficient spheroid growth, reducing spheroid area early into treatment and resulting in 

a negative % change in spheroid area over 0 and 14 days in culture when compared to DMSO 

treated spheroids (-10.1% vs 66.6% for Rapamycin p=<1x10-8 and -2.56% vs 66.6% for 

Ku0063794 p=<1x10-6) (figure 3.13 B). The negative decrease in % change in spheroid area 

from day 0 for spheroids treated with either rapamycin or Ku0063794 relative to DMSO treated 

spheroids was reported significant by a Tukey post-hoc test. Additionally, at every timepoint 

before day 14, the negative decrease in % change in spheroid area from day 0 was 

significantly larger for rapamycin and Ku0063794 treated spheroids than observed with any 

other inhibitor. As reported by a Tukey post-hoc test.  

Compared to treatment with Ref-1 inhibitors, inhibiting STAT3 and NF-κB directly is far more 

effective at reducing AML spheroid growth. After the mTOR inhibitors, treatment with C188-9 

results in the smallest % change in spheroid area between 14 and 0 days in culture compared 

to DMSO (2.1% vs 66.6%, p=<1x10-8). FLLL31 treatment is the next most effective (13.2% vs 

66.6% p=<1x10-8), followed lastly by treatment with JSH23 (31.2% vs 66.6%, p=1.9x10-6). A 

Tukey post hoc test found no significant difference between % change in spheroid area 

between 14 and 0 days in culture for AML spheroids treated with either STAT3 inhibitors 

(FLLL31 and C188-9) (figure 3.13 B). The difference between % change in spheroid area 

between 14 and 0 days in culture for AML spheroids treated with C188-9 and JSH23 was 

found to be significant (p=1.5x10-4-). Suggesting inhibition of STAT3 is more effective at 

decreasing TSC2 deficient AML spheroid growth than NF-κB inhibition. Looking more broadly 

at the whole treatment time course. Differences in % change in spheroid area from time 0 days 

for spheroids treated with either C188-9 or FLLL31 and DMSO treated spheroids, were 

reported significant at each timepoint by a Tukey post-hoc test. Additionally, at no time point 

was the % change in spheroid area from time 0 days between C188-9 and FLLL31 treated 

spheroids reported significant. Indicating both STAT3 inhibitors are equally as effective as one 

another in repressing TSC2 deficient AML spheroid growth. Comparatively, only from day 11 

of treatment was the % change in spheroid area from time 0 days between JSH23 and DMSO 

treated spheroids reported significant. Highlighting that across the whole treatment time 

course, STAT3 inhibition appears more effective at repressing TSC2 deficient AML spheroid  
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Figure 3.13. Inhibition STAT3 or NF-kB directly significantly decreases TSC2 deficient 

AML spheroid growth. In the agarose coated wells of a clear-bottom 96-well plate, 5,000 cells were 

added per well and allowed to coalesce into spheroids for 3 days. After 3 days, spheroids were treated 

with either DMSO (vehicle) or the specified concentrations of mTORC1 inhibitors, rapamycin (50 nM) 

or Ku0063794 (1 μM), STAT3 inhibitors FLLL31 or C188-9 or the NF-kB inhibitor JSH23. Pictures were 

taken from treatment at time = 0, 4, 7, 11, and 14 days, with half of media in each well changed for 

fresh drugged media at each time point. Area of spheroids at each time point was measured and change 

in area from time 0 days was calculated and plotted to generate a growth curve (graph A). Median 

number of spheroids scored per condition (N#) was 41. Significance of differences in change in area 

from time 0 days at each time point between all treatment conditions was determined by one-way 

ANOVA and annotated on graph. Change in area of spheroids between time 14 and 0 days was taken 

as the endpoint of the spheroid growth assay (graph B). Statistical analysis of differences in change in 

area from time 0 days and 14 days between DMSO and all other drug treatments was by one-way 

ANOVA with a Tukey post Hoc test and annotated on graph. Significance denoted by: *** = p< 0.001, 

NS = not significant. Bars represent standard error of the mean. RAP = rapamycin, KU= Ku-0063794.  
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growth than NF-κB inhibition. Unlike treatment with the 2nd generation Ref-1 inhibitors 

APX2009 and APX2014 (figure 3.9), treating AML spheroids with rapamycin, Ku0063794, 

FLLL31, C188-9 or JSH23 did not significantly affect the average % change in spheroid 

circularity between 14 and 0 days in culture compared to AML spheroids treated with DMSO, 

as shown in figure 3.14.  

 

 

 

 

 

 

 

 

 

 

 

 

As seen in figure 3.15 (A), a one-way ANOVA found that the mean differences in spheroid 

area from time 0 days among all treatment conditions, at each timepoint, was significant. The 

growth of Tsc2 −/− MEF spheroids is far more effected by mTOR inhibition than the AML 

spheroids, and again mTOR inhibitors were the most effective at decreasing MEF Tsc2 −/− 

spheroid growth, reducing spheroid area dramatically early into treatment and resulting in 

large negative % changes in spheroid area between 14 and 0 days in culture when compared 

to DMSO treated spheroids (-63.25% vs 31.6% for Rapamycin p=<1x10-8 and -67.63% vs 

66.6% for Ku0063794 p=<1x10-8) (figure 3.15 B). As in the case of the AML spheroids, the 

negative decrease in % change in spheroid area from day 0 for spheroids treated with either 

rapamycin or Ku0063794 relative to DMSO treated spheroids was reported significant by a 

Tukey post-hoc test. At every timepoint before day 14, the substantial negative decrease in %  

Figure 3.14. Treatment of AML TSC2 deficient spheroids with rapamycin, Ku0063794, 

FLLL31, C188-9 or JSH23 does not significantly change their circularity compared 

to DMSO control. RAP = rapamycin (50 nM), KU= Ku-0063794 (1 μM). Median number of 

spheroids scored per condition (N#) was 41. Significance of differences in change in circularity 

between t=14 days and 0 days between DMSO and all other drug treatments was by one-way 

ANOVA with a Tukey post Hoc test and annotated on graph. Significance denoted by: *** = p< 0.001 

and NS = not significant. Bars represent standard error of the mean. 
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Figure 3.15 Treatment with C188-9 significantly decreases Tsc2 −/− MEF spheroid growth. 
In the agarose coated wells of a clear-bottom 96-well plate, 1,000 cells were added per well and allowed 

to coalesce into spheroids for 7 days. After 7 days, spheroids were treated with either DMSO (vehicle) or 

the specified concentrations of mTORC1 inhibitors, rapamycin (50 nM) or Ku0063794 (1 μM), STAT3 

inhibitors FLLL31 or C188-9 or the NF-kB inhibitor JSH23. Pictures were taken from treatment at time = 0, 

4, 7, 11, and 14 days, with half of media in each well changed for fresh drugged media at each time point. 

Area of spheroids at each time point was measured and change in area from time 0 days was calculated 

and plotted to generate a growth curve (graph A). Change in area of spheroids between day 14 and day 

0 was taken as the endpoint of the spheroid growth assay for statistical analysis (graph B). Median number 

of spheroids scored per condition (N#) was 37. Significance of differences in change in area from time 0 

days at each time point between all treatment conditions was determined by one-way ANOVA and 

annotated on graph. Change in area of spheroids between time 14 and 0 days was taken as the endpoint 

of the spheroid growth assay (graph B). Statistical analysis of differences in change in area from time 0 

days and 14 days between DMSO and all other drug treatments was by one-way ANOVA with a Tukey 

post Hoc test and annotated on graph. Significance denoted by: * = p <0.05, *** = p< 0.001, NS = not 

significant. Bars represent standard error of the mean. RAP = rapamycin, KU= Ku-0063794.  
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change in spheroid area from day 0 was significantly larger for rapamycin and Ku0063794 

treated spheroids than observed with any other inhibitor. As reported by a Tukey post-hoc 

test. 

 

Inhibiting STAT3 or NF-κB directly is less effective at reducing growth in Tsc2 −/− MEF 

spheroids than in the AML spheroids. With a Tukey post hoc test only finding C188-9 treatment 

causing a significantly lower % change in spheroid area over 14 and 0 days in culture 

compared to spheroids treated with DMSO (11.24 vs 31.6% p=0.0338). The % change in 

spheroid area over 14 and 0 days in culture for MEF spheroids treated with either FLLL31, 

C188-9 or JSH23 was not reported as significantly different from each other at day 14 (figure 

3.15 B). Looking more broadly at the whole treatment time course. On day 4, 7 and 11 of 

treatment, neither FLLL31, C188-9 and JSH23, consistently resulted in % changes in spheroid 

area from day 0 that were reported as significantly different compared to DMSO treated 

spheroids. And only at day 4 of treatment did JSH23 or FLLL31 result in % changes in spheroid 

area from day 0 significantly different to DMSO treated spheroids. Highlighting that STAT3 

and NF-κB inhibition are not particularly effective at repressing Tsc2 −/− MEF spheroid growth 

and suggesting that mTORC1 hyperactivity may be a more critical driver of spheroid growth. 

As in the case for Ref-1 inhibitors, MEF and AML spheroids treated with rapamycin, 

Ku0063794, FLLL31, C188-9 or JSH23 remained viable after the treatment regime ended (see 

figure 3.16). 
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Figure 3.16 Both TSC2 deficient AML and MEF tumour spheroids remain viable after 

treatment with mTOR, STAT3 and NF-kB inhibitors. At the end of tumour spheroid growth 

assays (t=14days), AML and MEF spheroids were transferred individually to the wells of a 24-well 

tissue culture plate, containing fresh drug free media. Tumour spheroids were allowed to outgrow 

to assess spheroid viability after treatment. Pictures were taken at time 6 days for AML spheroid 

and 3 days MEF spheroids. The above image panel shows representative images (N=6 spheroids 

per condition). After prolonged drug treatment with mTOR, STAT3 and NF-kB inhibitors, both TSC2 

deficient AML and MEF spheroids are able to outgrow. The inhibitor, at the defined concentration, 

the spheroids were cultured with is annotated above images. Etoposide (100 µM) control spheroids 

show no outgrowth. 
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3.2.6 Effect of targeting the Ref-1/HIF-1α/STAT3/NF-κB signalling axis on anchorage 

independent growth of TSC2 deficient AML cells. 

Anchorage-independent growth refers to the ability of cells to grow independently of 

surrounding extracellular matrix or a solid support (Borowicz et al. 2014). Non-transformed 

cells are prevented from growing when detached from the extracellular matrix by a form of 

programmed cell death, termed anoikis (Taddei et al. 2012). However, the increased capacity 

of tumorigenic cells from a variety of cancers for anchorage-independent growth is well 

established (Shin et al. 1975). Both murine and human TSC2 deficient cells have been shown 

to display anchorage independent growth in vitro (Johnson et al. 2018a, Lam et al. 2017 and 

Lesma et al. 2014). Therefore, the efficacy of targeting the Ref-1/HIF-1α/STAT3/NF-κB axis 

as a strategy to reduce anchorage-independent growth was assessed. 

 

Per condition, the diameter of up to 100 colonies per repeat number (n=3) were measured 

from up to 10 pictures per repeat. As can be seen from plots of the anchorage independent 

growth assay (figures 3.17, 3.18, 3.19 and 3.20), there is a large degree of heterogeneity in 

colony size. Therefore, in order to prevent the scoring of single cells and small cell aggregates 

as colonies, the lower colony diameter threshold for scored AML and MEF TSC2 deficient 

colonies was set arbitrarily at 30 µm. As shown in the dot plot in figure 3.17., treatment of 

TSC2 deficient AML cells with Ref-1 inhibitors does not completely prevent anchorage 

independent growth. As reported by a one-way ANOVA of aggregated colony diameters of all 

colonies scored across all 3 repeats, only the average colony diameter in the APX2014 at 10 

µM treated condition is significantly different from DMSO control (41.0 µm vs 91.8 µm 

p=4.40x10-4). Whilst colony diameter in the APX2014 at 5 µM appears lower compared to the 

DMSO control (66.2 µm vs 91.8 µm), this difference was not reported as significant. Large 

heterogeneity in colony size, as represented by the large standard deviation seen in figure 

3.17., limits finding statistical significance. The more potent Ref-1 inhibitors, APX2009 and 

APX2014, do appear to affect the proportion of seeded cells able to undergo anchorage 

independent growth. As denoted by the number of colonies scored in each condition, the 

number of colonies above 30 µm is considerably lower In APX2009 and APX2014 treated 

conditions. Unfortunately, due to equipment failure, different microscopes had to be used for 

imaging across repeat numbers. Therefore, unlike the Tsc2 −/− MEF cell anchorage 

independent growth assays, scoring colony number per image, was not able to be recorded 

accurately due to the different frame sizes of images taken on different microscopes. As shown 

in figure 3.18, mTOR inhibition, either through rapamycin or Ku0063794, was very effective at 

reducing both total colonies scored and significantly decreased the average colony diameter 

compared to DMSO (Rapamycin vs DMSO: 55.6 µm vs 98.6 µm p=<1x10-8, Ku0063794 vs  
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DMSO: 54.4 µm vs 98.6 µm p 2x10-8); as expected. STAT3 inhibition, through treatment with 

FLLL31 or C188-9, was able to significantly reduce colony diameter compared to DMSO 

(FLLL31 vs DMSO: 57.1µm vs 98.6 µm p=0.0123, C188-9 vs DMSO: 41.0 µm vs 98.6 µm 

p=1x10-8). There was no significant difference between the average colony diameter recorded 

for FLLL31 and C188-9 treated AML cells. Nor was there a significant difference between the 

effect of mTOR inhibition vs STAT3 inhibition on average colony diameter. Interestingly, 

average colony diameter recorded for JSH23 treated AML cells was significantly higher than 

the DMSO control (JSH23 vs DMSO: 117.7 µm vs 98.6 µm p=<1x10-8). Anchorage 

independent growth assay to record the effect of JSH23 treatment was set up at a different 

Figure 3.17. Inhibition of Ref-1 effects colony formation of TSC2 deficient AML cells, 

but only APX2014 at 10 µM significantly decreases colony diameter. 12,000 TSC2 

deficient AML cells were seeded per well (six well plate) in a layer of 0.3% (w/v) agar/DMEM, with 

working concentration of defined drug. Drug treated media was added on top of this layer and replaced 

twice per week. After 4 weeks in culture, pictures were taken, and colony diameter scored. Lower 

diameter limit for colonies was set at 30 µM. Per condition up to 100 colonies per repeat number (N=3) 

were measured from up to 10 pictures per repeat number. Colony diameters across the three repeats 

were aggregated and plotted. # denotation above scatter plots indicate colony number up to 300. Y 

axis is scaled to Log2 colony diameter. Significance of differences in colony diameter between DMSO 

and all other drug treatments was determined by one way ANOVA with a Tukey Post Hoc test and 

annotated on graph. Significance denoted by: *** = p< 0.001 and NS = not significant. Bars represent 

standard deviation. 
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time than the DMSO control. Therefore, whether the increase in colony diameter relative to 

DMSO control is a true effect of JSH23 treatment or whether it reflects a difference in the 

proliferative drive of the cells used for each set up is not known. Unlike AML cells treated with 

the Ref-1 inhibitors (figure 3.17), the number of cells seeded for the anchorage independent 

growth assay was different for the C188-9, JSH23 and etoposide treated conditions (figure 

3.18), therefore firm conclusions about the proportion of seeded cells able to undergo 

anchorage independent growth in these conditions relative to the DMSO control cannot be 

made. Representative images of the anchorage independent growth assays can be seen in 

the supplementary data section (Figure S.3.3/4/5/6). 

  

Figure 3.18. Inhibition of STAT3 significantly decreases TSC2 deficient AML colony 

diameter. 12,000 TSC2 deficient AML cells (40,000 cells for FLLL31, C188-9 and JSH23) were 

seeded per well (six well plate) in a layer of 0.3% (w/v) agar/DMEM, with working concentration of 

defined drug. Drug treated media was added on top of this layer and replaced twice per week. After 

4 weeks in culture, pictures were taken, and colony diameter scored. Lower diameter limit for 

colonies was set at 30 µM. Per condition up to 100 colonies per repeat number (N=3) were 

measured from up to 10 pictures per repeat number. Colony diameters across the three repeats 

were aggregated and plotted. RAP= rapamycin (50 nM), KU=Ku-0063794 (1 μM), FLLL31 (5 μM), 

C188-9 (30 μM), JSH23 (10 μM) and ETOP= etoposide (100 μM). Y axis is scaled to Log2 colony 

diameter. # denotation above scatter plots indicate colony number up to 300. Significance of 

differences in colony diameter between DMSO and all other drug treatments was determined by 

one way ANOVA with a Tukey Post Hoc test and annotated on graph. Significance denoted by: * = 

p <0.05, *** = p< 0.001 and NS = not significant. Bars represent standard deviation. 
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3.2.7 Effect of targeting the Ref-1/HIF-1α/STAT3/NF-κB signalling axis on anchorage 

independent growth of Tsc2 −/− MEF cells. 

Following the results of the anchorage independent growth assay in the TSC2 deficient AML 

line, the same assay was set up in the murine TSC cell model. As seen by the recorded 

average colony diameter and total colonies scored, Ref-1 inhibition appears to be more 

effective at reducing anchorage independent growth in Tsc2 −/− MEF cells (figure 3.19) 

compared to TSC2 deficient AML cells (figure 3.17). APX3330 at either 50 µM or 100 µM does 

not significantly MEF colony diameter compared to the DMSO control. Treatment with 

APX2009 at 10 µM and both concentrations of APX2014 significantly reduces average colony 

diameter (figure 3.19). APX2009 at 10 µM vs DMSO: 46.4 µm vs 98.7 µm p=0.0253, APX2014 

at 5 µM vs DMSO: 42.7 µm vs 98.7 µm p=6.7x10-5 and APX2014 10 µM vs DMSO: 47.6 µm 

vs 98.7 µm p=9.3x10-4. APX2009 and APX2014 at the aforementioned concentrations have a 

comparable effect on Tsc2 −/− MEF anchorage independent growth, with average colony 

diameter not reported as significantly different from each other. As visualised in figure 3.20, 

treatment with the mTOR inhibitors rapamycin or Ku-0063794 was effective at reducing both 

total colonies scored and significantly decreased the average colony diameter compared to 

DMSO (rapamycin vs DMSO: 52.7 µm vs 98.7 µm p=8x10-5, Ku0063794 vs DMSO: 47.5 µm 

vs 98.7 µm p=3.6x10-4); as expected. Unlike with the TSC2 deficient AML cells (figure 3.18), 

FLLL31 treatment seemed to significantly increase the colony diameter compared to the 

DMSO control (FLLL31 vs DMSO: 155.6 µm vs 98.7 µm p=<1x10-8). C188-9 treatment 

however was significantly able to reduce average colony diameter compared to the DMSO 

control (C188-9 vs DMSO: 48.6 µm vs 98.7 µm p=0.0016) (figure 3.20). JSH23 treatment had 

no significant effect on average colony diameter compared to the DMSO control.  

 

As pictures of anchorage independent growth assays of Tsc2 −/− MEF cells were all taken 

using the same microscope, average number of colonies above 30 µm per picture (14,600 

mm2) could be accurately scored. As shown in figure 3.21, treatment with APX2009 at 10 µM, 

APX2014 at 5 µM and 10 µM and C188-9 were all as effective as mTOR inhibitors at reducing 

the proportion of seeded cells able to undergo anchorage independent growth (all p 

values=<1x10-8). With a Tukey’s post hoc test finding no significant difference in the average 

number of colonies per 14,600 mm2 between these conditions. Whilst not significantly affecting 

colony diameter, APX3330 at 100 µM and APX2009 at 5 µM was able to significantly decrease 

the average number of colonies per 14,600 mm2 compared to the DMSO control (both p 

values=<1x10-8). Interestingly, treatment with 50 µM of APX3330 resulted in an almost twice 

as high average colony number per 14,600 mm2 compared to the DMSO control (p=<1x10-8) 
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(figure 3.21). JSH23 treatment had no significant effect on the average colony number per 

14,600 mm2 compared to the DMSO control. 

Figure 3.19. The more potent Ref-1 inhibitors, APX2009 and APX2014, significantly 

decrease Tsc2 −/− MEF colony diameter. 40,000 Tsc2 −/− MEF cells were seeded per well 

(six well plate) in a layer of 0.3% (w/v) agar/DMEM, with working concentration of defined drug. Drug 

treated media was added on top of this layer and replaced twice per week. After 4 weeks in culture, 

pictures were taken, and colony diameter scored. Lower diameter limit for colonies was set at 30 

µM. Per condition up to 100 colonies per repeat number (N=3) were measured from up to 10 pictures 

per repeat number. Colony diameters across the three repeats were aggregated and plotted. Y axis 

is scaled to Log2 colony diameter. Number below each plot refers to concentration (µM). # 

denotation above scatter plots indicate colony number up to 300. Significance of differences in 

colony diameter between DMSO and all other drug treatments was determined by one way ANOVA 

with a Tukey Post Hoc test and annotated on graph. Significance denoted by: * = p< 0.05 and NS = 

not significant. Bars represent standard deviation. 
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Figure 3.20. Inhibition of STAT3 through C188-9, but not FLLL31, significantly 

decreases Tsc2 −/− MEF colony diameter. 40,000 Tsc2 −/− MEF cells were seeded per well 

(six well plate) in a layer of 0.3% (w/v) agar/DMEM, with working concentration of defined drug. Drug 

treated media was added on top of this layer and replaced twice per week. After 4 weeks in culture, 

pictures were taken, and colony diameter scored. Lower diameter limit for colonies was set at 30 

µM. Per condition up to 100 colonies per repeat number (N=3) were measured from up to 10 pictures 

per repeat number. Colony diameters across the three repeats were aggregated and plotted. RAP= 

rapamycin (50 nM), KU=Ku-0063794 (1 μM), FLLL31 (5 μM), C188-9 (30 μM), JSH23 (10 μM) and 

ETOP= etoposide (100 μM). Y axis is scaled to Log2 colony diameter. # denotation above scatter 

plots indicate colony number up to 300. Significance of differences in colony diameter between 

DMSO and all other drug treatments was determined by one way ANOVA with a Tukey Post Hoc 

test and annotated on graph. Significance denoted by: * = p<0.05, ** = p< 0.01 and NS = not 

significant. Bars represent standard deviation. 
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3.2.8. TSC2 deficient cell proliferation under hypoxia is increased relative to under 

normoxia. 

As discussed in chapter 1, hypoxia has been shown to increase the activity of the signalling 

pathways of interest, namely HIF-1α, STAT3 and NF-κB cell signalling, in certain cancer cell 

lines. Therefore in order to assess if the Ref-1/HIF-1α/STAT3/NF-κB axis under hypoxia would 

increase proliferation of TSC2 deficient cells further, a cell proliferation assays were 

performed. First the affect of normoxia or hypoxia on TSC2 deficient cell proliferation was 

assayed. As represented in figure 3.22 (A)., TSC2 deficient AML cell proliferation was 

increased compared to TSC2 RE AML cells, as expected. With TSC2 deficient AMLs having 

an average proliferation rate ((cell # at 72 h – cell # at 24 h)/2) of 12,511 cells/24 h under 

normoxia and 14,311 cells/24 h under hypoxia compared to 6,339 cells/24 h and 6,613 cells/24 

h for TSC2 RE AML under normoxia and hypoxia respectively. The average cell number at 72 

h was significantly different between TSC2 deficient AML cells grown under normoxia or 

hypoxia (41,896 vs 46,641 p= 1.9x10-9). Difference in the average cell number at 72 h between 

TSC2 RE AML cells grown under normoxia or hypoxia was not reported as significant (figure 

Figure 3.21. Targeting Ref-1 and STAT3 is effective at significantly reducing Tsc2 −/− 

MEF colony formation. 40,000 Tsc2 −/− MEF cells were seeded per well (six well plate) in a 

layer of 0.3% (w/v) agar/DMEM, with working concentration of defined drug. Drug treated media was 

added on top of this layer and replaced twice per week. After 4 weeks in culture, pictures were taken, 

and colony diameter scored. Lower diameter limit for colonies was set at 30 µM. Colonies above 30 

µM per image (~14,600 mm2) were counted, 10 pictures per repeat number (N=3). Number below 

each plot refers to concentration (µM). RAP= rapamycin (50 nM), KU=Ku-0063794 (1 μM), FLLL31 

(5 μM), C188-9 (30 μM), JSH23 (10 μM) and ETOP= etoposide (100 μM). 14,600mm2 represent 

area of each image taken. Average colony number per ~14,600mm2 noted above each column. 

Significance of differences in colonies per ~14,600 mm2 between DMSO and all other drug 

treatments was determined by one way ANOVA with a Tukey Post Hoc test and annotated on graph. 

Significance denoted by: *** = p< 0.001 and NS = not significant. Bars represent standard error of 

the mean. 
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3.22 A). Tsc2 −/− MEF cell proliferation was also found to be higher than Tsc2 +/+ MEF cells 

(figure 2.22 B). With Tsc2 −/− MEFs having an average proliferation rate of 6,814 cells/24 h 

under normoxia and 6,646 cells/24 h under hypoxia compared to -1,069 cells/24 h and 1,465 

cells/24 h for Tsc2 +/+ MEF under normoxia and hypoxia respectively. Tsc2 +/+ MEFs under 

normoxia, showed a loss of cell number over time, suggesting the confluency they were plated 

at was not high enough to maintain cell viability under normoxia. The average cell number at 

72 h was significantly different between Tsc2 −/− MEF cells grown under normoxia or hypoxia 

(23,503 vs 27,680, p= 0.0203) (figure 2.22 B).  

Figure 3.22. Hypoxia increases TSC2 deficient AML and MEF cell proliferation. Either 

2,500 MEF or 5,000 AML cells were seeded per well of a 96 well plate and 24 h after seeding, media 

was changed (time 0 days). Cells were grown for either for 24, 48 or 72 h under normoxia or hypoxia. 

At each time point 96-well plates were frozen and then cells were quantified using CyQuant Cell 

Proliferation Assay Kit and cell specific standard curves. Average AML cell number over time in 

culture is plotted on graph A (N=4) and average MEF cell number over time was plotted on graph B 

(N=5). Significance of differences in cell number at each timepoint between cell lines under either 

normoxia or hypoxia was determined by one-way ANOVA, with the significance of differences in cell 

number between conditions, as determined with a Tukey Post Hoc test, annotated also. Significance 

denoted by: *** = p< 0.001 and NS = not significant. Bars represent standard errors of the mean. 
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3.2.9 Targeting the Ref-1/HIF-1α/STAT3/NF-κB signalling axis under hypoxia is more 

effective at decreasing TSC2 deficient AML cell proliferation than under normoxia.  

As proliferation of both the TSC2 deficient AML and Tsc2 −/− MEF cells appeared increased 

under hypoxia, whether enhanced activity of the Ref-1/HIF-1α/STAT3/NF-κB signalling axis 

under hypoxia, in part, drove this elevated proliferation was assessed. Whilst the difference in 

the effect of Ref-1 inhibition on cell proliferation between TSC2 deficient AML cells grown 

under normoxia or hypoxia cannot be easily distinguished by comparing the cell proliferation 

plots in figure 3.23 (A and B). The general trend is for cell number at time 72 h to be lower on 

treatment with APX3330, APX2009 and APX2014 under hypoxia (figure 3.23 B) compared to 

normoxia (figure 3.23 A)  (APX3330 50 µM: 13,395 vs 15,575, APX3330 100 µM: 13,212 vs 

14,927, APX2009 5 µM: 12,224 vs 14,417, APX2009: 10 µM 13,053 vs 17,246, APX2014 5 

µM: 12,791 vs 17,246 and APX2014 10 µM: 9,536 vs 10,067). Only treatment with APX2014 

at 10 µM treatment resulted in a significantly different cell number at time 72 h compared to 

the DMSO control for cells grown under normoxia (figure 3.23 A) (10,067 vs 14,718 p=0.0424). 

Conversely, under hypoxia cell number at time 72 h was also found to be significantly different 

between the lower concentrations of APX2009 and APX2014. DMSO vs APX2009 at 5 µM 

(14,869 vs 12,224 p=0.0278) and DMSO vs APX2014 at 5 µM (14,869 vs 9,536 p=8x10-8) 

(figure 3.23 B) . If the proliferation assay was extended further, it is likely differences in cell 

number on Ref-1 treatment would be reported as significant.  

Targeting STAT3 and NF-κB directly via C188-9 and JSH23 is far more effective at reducing 

TSC2 deficient AML cell proliferation under hypoxia than Ref-1 inhibition. As shown in figure 

3.24., whilst not as effective as mTOR inhibition, C188-9 and JSH23 treatment of TSC2 

deficient AML cells markedly decreases cell number at time 72 h. A one-way ANOVA found 

that cell number at time 72 h was significantly different between treatments with either 

concentration of C188-9 and JSH23 compared to DMSO under hypoxia (figure 3.24 B). C188-

9 at 15 µM vs DMSO: 11,465 vs 14,718 p=0.0015, C188-9 at 30 µM vs DMSO: 12,310 vs 

14,718 p=0.03786, JSH23 at 10 µM vs DMSO: 11,642 vs 14,718 p=0.0031 and JSH23 at 20 

µM vs DMSO: 10,560 vs 14,718 p=3.9x10-5). A Tukey post hoc test found no significant 

difference in the cell number at time 72 h between C188-9 and JSH23 conditions. Under 

normoxia, treatment with C188-9 or JSH23 did not significantly affect cell number at time 72 

h (figure 3.24 A). Under both normoxia and hypoxia, FLLL31 treatment resulted in a net 

decrease in cell number over time, indicating the drug was killing the cells. As this drug is well 

tolerated in other assays, it is unclear why FLLL31 is cytotoxic in this assay format.  
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Figure 3.23. Ref-1 inhibition is more effective at decreasing TSC2 deficient AML 

cell proliferation under hypoxia than normoxia. 5,000 AML cells were seeded per 

well of a 96 well plate and 24 h after seeding, media was changed, and cells were treated 

(time 0 days). Cells were grown under treatment for either for 24, 48 or 72 h under normoxia 

(A) or hypoxia (B). At each time point 96-well plates were frozen and then cells were quantified 

using CyQuant Cell Proliferation Assay Kit and cell specific standard curves. Effect of Ref-1 

inhibitors on average AML cell number under normoxia (N=4) is shown on graph A and under 

hypoxia (N=4) is shown on graph B. Significance of differences in cell number at each 

timepoint between treatment conditions, under either normoxia or hypoxia, was determined 

by one-way ANOVA, with the significance of differences in cell number between conditions at 

t 72, as determined with a Tukey Post Hoc test, annotated also. Significance denoted by: * = 

p <0.05, ** = p <0.01, *** = p< 0.001. Bars represent standard errors of the mean. 
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Figure 3.24. STAT3 and NF-kB inhibitors are more effective at decreasing TSC2 

deficient AML proliferation under hypoxia than normoxia. 5,000 AML cells were seeded 

per well of a 96 well plate and 24 h after seeding, media was changed and cells were treated (time 

0 days). Cells were grown under treatment for either for 24, 48 or 72 h under normoxia or hypoxia. 

At each time point 96-well plates were frozen and then cells were quantified using CyQuant Cell 

Proliferation Assay Kit and cell specific standard curves. Effect of inhibitors on average AML cell 

number under normoxia (N=4) is shown on graph A and under hypoxia (N=4) is shown on graph B. 

RAP = rapamycin (50 nM) and KU = Ku0063794 (1 µM). Significance of differences in cell number 

at each timepoint between treatment conditions, under either normoxia or hypoxia, was determined 

by one-way ANOVA, with the significance of differences in cell number between conditions at t 72, 

as determined with a Tukey Post Hoc test, annotated also. Significance denoted by: * = p <0.05, ** 

= p <0.01, *** = p< 0.001. Bars represent standard errors of the mean. 
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3.2.10 Targeting the Ref-1/HIF-1α/STAT3/NF-κB signalling axis is not as effective at 

decreasing Tsc2 −/− MEF cell proliferation than TSC2 deficient AML cell proliferation.  

For the CyQuant proliferation assay of Tsc2 −/− MEFs, the end point was 48 h as these cells 

proliferate quickly to full confluency in the wells of a 96-well plate. As can be seen from figure 

3.25. treating Tsc2 −/− MEF cells with either Ref-1 inhibitors (figure 3.25 A), C188-9 or JSH23 

(figure 3.25 B) was not very effective at reducing Tsc2 −/− MEF cell proliferation. Apart from 

mTOR inhibitors, only APX2014 at 5 µM results in a significantly different cell number at time 

48 h compared to DMSO (11,824 vs 25,014 under normoxia p=<1x10-8, 25,082 vs 5,515 under 

hypoxia p=<1x10-8) (figure 3.25 A). As can be seen in figure 3.25 (A), higher concentrations 

of APX2014 appears to be killing the cells, which was concluded as the cell number at time 

48 h in the APX2014 10µM was lower than the number of cells that were seeded originally. 

FLLL31 appears to be effective at reducing Tsc2 −/− MEF cell proliferation (figure 3.25 B). 

However, in 3D tissue culture cell proliferation experiments, FLLL31 was ineffective at 

significantly reducing spheroid growth (figure 3.15) or anchorage independent growth (figure 

3.20) relative to DMSO controls. Why FLLL31 was effective at reducing cell proliferation in a 

2D format (i.e., CyQuant proliferation assay) is unclear. It is possible FLLL31 is killing a 

proportion of the Tsc2 −/− MEF cells over time in the CyQuant assay rather than reducing 

proliferation, as a limitation of such an assay is that non-adherent dead cells would not be 

measured by the CyQuant assay owing to them being washed off the tissue culture plates 

before measurement. Although it would be expected that if FLLL31 was significantly and 

substantially reducing Tsc2 −/− MEF cell proliferation or killing all/a large fraction of Tsc2 −/− 

cells, you would see under FLLL31 treatment spheroid growth plateau and or fewer colonies 

in the anchorage independent growth assays relative to DMSO. Confusing conclusions on 

FLLL31’s efficacy in killing Tsc2 −/− MEFs or reducing their proliferation is the differences in 

treatment time between assays. The Tsc2 −/− MEF cells within the spheroid growth and 

anchorage independent growth assays were under FLLL31 treatment far longer (14 days and 

4 weeks respectively) yet again, no significant decrease in spheroid growth or anchorage 

independent growth relative to DMSO was observed. Whilst Tsc2 −/− MEF cells within the 

CyQuant proliferation assay were under treatment for the much shorter period of 48 h. 
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Figure 3.25. Targeting the Ref-1/Hif-1α/STAT3/NF-kB axis is not effective at 

decreasing Tsc2 −/− MEF proliferation in a 2D cell culture setting. 2,500 MEF cells were 

seeded per well of a 96 well plate and 24 h after seeding, media was changed and cells were treated 

(time 0 days). Cells were grown under treatment for either for 48 h under normoxia or hypoxia. 96-

well plates were then frozen and cell number was quantified using CyQuant Cell Proliferation Assay 

Kit and standard curves. Effect of Ref-1 inhibitors on MEF cell number under normoxia/hypoxia 

(N=9) is shown on graph A and effect mTOR, STAT3 and NF-kB inhibitors on MEF cell number 

(N=9) under normoxia/hypoxia is shown on graph B. Significance of overall differences in cell 

number between treatment conditions under normoxia or hypoxia was determined by one-way 

ANOVA and annotated above brackets. The significance of differences in cell number under 

normoxia or hypoxia between DMSO and other treatment conditions was determined with a Tukey 

Post Hoc test and is annotated above bars. Significance denoted by: * = p <0.05, ** = p <0.01, *** = 

p< 0.001 and NS = not significant. Bars represent standard errors of the mean. 

 



117 

 

3.2.11. Targeting the Ref-1/HIF-1α/STAT3/NF-κB signalling axis is effective at blocking 

vasculature mimicry in both TSC2 deficient AML and MEF cells. 

TSC associated lesions are highly vascularised (Yamakado et al. 2002) and are prone to 

aneurysm, representing a significant cause of morbidity and mortality to TSC patients (Amin 

et al. 2017, Sheperd et al. 1991 and Zöllner et al. 2020). Therefore, whether targeting the Ref-

1/HIF-1α/STAT3/NF-κB had any efficacy in reducing TSC2 deficient cells vasculature mimicry 

phenotype, observed when these cells are grown in a matrigel based tube formation assay 

(Francescone III et al. 2011), was tested. 

Angio tool analysis measures a number of parameters that describe vasculature mimicry in 

vitro. The parameters chosen to assess the impact of targeting the Ref-1/HIF-1α/STAT3/NF-

κB axis in this context were vessel density (the percentage of vessels inside the analysed 

image area), average vessel length (mean length of all vessels measured in the image) and 

total number of endpoints (the number of open-ended segments within the analysed image 

area). As shown in figure 3.26., mTOR inhibition through rapamycin has no significant effect 

on vessel density (VD), average vessel length (AVL) or total number of endpoints (TNE) 

compared to the DMSO control. The more potent Ref-1 inhibitors, APX2009 and APX2014, 

are effective at significantly reducing VD and AVL compared to the DMSO control (figure 3.26 

A and B); as reported by a one-way ANOVA. Inhibition of STAT3, through FLLL31 or C188-9 

treatment, also significantly decreases both VD and AVL compared to the DMSO control. A 

Tukey’s post hoc test showed that effect of APX2014, FLLL31 and C188-9 on VD and AVL 

was not significantly different from each other. Inhibition of NF-κB, through JSH23 treatment, 

does not significantly affect VD or AVL. Treatment with APX2014, FLLL31 and C188-9 

significantly increases the TNE, i.e., the number of open-ended vessels not networked with 

other vessels through junctions (figure 3.26 C). It should be noted however that analysis of 

the tube formation assay using Angio tool does not exactly score what can be observed from 

the images by eye. As seen in figure 3.27., TSC2 deficient cells treated with APX2014, FLLL31 

and C188-9, largely remain either as single cells or small aggregates of cells. And due to the 

slight convex shape of the Matrigel layer, slight blurring of the image leads Angio tool to detect 

these cell aggregates as small vessels. Therefore, as seen from the image panel in figure 

3.27. treatment with APX2014, FLLL31 and C188-9 does appear to completely ablate 

vasculature mimicry of TSC2 deficient AML cells. 
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Figure 3.26. Inhibition of Ref-1 and STAT3 is effective at blocking vasculature 

mimicry in TSC2 deficient AML cells. 50,000 TSC2 deficient AML cells (in Optimem media) 

were seeded per matrigel basement membrane matrix coated well (96-well plate). Cells were 

incubated under hypoxia with either DMSO, rapamycin (RAP) at 50 nM, the Ref-1 inhibitors 

APX3330 (50 μM), APX2009 (5 μM) or APX2014 (5 μM), the STAT3 inhibitors FLLL31 (5 μM) or 

C188-9 (15 μM) or the NF-κB inhibitor JSH23 (10 μM). N=5. After 16 h in culture pictures were 

taken of wells. Pictures were analysed using Angio Tool software, which measures several 

parameters of network formation. Vessel density (A) is defined as the percentage of vessels inside 

the vessel containing area. Average vessel length (B) is defined as mean length of all vessels 

detected in the image. Total number of endpoints (C) is defined as total number of open-ended 

segments within the vessel containing area. Significance of differences in vessel density, average 

vessel length and total number of endpoints between DMSO and all other treatment conditions 

was by one-way ANOVA with a Tukey Post Hoc test. N=5. Significance denoted by: * = p<0.05, ** 

= p< 0.01, *** = p< 0.001 and NS = not significant. Bars represent standard error of the mean. 
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Figure 3.27. Effect of mTOR, Ref-1, STAT3 and NF-kB inhibition on TSC2 deficient AML 

cells is better visualised from an image panel of raw and analysed images. 50,000 TSC2 

deficient AML cells (in Optimem media) were seeded per matrigel basement membrane matrix coated 

well (96-well plate). Cells were incubated under hypoxia with either DMSO or the inhibitor, at the 

defined concentration, annotated on image panel. After 16 h in culture pictures were taken of wells. 

Pictures were analysed using Angio Tool software, which measures several parameters of network 

formation. Vessel density is defined as the percentage of vessels inside the vessel containing area. 

Average vessel length is defined as mean length of all vessels detected in the image. Raw image and 

analysed images shown. Red lines represent detected vessels whilst blue dots represent vessel 

junctions.  



120 

 

 

Targeting the Ref-1/HIF-1α/STAT3/NF-κB axis was also effective at blocking vasculature 

mimicry in Tsc2 −/− MEF cells, as shown in figure 3.38. As with the mTOR inhibition of the 

TSC2 deficient AML cells, rapamycin treatment has no significant effect on vasculature 

mimicry in the Tsc2 −/− MEF cells. As reported by a one-way ANOVA, Ref-1 inhibition, through 

APX3330, APX2009 and APX2014, significantly reduces VD and AVL compared to the DMSO 

control (figure 3.28 A and B). Lower concentrations of FLLL31, C188-9 and JSH23 were also 

included in the tube formation set up for the Tsc2 −/− MEF cells, to see if a graded response 

to inhibitor concentration could be observed. Both concentrations of FLLL31, were effective at 

significantly reducing vessel density and average vessel length compared to the DMSO 

control. Only the difference in VD between both concentrations of FLLL31 was reported as 

significant (p=1.4x10-4) (figure 3.28 C). Both concentrations of C188-9, decreased VD and 

AVL significantly. No significant graded response was reported between the two 

concentrations of C188-9. Unlike, TSC2 deficient AML cells, JSH23 treatment is able to 

significantly block vasculature forming phenotype of Tsc2 −/− MEF cells. Whilst not as 

effective as STAT3 inhibition, both concentrations of JSH23 significantly decrease VD 

compared to the DMSO control (figure 3.28 B). Only, JSH23 at the higher concentration of 10 

µM significantly decreased AVL however. Unlike with TSC2 deficient AML cells, only treatment 

of Tsc2 −/− MEFs with APX2014 and C188-9 seemed to cause a significant increase in the 

total number of open-ended segments (figure 3.28 C). For the reasons highlighted earlier in 

this section, a clearer picture of how inhibitors targeting the Ref-1/HIF-1α/STAT3/NF-κB axis 

effect the vasculature mimicry phenotype of Tsc2 −/− MEF cells, can be visualised in the 

image panel of figure 3.29.  
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Figure 3.28. Inhibition of Ref-1, STAT3 and NF-kB is effective at blocking vasculature 

mimicry in Tsc2 −/− MEF cells. 30,000 Tsc2 −/− MEF cells (in Optimem media) were seeded 

per matrigel basement membrane matrix coated well. Cells were incubated under hypoxia with either 

DMSO, rapamycin (RAP) at 50 nM, the Ref-1 inhibitors APX3330 (50 μM), APX2009 (5 μM) or 

APX2014 (5 μM), the STAT3 inhibitors FLLL31 or C188-9 or the NF-κB inhibitor JSH23 (at the 

concentrations defined). N=9. After 16 h in culture pictures were taken of wells. Pictures were 

analysed using Angio Tool software, which measures several parameters of network formation. 

Vessel density (A) is defined as the percentage of vessels inside the vessel containing area. Average 

vessel length (B) is defined as mean length of all vessels detected in the image. Total number of 

endpoints (C) is defined as total number of open-ended segments within the vessel containing area. 

Significance of differences in vessel density, average vessel length and total number of endpoints 

between DMSO and all other treatment conditions was by one-way ANOVA with a Tukey Post Hoc 

test. N=9. Significance denoted by: * = p<0.05, *** = p< 0.001 and NS = not significant. Bars 

represent standard error of the mean. 
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Figure 3.29. Effect of mTOR, Ref-1, STAT3 and NF-kB inhibition on Tsc2 −/− MEF 

cells is better visualised from an image panel of raw and analysed images. 30,000 

Tsc2 −/− MEF cells (in Optimem media) were seeded per matrigel basement membrane matrix 

coated well. Cells were incubated under hypoxia with either DMSO or the inhibitor, at the defined 

concentration, annotated on image panel. After 16 h in culture pictures were taken of wells. After 16 

h in culture pictures were taken of wells. Pictures were analysed using Angio Tool software, which 

measures several parameters of network formation. Vessel density is defined as the percentage of 

vessels inside the vessel containing area. Average vessel length is defined as mean length of all 

vessels detected in the image. Raw image and analysed images shown. Red lines represent 

detected vessels whilst blue dots represent vessel junctions.  
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3.2.12. Targeting the Ref-1/HIF-1α/STAT3/NF-κB signalling axis appears to reduce 

Tsc2 −/− MEF cell migration in a wound healing assay. 

Given the importance of cell migration in both typical angiogenesis (Lamalice et al. 2007) and 

to tumour vasculature mimicry (Dunleavey and Dudley 2012, Maes et al.2014 and Zhang et 

al. 2014b). It was hypothesised, that the action of Ref-1, STAT3 and NF-κB inhibitors to ablate 

vasculature mimicry in TSC2 deficient cells, could in part be through blocking migration 

pathways. Preventing cells from reorganising into vasculature-like networks. Thus, a 

provisional cell migration assay was conducted to test this hypothesis.   

Initially the scratch wound healing assay was set up with AML cells (both TSC2 RE and TSC2 

deficient cells to assess differences in migratory capacity). However, serum starvation did not 

induce cell migration as can be seen in the supplementary data (Figure S.7). Tsc2 −/− MEF 

cells were far more motile and closed the wound typically at the 24 h mark. As can be seen 

from the representative image panel in figure 3.30, DMSO and rapamycin treated Tsc2 −/− 

MEF cells migrate into and close the wound by the 24 h. Though it is not very clear, Ref-1 

Figure 3.30. Ref-1 inhibition appears to slightly reduce Tsc2 −/− MEF cell migration. 
MEF cells were seeded in 60 mm tissue culture plates and grown under normoxia until confluent. 

Cell monolayer was then ‘scratched’ using a pipette tip and plates were washed with 0% FBS (v/v) 

DMEM media. 0% (v/v) FBS DMEM with either DMSO, rapamycin or specified Ref-1 inhibitor at 

defined concentration was then added to the plates and pictures taken at time 0 h and then again 

at 24 h. N=2. 
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inhibition does appear to present full wound closure by the 24 h mark. Inhibiting STAT3 or NF-

κB directly was far more effective at preventing wound closure (figure 3.31). With FLLL31, 

C188-9 and JSH23 all effective. Efficacy of these drugs aligns between both the vasculature 

mimicry assay and the migration assay utilising Tsc2 −/− MEF cells. However, a more robust 

assay such as the Boyden chamber assay is needed to properly assess the effects of targeting 

the Ref-1/HIF-1α/STAT3/NF-κB axis on TSC2 deficient cell migration. 

 

 

 

 

 

Figure 3.31. Inhibiting STAT3 or NF-κB directly appears to be more effective at 

reducing Tsc2 −/− MEF cell migration than mTOR or Ref-1 inhibition. Tsc2 −/− MEF cells 

were seeded in 60 mm tissue culture plates and grown under normoxia until confluent. Cell 

monolayer was then ‘scratched’ using a pipette tip and plates were washed with 0% (v/v) FBS DMEM 

media. 0% FBS (v/v) DMEM with either FLLL31, C188-9 or JSH23 at the defined concentration was 

then added to the plates and pictures taken at time 0 h and then again at 24 h. N=2. 
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3.3 Discussion 

The results of the present chapter have indicated that at the protein and/or gene level, activity 

of the Ref-1/HIF-1α/STAT3/NF-κB signalling axis was elevated in at least one or both of the 

TSC2 deficient AML and MEF cell lines relative to their TSC2 competent counterparts. Whilst 

not cytotoxic in effect, drug blockade of the Ref-1/HIF-1α/STAT3/NF-κB signalling axis still 

showed favourable drug indications in reducing the tumourigenic phenotypes of TSC2 

deficient cells in multiple tissue culture assays.  

The initial aim of this chapter was to analyse the protein and gene expression of components 

of the Ref-1/HIF-1α/STAT3/NF-κB signalling axis within TSC cell models. There is no great 

difference in the protein expression of Ref-1 between the two human AML cell lines (figure 

3.1); while Ref-1 was overexpressed in Tsc2 −/− MEF cells (figure 3.2). This is in contrast with 

other diseases were Ref-1 is dysregulated. Within cancer, APEX1 (Ref-1) mRNA and protein 

is typically elevated and found to positively correlate with adverse prognostic and survival 

outcomes for patients (Mahjabeen et al. 2013, Cao et al. 2020 and Yang et al. 2010b). APEX1 

expression was unexpectedly downregulated in both TSC2 deficient cell lines (figure 3.3). 

Increased ROS production has been reported to increase APEX1 gene transcription and 

subsequent protein expression (Ramana et al. 1998 and Pines et al. 2005). However, more 

recent studies have found this is not always the case. Both Jiang et al. (2015) and Hu et al. 

(2021) found Ref-1 expression at the protein and mRNA level decreased with treatment of 

increasing concentrations of exogenous ROS (in the form of H2O2) within pancreatic cancer 

cell lines (SW-1990 and Panc-1) and cardiomyocytes. This suggests transcriptional control of 

the APEX1 gene is more context dependent between different cell types than simply the levels 

of intracellular ROS; which may be the case within TSC. Furthermore, Ref-1 activity is not 

simply a function of its total protein copy number within a cell. Several studies have 

demonstrated that translocation of Ref-1 to the nucleus increases activity of its target 

transcription factors (Chen et al. 2010 and Tell et al. 2000). Therefore, the lack an observable 

difference in total Ref-1 protein between TSC2 RE and TSC2 deficient AML cells does not 

describe a lack of difference in the activity of Ref-1 between these two cell lines. Especially, 

when Ref-1 inhibitors are effective at significantly decreasing tumourigenic outputs within 

TSC2 deficient cells. Within chapter 7, the effect of ROS inducing drugs and ROS quenchers 

on APEX1 expression in TSC2 deficient cells will be characterised. 

Western blot analysis of TSC2 wildtype/re-expressed and TSC2 deficient cells (Figures 3.1 

and 3.2) revealed that markers of HIF-1α, STAT3 and NF-κB (p65) activity were elevated upon 

loss of TSC2. Confirming increased activity of the Ref-1/HIF-1α/STAT3/NF-κB signalling axis 

with both the murine and human TSC2 deficient cell lines. Ref-1 is not a kinase and 

transactivates HIF-1α, STAT3 and NF-κB by increasing their DNA binding affinity through 
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oxidising specific cysteine residues (Shah et al. 2017). Therefore, Ref-1 isn’t expected to be 

directly responsible for increases in STAT3 phosphorylation at Y705 and S727 (Figures 3.1 

and 3.2) or p65 phosphorylation at S536 (Figure 3.2). Instead, activity of STAT3, HIF-1α and 

NF-κB mediated through Ref-1, was hypothesised to result in a positive feedback loop in which 

STAT3, HIF-1α and NF-κB enhance each other’s activity. Positive feedback on STAT3 activity 

through STAT3 increasing transcription of IL6, is well documented in STAT3 driven cancers 

(Chang et al. 2013). Elevated IL-6 has been observed within patients suffering from other 

genetic diseases and cancers where upregulated mTORC1 and STAT3 activity contribute to 

pathogenesis (Vella et al. 2020, Han et al. 2014 and Sanchez-Correa et al. 2013).  

Cross talk between NF-κB and STAT3 is known to positively reinforce each other’s activity (Ji 

et al. 2019, Wang et al. 2000 and Libermann and Baltimore 1990). Therefore, crosstalk 

between Ref-1 activated STAT3, HIF-1α and NF-κB was hypothesised to contribute towards 

the increased expression of their respective genes observed within human and murine TSC2 

deficient cells (Figure 3.4). This hypothesis will be tested for HIF-1α and STAT3 within 

chapters 4 and 5. Despite HIF1A being a target gene of both STAT3 and NF-κB (Nie et al. 

2008 and Rius et al. 2008), the increased HIF1A expression (figures 3.1, 3.2 and 3.4) and 

activity (i.e., upregulation of BNIP3, figures 3.1 and 3.2) observed will not solely result from 

increased Ref-1 activity. As it is well documented that mTORC1 hyperactivity drives HIF1A 

translation (Dodd et al.2015) and transcription (Land and Tee, 2007). Dodd et al. (2015) also 

demonstrated mTORC1 upregulates HIF1A transcription through activating STAT3, by 

increasing phosphorylation at serine 727, which could be blocked by rapamycin treatment. 

Although the authors observed rapamycin treatment did not completely normalise HIF1A 

expression or alter the high level of STAT3 phosphorylated at tyrosine 705, suggesting 

upregulated STAT3 activity observed in TSC2 deficient cells (figures 3.1 and 3.2) is not 

through mTORC1 hyperactivity alone. Whilst RELA (p65) expression appeared upregulated 

within TSC2 deficient cells, this was not reported as significant (figure 3.4). Additionally, as 

phosphorylation of p65 at serine 536 (Figure 3.1) appeared only marginally higher in TSC2 

deficient AML cells compared to TSC2 RE AML cells, the hypothesised contribution of NF-κB 

activity to pathogenesis within the human model of TSC is yet uncertain. As expected, hypoxia 

appeared to drive HIF-1α activity within TSC2 deficient cells (BNIP3 blots, figures 3.1 and 3.2), 

but an effect was not observed for STAT3 or NF-κB, except at the transcriptional level (Figure 

3.4). Given, that hypoxia has been shown to induce STAT3 activity within the cancer setting 

(Soleymani et al. 2017), chapter 5 will aim to quantify the effect of hypoxia on STAT3 signalling 

in the context of TSC. Overall, this initial work validated that the Ref-1/HIF-1α/STAT3/NF-κB 

signalling axis is upregulated at the protein and mRNA level within TSC2 deficient cells and 

supports the strategy of targeting the Ref-1/HIF-1α/STAT3/NF-κB signalling axis within TSC. 
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Whilst rapamycin analogues have been shown to effectively reduce volume of both renal and 

brain lesions within TSC (Bissler et al. 2013 and Franz et al. 2013), their drug action is 

cytostatic rather than being cytotoxic (Bissler et al. 2008). Therefore, there would be a clear 

therapeutic benefit to drugs that are selectively cytotoxic to TSC2 deficient cells. This has 

recently been demonstrated in the murine model of TSC with the drug combinations 

nelfinavir/bortezomib and nelfinavir/mefloquine within Tsc2 −/− murine cells (Johnson et al. 

2018a and McCann et al. 2018). The comprehensive cell viability assays show that the 

potential therapeutic benefit of targeting the Ref-1/HIF-1α/STAT3/NF-κB axis is not mediated 

through selective cytotoxicity towards TSC2 deficient cells. Either as an adjunctive therapy 

with rapamycin or under differing oxygen availability. Only the Ref-1 inhibitor APX2014 at 10 

µM resulted in a significant decrease in the viability of TSC2 deficient AML cells compared to 

the TSC2 RE AML controls (figure 3.5). This observed selective cytotoxicity was not 

recapitulated in the MEFs (figure 3.5). As the Ref-1 inhibitors APX3330, APX2009 and 

APX2014 differ in potency (Kelley et al. 2016), not how they target Ref-1, it is unlikely APX2014 

would be selective for TSC2 deficient cells. Supported by the observation that APX2009 at 10 

µM caused a significant decrease in cell viability compared to the DMSO control, but was not 

selective for Tsc2 −/− MEFs compared to Tsc2 +/+ controls (figure 3.6). In addition, clinical 

trials of APX3330 show that even at high doses the drug is well tolerated with limited side 

effects (Shahda et al. 2019). Furthermore, Logsdon et al. (2018) and Kelley et al. (2016) 

showed APX2009 treatment decreased pancreatic cancer cell viability (PDAC) but not cancer 

associated fibroblasts in co-cultured spheroids.  

The expected principal benefit of targeting the Ref-1/HIF-1α/STAT3/NF-κB signalling axis 

would be to normalise dysregulated angiogenesis and inflammation within TSC lesions 

(Arbiser et al. 2002, Parker et al. 2011 and Martin et al. 2017) by reducing expression of 

rapamycin insensitive biomarkers (Lee et al. 2010, and Dodd et al. 2015). However, as current 

rapamycin-based drugs do not reduce tumour volume within all patients (Bissler et al. 2013 

and Franz et al. 2013), therapies which could reduce patient tumour volume and burden would 

be of clear clinical benefit. Tumour spheroid and anchorage independent growth assays are 

useful for assessing drug potential in vitro. Spheroids are a more representative model of 

lesions than 2D cultures, recapitulating more of the morphological and physiological traits of 

tumours (Edmonson et al. 2014). Anchorage independent growth assays are a useful 

approximation of tumour formation from a single cell, given that tumour formation in TSC 

largely conforms to Knudson’s two hit hypothesis (somatic second hit to functional TSC1 or 

TSC2 allele) (Peron et al. 2018a). Whilst none of the inhibitors targeting components of the 

Ref-1/HIF-1α/STAT3/NF-κB axis were as effective as mTORC1 inhibition at reducing growth 

in a 2D or 3D in vitro setting, these assays demonstrate that drug inhibition of the Ref-1/HIF-
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1α/STAT3/NF-κB signalling axis was able to reduce Tsc2 −/− cell proliferation. There were 

some important distinctions between the murine and human cell lines. It should be noted here 

that inclusion of the competitive ATP inhibitor of mTOR, Ku-0063794 (Garcia et al. 2009), 

served as an important control. Ensuring a treated condition were the rapamycin insensitive 

functions of mTORC1 were also inhibited (Thoreen et al. 2009 and Feldman et al. 2009) 

 

Tsc2 −/− MEFs appear more sensitive to APX3330 than TSC2 deficient AMLs, with APX3330 

at both concentrations (50 and 100 μM) sufficient to decrease Tsc2 −/− MEFs tumour spheroid 

growth (figure 3.10) and at 100 µM significantly reduce Tsc2 −/− MEFs colony formation in the 

anchorage independent growth assays (figure 3.21). APX3330 at either concentration, had no 

significant effect on AMLs in these assays (figures 3.8 and 3.17). It is worth noting however 

that the apparent increased sensitivity of MEFs to APX3330 could be a result of the lower 

concentration of FBS used to culture MEFs in these assays compared to the AMLs (10% vs 

15% v/v FBS). As albumin proteins in FBS supplemented media can reversibly bind many 

drugs, effectively decreasing the drugs pharmacological concentration (Epps et al. 1999). The 

effect of APX2009 and APX2014 on tumour spheroid growth is harder to define. For example, 

treatment with APX2014 at 10 µM (figure 3.8) appeared to have no effect on AML spheroid 

growth, despite APX2009 (at 5 µM and 10 µM) and APX2014 at 5 µM, appearing to decrease 

spheroid size. But APX2014 at 10 µM treated spheroids also showed the largest change in 

circularity (figure 3.9); which we found was positively correlated with spheroid area in this 

condition. Treatment of MEF spheroids with APX2014 (at 5 µM and 10 µM) and APX2009 (at 

5 µM) appeared to reduce spheroid growth (figure 3.10). But likely due to the high standard 

deviations in spheroid area, these differences were not found to be significant. Comparing 

these results to the literature, APX3330, APX2009 and APX2014 have been found to decrease 

growth of spheroids formed from multiple cancer cell lines (Caston et al. 2021). APX2009 and 

APX2014 did however significantly impact anchorage independent growth of both MEF and 

AML cell line models (figures 3.17 and 3.19). Whist APX2009 and APX2014 treatment did not 

significantly affect TSC2 deficient cell colony diameter (with exception of APX2014 at 10 µM), 

the number of scorable colonies was dramatically decreased. Within the Tsc2 −/− MEF cells, 

APX2009 and APX2014 had an even greater effect on anchorage independent growth, 

decreasing both colony diameter significantly (figure 3.19) and colony formation (figure 3.21) 

relative to the DMSO controls. Studies investigating efficacy of inhibiting Ref-1 on reducing 

anchorage independent growth are scarce, however Yang et al. (2007) found that within the 

JB6 mouse cell model of tumour progression, knock-down of APEX1 did inhibit 12-O-

Tetradecanoylphorbol-13-acetate (TPA, a phorbol ester that is a potent carcinogen) induced 

anchorage independent growth. 
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These assays demonstrate that targeting STAT3 directly, rather than through Ref-1 appears 

to be more effective at decreasing measures of TSC2 deficient AML cell growth. Apart from 

mTOR inhibition, STAT3 inhibition caused the largest decrease in growth of AML spheroids 

(figure 3.13). Caston et al. (2021) found that STAT3 inhibitor treatment of spheroids formed 

from multiple cancer cell lines also significantly decreased spheroid growth. Supporting the 

hypothesis that inhibition of STAT3 could decrease tumour growth in diseases like TSC, where 

STAT3 signalling is dysregulated. Both, STAT3 inhibitors were also effective at reducing 

scores of anchorage independent growth in TSC2 deficient AML cells (figure 3.18), decreasing 

colony size significantly. Several studies implicate STAT3 hyperactivity in mediating 

anchorage independent growth within cancers (Cheng et al. 2008, Zhang et al. 2006b and 

Zong et al. 1998). Previous studies of cancer in which STAT3 contributes towards 

tumourigenesis, taken together with the present results, suggests dysregulation of STAT3 

activity contributes towards tumour formation within TSC. Tsc2 −/− MEF spheroid and 

anchorage independent growth was significantly decreased by treatment with C188-9, but not 

with FLLL31 (figures 3.15, 3.20 and 3.21). Both STAT3 inhibitors work through blocking 

formation of the active dimer through binding to the SH2 domain of STAT3 (Lin et al. 2010 and 

Bharadwaj et al. 2016). Therefore, why FLLL31 is ineffective is unclear. Potentially, the 

dissociation and inhibitor constants between FLLL31 and STAT3 are quite large. Otherwise, 

TSC2 deficient AML cells may be more responsive to STAT3 inhibition. Lastly, whilst NF-κB 

inhibition has a significant impact of TSC2 deficient AML spheroid growth (figure 3.13), it does 

not decrease anchorage independent growth of TSC2 deficient AML cells (figure 3.18) or 

effect the growth of Tsc2 −/− MEF cells in these assays. Taken with the protein analysis of 

NF-κB (p65) in TSC2 deficient cells (Figures 3.1 & 3.2), these findings suggest NF-κB activity 

is not as an important driver of TSC2 deficient cell proliferation as Ref-1 and STAT3. 

Data gathered through CyQuant cell proliferation assays, supported the hypothesis that 

hypoxia increases TSC2 deficient cell proliferation (figure 3.22). In this 2D format, Ref-1 

inhibition under normoxia only caused a significant decrease in TSC2 deficient AML cell 

number at time 72 h for the most potent Ref-1 inhibitor, APX2014, at the highest concentration 

(figure 3.23). Conversely, under hypoxia, the lower concentrations of APX2009 and both 

concentrations of APX2014 significantly decreased TSC2 deficient AML cell number at time 

72 h timepoint. Further supporting the hypothesis that hypoxia increases activity of the Ref-

1/HIF-1α/STAT3/NF-κB signalling axis, which in turn drives tumorigenesis through increased 

cell proliferation. This idea is further supported by findings from treating TSC2 deficient AML 

cells with direct STAT3 and NF-κB inhibitors. Under normoxia, C188-9 and JSH23 treatment 

did not significantly affect cell number at time 72 h compared to the DMSO control. However, 
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under hypoxia, both concentrations of C188-9 and JSH23 significantly decreased TSC2 

deficient cell proliferation (figure 3.24).  

Importantly, between normoxia and hypoxia, there was no significant difference in cell number 

at time 72 h timepoint for rapamycin and Ku0063794 treated conditions. Suggesting that in 

this context, hypoxia is not increasing TSC2 deficient AML cell proliferation through mTORC1 

activity. These findings have relevance to the tumour spheroid data. Tumour spheroids 

recapitulate hypoxic gradients observed in solid tumours (Riffle and Hedge, 2017) and within 

the 3D context of both spheroids and tumours, has important implications for cell signalling. 

For example, HIF-1α and its target genes, GLUT1 and VEGFA, are found expressed in the 

inner hypoxic area of spheroids (Menrad et al. 2010 and Shweiki et al. 1995) and are involved 

in spheroid growth. As described before, hypoxia has also been shown to drive STAT3 and 

NF-κB activity (Soleymani et al. 2017, Yokogami et al. 2013 and Xie et al. 2014). Therefore, 

increased hypoxia within TSC2 deficient cell spheroid cores may promote spheroid growth in 

part through increasing activity of STAT3 and NF-κB; and explain why their respective 

inhibitors effectively reduce the growth of TSC2 deficient AML spheroids. The CyQuant 

proliferation assay in the MEFs shows their proliferation in 2D culture is not significantly 

affected by C188-9 or JSH23 treatment. This data, along with the results of the other growth 

assays indicates a difference between TSC2 deficient AML and MEF cells dependence on 

mTORC1 hyperactivity vs activity of the Ref-1/HIF-1α/STAT3/NF-κB signalling axis for 

proliferation. Overall, our data shows that unlike the TSC2 deficient AML cells, Tsc2 −/− MEF 

cells are more sensitive to mTORC1 inhibition than inhibitors targeting Ref-1, STAT3 or NF-

κB. Given treatments which are deemed effective in mouse models do not always turn out as 

clinically viable within human patients (Gould et al. 2015), differences between the two models 

of TSC established in this chapter is an important consideration moving forward.  

Lastly, our findings demonstrate that targeting the Ref-1/HIF-1α/STAT3/NF-κB signalling axis 

completely ablates the vascular mimicry phenotype of TSC2 deficient cells grown on matrigel 

under hypoxia. With the TSC2 deficient AML cells, targeting both Ref-1 and STAT3 

substantially decreased the amount of vasculature and length of vessels within the tube 

formation assay (figure 3.26). Within the Tsc2 −/− MEF cells, all inhibitors targeting Ref-1, 

STAT3 and NF-κB were effective at reducing the amount of vasculature and length of vessels 

(figure 3.28). NF-κB inhibition was not effective within AML cells however, potentially reflecting 

a difference in the signalling mechanisms that govern adoption of this phenotype between the 

murine and human cell lines. mTORC1 inhibition through rapamycin however had no 

significant impact on vessel density or vessel length. Given rapamycin’s anti-angiogenic 

activity being well demonstrated in cancer (Guba et al. 2002 and Marimpietri et al. 2007), 

increased vasculature phenotype of TSC2 deficient cells is not through typical angiogenic 
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pathways. And it is important to note this tube formation assay is not a representative model 

of angiogenesis. Instead, vasculature mimicry observed in cancers is a more useful model, as 

it describes the process were tumourigenic cells can dedifferentiate into a more endothelial 

like phenotype and form de-novo perfusable vasculature-like networks without pre-existing 

endothelial cells (Maniotis et al. 1999). Given the genetic stability of AML tumours (Martin et 

al. 2017), it is not expected that processes that govern vasculature mimicry in cancer to be 

reflected within TSC. However, useful comparisons can be made. The RhoA/ROCK pathway, 

which among processes can mediate cell migration, has been found to underpin vascular 

mimicry in a variety of human cancers (Xia et al. 2017, Xia et al. 2019 and Zhang et al. 2020); 

with STAT3 implicated in this process to (Li et al. 2018). Therefore, efficacy of drugs that target 

the Ref-1/HIF-1α/STAT3/NF-κB signalling axis in blocking vasculature mimicry within TSC2 

deficient cells could be through inhibiting cell migration. STAT3 inhibition alone and in 

combination with Ref-1 inhibitors has been observed to decrease pancreatic cancer cell 

migration (Bi et al. 2018 and Cardoso et al. 2012) and is implicated in upregulating the 

RhoA/ROCK pathway (Pan et al. 2018). A scratch wound healing assay of the Tsc2 −/− MEFs 

demonstrated that inhibition of Ref-1, STAT3 and NF-κB reduced wound healing, compared 

to both the DMSO control and mTOR inhibition (figures 3.30 and 3.31). This is a relatively 

rudimentary assessment of Tsc2 deficient cell migration however, and thus conclusions drawn 

are limited.  

In summary, the results discussed in the present chapter demonstrate that the Ref-1/HIF-

1α/STAT3/NF-κB signalling axis is upregulated in the both the human and murine cell models 

of TSC and that targeting this signalling axis could have clinical benefit in reducing growth of 

lesions and potentially abnormal vasculature in patients not responsive to mTOR inhibitors.  
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Chapter 4: Targeting mTORC1, Ref-1 and STAT3 to 

normalise pro-angiogenic signalling within TSC2 deficient 

cells 
 

4.1 Introduction 

The previous chapter demonstrated that inhibition of Ref-1 and STAT3 is effective at 

normalising measurable tumourigenic outputs in both murine and human TSC2-deficient cells. 

However, dysregulated cell growth and proliferation on loss of either TSC1 or TSC2 are not 

the only driver of pathology within TSC patients. As described within chapter 1, kidney, brain, 

and skin lesions associated with TSC are highly vascularised (Yamakado et al. 2002, 

Grajkowska et al. 2010 and Papakonstantinou et al. 2004). Immunohistochemical studies 

further identify TSC associated tumours as being angiogenic lesions.  Furthermore, elevated 

protein expression of several pro-angiogenic factors, such as HGF, VEGFA, Epidermal growth 

factor (EGF) and fibroblast growth factor basic (bFGF) have been observed within patient 

brain and skin lesions (Parker et al. 2011 and Nguyen‐Vu et al. 2001). Angiogenic protein 

expression observed within these lesions are also found within TSC model cell lines (El-

Hashemite et al. 2003, Düvel et al. 2010 and Brugarolas et al. 2003) or cells with hyperactive 

mTORC1 activity (Land and Tee, 2007 and Dodd et al. 2015). Within multiple human cancers, 

both HIF-1α and STAT3 are known angiogenic drivers (Semenza et al. 2012 and Gao et al. 

2017) whose activity is further promoted during hypoxia (Lee et al. 2006, Norman et al. 2009, 

Kang et al. 2010 and Pawlus et al. 2014). Elevated expression/activity of these transcription 

factors within TSC has long been described (Düvel et al. 2010, Brugarolas et al. 2003, 

Goncharova et al. 2009 and El-Hashemite and Kwiatkowski, 2005). Furthermore, the hypoxic 

nature of tumours and tissues predominantly affected by TSC (Northrup et al. 2013) likely 

contributes to dysregulated angiogenesis seen in TSC. 

Within the context of TSC, targeting mTORC1 can normalise elevated angiogenic markers. 

Rapamycin has been shown to decrease both HIF-1α protein and target gene mRNA 

expression in murine Tsc1/Tsc2-deficient cell lines, (Düvel et al. 2010 and Brugarolas et al. 

2003). In the phase 3 clinical trial examining efficacy of Everolimus (a structural analogue of 

rapamycin) in TSC patients, Franz et al. (2012) found a reduction in the plasma concentrations 

of a number of angiogenic markers. It was considered that adjunct therapy of rapamycin with 

inhibitors that also target HIF-1α and STAT3 maybe more effective than targeting mTORC1 

alone at normalising aberrant angiogenic signalling observed upon loss of TSC1/TSC2. 

Studies within mice heterozygous for TSC2 have shown angiogenesis inhibitors may have a 

therapeutic benefit when used alongside rapamycin (Woodrum et al. 2010 and Yang et al. 

2017). Whilst within cancer cell lines, inhibitor blockade of both STAT3 and HIF-1α has been 
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shown to have a potent anti-angiogenic effect (Carbajo-Pescador et al. 2013 and Shin et al. 

2011).  

STAT3 and HIF-1α are among the redox-sensitive transcription factors that are transactivated 

by Ref-1, through Ref-1’s reduction of specific oxidised cysteines found within their 

transcriptional activation domains (Shah et al. 2017). Ref-1 inhibitors used within the previous 

chapter inhibit Ref-1’s redox function without affecting its function in the base excision repair 

(BER) pathway. Indeed, APX3330 treatment has been found to decrease angiogenesis in 

retinal vascular endothelial cells (Jiang et al. 2011), choroid endothelial cells (Li et al. 2014a), 

and retinal pigment epithelium cells (Li et al. 2014a). STAT3 phosphorylated at Y705 is 

considered transcriptionally active, able to form dimers with other STAT3 or STAT family 

members to enter the nucleus and drive transcription (Wen et al. 1995).  HIF1A is reported as 

being a STAT3 target gene (Jung et al. 2005), while constitutively active STAT3 can stabilise 

HIF-1α protein (Jung et al. 2005 and Jung et al. 2008). STAT3 inhibition has been shown to 

decrease pro-angiogenic protein expression and scores of angiogenesis in multiple cancer 

cell lines (Leong et al. 2009, Laird et al. 2003, Kukawski et al. 2008 and Xu et al. 2005). 

Therefore, repression of STAT3 phosphorylation with STAT3 inhibitors previously used in the 

chapter 3, C188-9 and FLLL31, would likely reduce HIF-1α driven pro-angiogenic gene 

transcription. It should be noted however that STAT3 is not always found to be an upstream 

activator of HIF-1α. For instance, in multiple cancer cell lines where both HIF-1α and STAT3 

are constitutively active, drug inhibition of STAT3 was not always associated with a repression 

of HIF1A mRNA and/or protein expression (Adachi et al. 2012, Bai et al. 2014 and Pawlus et 

al. 2014).  

The aims of this chapter include expanding the list of HIF-1α target genes dysregulated on 

loss of TSC2 within our cellular models of TSC, especially the patient-derived AML 621-102 

line. Then to validate the potential clinical relevance of these differentially expressed genes 

using previously published RNA sequencing data comparing TSC associated lesions to non-

TSC tissue (kindly given access to by Prof. Jeffrey MacKeigan). Secondly, a key aim is to 

assay protein expression of pro-angiogenic factors, some of which are already described 

within TSC lesions, within TSC2 deficient cells. A third aim is to evaluate the efficacy of Ref-1 

and STAT3 inhibitors alone or in combination with rapamycin to normalise mRNA and protein 

expression of identified pro-angiogenic factors. For the purpose of figures, TSC2 deficient 

AML cells are referred to as TSC2 −/− AMLs. 
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4.2 Results 

4.2.1 The HIF-1α driven transcriptome is dysregulated in TSC lesions and upon loss of 

TSC2 within AML and MEF cells. 

Previous studies have established that loss of either Tsc1 or Tsc2 in murine models of TSC 

results in a higher expression of HIF-1α target genes. Through Northern blotting, Brugarolas 

et al. (2003) found elevated expression of Vegfa, Glut1 and Pgk1 mRNA in Tsc2 −/− MEFs 

compared to Tsc2 +/+ MEFs. Düvel et al. (2010) found within their gene expression array that 

the expression of HIF-1α target genes were elevated in both the Tsc1 and Tsc2 deficient MEFs 

compared to their respective wildtype controls. Chapter 3 demonstrated HIF-1α mRNA and 

protein expression is elevated in both human and murine TSC2 deficient cells (figure 3.4). 

Given the key role that HIF-1α has in cancer in driving angiogenesis (Semenza et al. 2012), 

HIF-1α likely contributes to the highly vascular and angiogenic nature of TSC tumours 

(Nguyen-Vu et al. 2001 and Arbiser et al. 2002). The first aim of the present chapter was to 

identify and expand on known HIF-1α target genes that may more broadly contribute to TSC 

pathology on loss of TSC2 in both the MEF cell lines and the more clinically relevant patient 

derived AML cell lines. For this purpose, differential expression (DEG) analyses of two RNA 

sequencing data set were utilised. The first compared TSC2 deficient AML (621-102) to TSC2 

add back (621-103) cells cultured under normoxia (21% O2) or hypoxia (1% O2). This data set 

was generated during the course of research for this thesis by the Tee lab (sequencing itself 

by Wales Gene Park). The second RNA sequencing data compared Tsc2 −/− MEF cells to 

Tsc2 +/+ MEF cells and was generated within the Tee lab (sequencing itself by Wales Gene 

Park) but prior to course of research for this thesis (see Johnson et al. 2018a). To identify 

clinically relevant HIF-1α target genes, DEG of additional RNA sequencing data sets that were 

generated by another research group (see Martin et al. 2017) were used. Within these data 

sets, gene expression of TSC lesions (sub-ependymal nodules/subependymal giant cell 

astrocytomas, cortical tubers and renal angiomyolipomas) was compared to non-TSC tissue 

samples (normal brain or kidney). Access to these TSC lesions versus non-TSC tissue data 

sets was kindly given by Prof. J. Mackeigan. Full details of the sample origin and sequencing 

methodology for each RNA sequencing data set can be found in chapter 2, section 2.3.6. 

The number of genes known to be regulated by the HIF family of transcription factors is 

substantial. An estimate based on studies utilising genome-wide chromatin 

immunoprecipitation (ChIP), DNA sequencing and mRNA microarrays, places the number of 

direct HIF target genes as greater than 800 (Semenza et al. 2012). In addition, HIF family 

members, such as HIF-1α and HIF-2α, show overlap in some target genes (Mole et al. 2009). 

Therefore, a large gene set of 181 HIF-1α target genes was compiled from ChIP sequencing 

studies (Xia et al. 2009 and Mole et al. 2009) and meta-analyses/reviews of experimentally 
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validated HIF-1α target genes within the literature (Slemc and Kunej, 2016 and Wenger et al. 

2005), to better characterise the HIF-1α driven transcriptome within the TSC cell line model. 

See appendix for full HIF-1α target gene set.  

For the RNA seq data set comparing TSC lesions to non-TSC tissue, DEG analysis revealed 

that many HIF-1α target genes were differentially expressed. As seen by the volcano plot in 

figure 4.1 (A), this was most pronounced in the SEN/SEGAs. Out of the 181 genes within the 

HIF-1α target gene set, 93 were significantly differentially expressed, with 62 genes that were 

upregulated and 31 that were downregulated compared to normal matched brain tissue. 

Comparing the other TSC lesions and non-TSC tissue, the number of significantly differentially 

expressed HIF-1α target genes was lower, as seen in the volcano plots in supplemental figure 

S.4.1 and by table 4.1. DEG analysis showed 32 genes that were significantly differentially 

expressed between the cortical tubers and normal matched brain tissue (24 upregulated and 

8 downregulated). Whilst 42 genes are significantly differentially expressed between the renal 

angiomyolipomas and normal matched kidney tissue (22 upregulated and 20 downregulated). 

The lower number of differentially expressed HIF-1α genes in the kidney samples compared 

to SEN/SEGAs versus normal brain tissue is surprising. Renal AML lesions are highly 

vascularised with irregularly formed blood vessels (Yamakado et al. 2002), implying increased 

and aberrant angiogenesis. That being said, as can be seen from the volcano plots in 

supplemental figure S.4.1 a number of HIF-1α genes had log2 foldchange values < -1 or >1, 

but failed to meet the significance threshold. This is likely due to the lower empowerment 

within the renal AML vs normal kidney data set, with a smaller number of normal kidney 

samples when compared to brain tissue samples. 

DEG analyses within the AML cell line RNA seq data set revealed that a majority of HIF-1α 

target genes were upregulated within TSC2 deficient cells compared to TSC2 re-expressed 

(RE) cells. As shown in figure 4.1 (B) and table 4.1, for the AML cell lines cultured under 

normoxia (21% O2), 115 out of the 181 genes within the HIF-1α target gene set are significantly 

differentially expressed. With 77 and 38 genes significantly upregulated and downregulated, 

respectively, within the TSC2 deficient cells compared to the TSC2 RE cells. The greater HIF-

1α transcriptional profile within the TSC2 deficient AML cells, even under normal oxygen 

conditions (figure 4.1 B), could be a result of hyperactive mTORC1 signalling. Several studies 

have demonstrated that activation of mTORC1 can increase HIF-1α protein expression, 

mediated transcription and metabolic reprogramming within the context of TSC and cancers 

(Düvel et al. 2010, Hudson et al. 2002 and Zhong et al. 2000b). Under hypoxia (1% O2), more 

HIF-1α target genes are significantly downregulated (53 genes) and less are significantly 

upregulated (67 genes) within the TSC2 deficient cells compared to the TSC2 RE cells (figure 

4.1 C and table 4.1).   
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Figure 4.1 HIF-1α target genes are dysregulated upon loss of TSC2 within patient 

tumours and AML cells. Differential gene expression (DEG) comparison is annotated above 

each plot. Volcano plot A was generated from previously published RNA sequencing data which 

Prof. Jeffrey MacKeigan gave access to. This data set compares gene expression of donated TSC 

patient tumours samples versus non-TSC healthy tissue samples. In this case SEN/SEGA 

(Subependymal nodules/ Subependymal giant cell astrocytomas) (N=15) versus normal brain (N=8). 

See Martin et al. (2017) for methods on sample collection, data collection and DEG analysis. 

Volcano plots B, C and D were generated from RNA sequencing data, comparing either AML TSC2 

deficient −/− and TSC2 RE (re-expressed) cells cultured under either normoxia (21% O2) or hypoxia 

(1% O2) (N=6). RNA sequencing was conducted through Wales Gene Park and expression levels 

were calculated and normalised from raw read counts as RPKM (Reads per Kilobase exon Model 

per million mapped reads) with DEG analysis generated through DEseq2 analysis and resulting p-

values were corrected for multiple testing and false discovery by FDR method. For all volcano plots 

Log2 transformed fold change in expression of genes was plotted against their -log10 transformed 

FDR adjusted p-values. Dotted lines at x axis represent increase or decrease in foldchange of 2 or 

-2 respectively. Dotted line at y axis represents significance threshold of 0.05. Genes annotated had 

a Log2 fold change in expression greater or lower than 2 or -2 (i.e., fourfold higher or lower in 

expression) respectively and an -log10 adjusted p-value greater than 3 (i.e., below 0.001 

significance threshold). 
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Figure 4.2 HIF-1α target gene expression is dysregulated in both MEF and AML cell lines on 

loss of TSC2. Differential gene expression (DEG) comparison is annotated above each plot. Two separate 

RNA sequencing experiments were conducted through Wales Gene Park, comparing either AML TSC2 −/− 

and TSC2 RE (re-expressed) (N=6) cells or MEF Tsc2 −/− and TSC2 WT cells (N=3). Expression levels were 

calculated and normalised from raw read counts as RPKM (Reads per Kilobase exon Model per million 

mapped reads) with DEG analysis generated through DEseq2 analysis and resulting p-values were corrected 

for multiple testing and false discovery by FDR method. Log2 transformed fold change in expression of genes 

(TSC2 −/− cells against TSC2 RE for AMLs or TSC2 WT for MEFs) was plotted against their -log10 

transformed FDR adjusted p-values. Dotted lines at x axis represent increase or decrease in foldchange of 2 

or -2 respectively. Dotted line at y axis represents significance threshold of 0.05. Genes annotated had a 

Log2 fold change in expression greater or lower than 2 or -2 (i.e., fourfold higher or lower in expression) 

respectively and an -log10 adjusted p-value greater than 3 (i.e., below 0.001 significance threshold). 
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Table 4.1 Comparison of HIF-1α target gene DEG analysis between RNA sequencing data of TSC 
lesions vs non-TSC tissue, TSC2 deficient (−/−) AML vs TSC2 re-expressed (RE) AML cells and 
Tsc2 −/− MEF vs Tsc2 +/+ MEF cells 

 
 

Comparison 

Detectable 
genes (out 

of 181 
genes) 

Sig. 
differentially 

expressed 
genes 

Sig. 
Upregulated 
(Log2FC = 0 

– <1) 

Sig. 
Upregulated 

(Log2FC = 
>1) 

Sig. 
Downregulated 
(Log2 FC = >-1 

– 0) 

Sig. 
Downregulated 
(Log2 FC = <-1) 

SEN/SEGA Vs 
normal brain 

167 93 12 19 14 48 

Cortical tuber 
Vs normal 

brain 

167 32 6 2 8 16 

Renal AML vs 
normal 
kidney 

167 42 3 19 2 18 

TSC2 −/− AML 
vs TSC2 RE 
AML 21% O2 

149 115 37 40 21 17 

TSC2 −/− AML 
vs TSC2 RE 
AML 1% O2 

151 121 26 42 35 18 

TSC2 −/− AML 
1% O2 vs 21% 

O2 

146 113 39 50 19 5 

TSC2 −/− MEF 
vs TSC2 +/+ 
MEF 21% O2 

124 77 21 27 10 19 

 

The effect of hypoxia still appears to be a relevant factor in driving HIF-1α transcriptional 

activity within TSC2 deficient AML cells. As seen in figure 4.1 (D) and table 4.1, by and large 

HIF-1α target gene expression is elevated further in TSC2 deficient AML cells cultured under 

hypoxia than normoxia (with 89 genes significantly upregulated). This observation is relevant 

within the context of TSC lesions, as the hypoxic nature of large lesions will likely drive HIF-

1α activity further (Riffle and Hegde, 2017). As MEFs are the other cell model of TSC used in 

this work, whether loss of Tsc2 within MEFs also resulted in a HIF-1α transcriptional signature, 

as would be expected from previous research (Düvel et al. 2010 and Brugarolas et al. 2003), 

was assessed. As seen from the volcano plot in figure 4.2 (A), 70 out of the 181 genes within 

the HIF-1α target gene set are significantly differentially expressed between Tsc2 −/− and 

Tsc2 +/+ MEFs. With 45 and 25 genes significantly upregulated and downregulated, 

respectively, within the Tsc2 −/− MEFs compared to the Tsc2 +/+ MEFs (table 4.1). 

Contrasting RNA seq data sets, it is clear that the HIF-1α driven transcriptome is dysregulated 

on loss of TSC2, both in TSC lesions and in TSC2-deficient cell lines. As shown in the heat 
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map in figure 4.3, there was significant fold changes in HIF-1α target gene expression between 

TSC2 deficient and TSC2 RE AML cells (under either normoxia and hypoxia) and between at 

least one TSC lesion and their corresponding matched normal tissue, as shown in table 4.2. 

The number of differentially regulated genes is 96, representing more than half of the genes 

within the HIF-1α target gene set. The heatmap highlights similarities and differences in 

expression patterns of those genes between data sets. Firstly, it is clear there is a large 

variation in HIF-1α target gene expression between TSC lesion types relative to their non-TSC 

tissue controls. Secondly there is variation between which HIF-1α target genes are 

dysregulated between AML cell lines and the TSC lesions and normal tissue controls. 

Comparing the direction of fold changes (upregulated or downregulated) in HIF-1α target 

genes between the SEN/SEGA vs NB and TSC2 −/− vs TSC2 RE AML cells data sets. For 

AML cells grown under normoxia, 55 HIF-1α target genes are differentially expressed in the 

same direction (e.g., a gene upregulated in the TSC2 −/− AML cells and SEGAs) and 41 in a 

different direction (e.g., a gene downregulated in the TSC2 −/− AML cells but upregulated in 

SEGAs) between the two data sets. For AML cells grown under hypoxia, 52 HIF-1α target 

genes are differentially expressed in the same direction and 44 in a different direction between 

the two data sets. Lastly, when comparing the Tsc2 −/− vs Tsc2 +/+ MEF cells to the 

SEN/SEGA vs NB data set, 41 HIF-1α target genes are differentially expressed in the same 

direction and 47 in a different direction between the two data sets. These comparisons 

highlight that whilst HIF-1α driven transcriptome is dysregulated in both TSC lesions and TSC 

cell models, there are differences in individual HIF-1α target gene’s expression between the 

cell models and lesions. For example, VEGFA is substantially upregulated within TSC2 −/− 

AML cells, but far less so in SEN/SEGAs and actually downregulated within renal AMLs 

compared to normal kidney. This data contrasts with published studies were VEGFA protein 

and mRNA expression have been detected in TSC lesions (Nguyen-Vu et al. 2001 and Arbiser 

et al. 2002). Therefore, considering that neither the TSC2 −/− AML or MEF cells are wholly 

representative of the HIF-1α driven transcriptome in patient lesions is an important 

consideration moving forward. 
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Figure 4.3 HIF-1α target gene set is differentially expressed between TSC tumour 

types, human and murine cell models lines of TSC. Panels A and B belong to the same 

heatmap comparing fold change in expression of HIF-1α target genes between either a TSC lesion 

and healthy tissue or a TSC2 −/− cell line with a TSC2 re-expressed (RE) (AML) or TSC2 +/+ (MEF) 

cell line. HIF-1α target genes selected for the heatmap are those which are significantly differentially 

expressed between the TSC2 −/− and TSC2 RE cell lines (under either oxygen conditions) and 

between at least one TSC lesion and healthy tissue. Differential gene expression (DEG) comparison 

is annotated above each column and the oxygen conditions, 21% O2 (normoxia) or 1% O2 (hypoxia), 

cell lines were cultured under is also denoted. White spaces within columns indicate that gene’s 

expression was not detectable in that data set. Gene names are shown on the right of the heatmap. 

It should be noted these data sets are distinct, generated differently from one another (see methods 

and materials section). SEN/SEGA = subependymal nodule/Subependymal giant cell astrocytomas, 

NB = normal brain, TUB = TSC tuber, RA = renal angiomyolipoma, NK = normal kidney. 
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Table 4.2. Many HIF-1α target genes expression is dysregulated in both TSC lesions and in TSC2 
deficient AML cells. HIF-1α target genes below are those whose foldchange in expression between 
a lesion and its matched non-TSC tissue, or between TSC2 deficient AML cells and TSC2 expressed 
AML cells, were found significant.  

Dysregulated in 
TSC lesions only 

Dysregulated in cells 
only 

Dysregulated in both cells and at least one 
TSC lesion. 

ALKBH5 NEU1 ABCG2 MET ABCB1 CAV1 ID2 PPFIA4 

ANGPT1 NOS2 ADAMTS14 MIF ACE2 CCNG2 INSIG2 PPP1R3C 

ARNT NPPA ADM NOS3 ADRA1B CD99 IRF2BP2 PPP5C 

ATRIP PCK1 ARNTL NR4A1 AGER CDKN1A ITGB2 RAB20 

BCL2L2 PFKL BCKDHA PDGFB AK3 COL1A1 KDR RASSF1 

BHLHE41 PGF BHLHE40 PFKFB3 ALDOA COL1A2 L1CAM RIT1 

BNIP3L SLC2A2 CA9 PFKM ALDOC CP LDHA RORA 

CBR1 SOS1 CD274 PGAM1 ANGPTL4 CXCL12 LONP1 RSBN1 

COL3A1 SOX9 CDKN1B PKM ANK1 DSP LRP1 S100A4 

CTGF TF CDKN1C PMAIP1 ANKZF1 EDN2 MCL1 SERPINE1 

CXCR4 TPI1 CITED2 PPP4R3B ANXA1 EGLN1 NARF SLC2A1 

DARS WSB1 COL5A1 RAPGEF1 AQP1 EGLN3 NCOA7 TFRC 

DDIT4 WT1 EDN1 SLC2A3 ATG9A ENG NPM1 TGFB3 

ENO1 ZNF395 ETS1  AURKA FECH NT5E TMEM45A 

ENPEP  FAM162A  BCL2 FOS P4HA1 TP53 

FLT1  GAPDH  BCL2L1 GBE1 PDLIM2 UGP2 

GCK  GBE1  BIK GPX3 PFKFB4 VEGFA 

GPI  IGFBP1  BNIP3 HK1 PFKP ZNF395 

HMOX1  INHA  BSG HK2 PLOD2  

HOXA13  KDM3A  CAD HMGCL PLOD3  

MT1A  KDM5B  CAPG HSP90B1 PNRC1  
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4.2.2 Loss of TSC2 upregulates expression of HIF-1α and STAT3 driven pro-angiogenic 

genes. 

As well as HIF-1α, STAT3 and other transcription factors are known to regulate angiogenesis. 

In the previous results chapter (section 3.3.1, figures 3.1 and 3.2), markers of both HIF-1α and 

STAT3 activity were shown to be elevated within both TSC2 deficient AML and MEF cell lines. 

Therefore, before assessing the efficacy of either mTORC1, Ref-1 or STAT3 inhibitors in 

normalising pro-angiogenic signalling. The next aim of this chapter was to assay, through 

qPCR, the expression of a panel of pro-angiogenic genes whose transcription is driven by 

either HIF-1α, STAT3 or both, between TSC2 deficient and TSC2 RE AML cells.  Aberrant 

STAT3 signalling in multiple human cancers drives tumour angiogenesis (Wei et al. 2003, 

Yang et al. 2013b and Zhao et al. 2018). And in relation to TSC, a number of proangiogenic 

direct target genes of STAT3 have been found to be upregulated upon loss of TSC1 or TSC2. 

For example, Parker et al. (2017) found mRNA expression of HGF and VEGFA was 

upregulated in TSC1 knockout mouse cortex. Additionally, HIF1A itself is a STAT3 target gene 

(Niu et al. 2008 and Jung et al. 2005). Dodd et al. (2015) reported that mTORC1 directly 

phosphorylates STAT3 at S727, which promotes the STAT3 mediated transcription of HIF1A. 

The present chapter hypothesised that HIF-1α and STAT3 both likely orchestrate a pro-

angiogenic transcriptional programme within TSC. Genes chosen for the pro-angiogenic gene 

panel were HIF1A, HGF, TNFRSF1A, VEGFA, CCL5 and ANGPTL4. These genes were 

significantly differentially expressed between the two AML lines and between at least one TSC 

lesion and corresponding non-TSC tissue. As the AML cell line RNA sequencing data was not 

obtained before the following qPCR experiments were performed, selection of genes for the 

pro-angiogenic gene panel was not based an unbiased top-down bioinformatic approach.  

As seen in figure 4.4, expression of HIF1A, HGF, TNFRSF1A, VEGFA, CCL5 and ANGPTL4 

were all significantly upregulated within TSC2 deficient AML cells cultured under either 

normoxia or hypoxia relative to the control sample (TSC2 RE AML cells under normoxia). 

Additionally, aside from HGF, the difference in foldchange in mRNA of all proangiogenic genes 

assayed between TSC2 deficient AML cells and TSC2 RE AML cells cultured under hypoxia 

was found significant. Furthermore, only the difference in mRNA expression of VEGFA and 

ANGPTL4 between TSC2 deficient AML cells cultured either under normoxia or hypoxia was 

found to be significant (normoxia vs hypoxia VEGFA p=0.0441, ANGPTL4 p=0.0024). This 

may be due to the increased stability and activity of the HIF-1α protein induced at low oxygen 

(Majmundar et al. 2010). The difference in HIF1A mRNA expression between TSC2 deficient 

AML cells cultured under normoxia or hypoxia was not reported as significant. Therefore, 

increased expression of HIF-1α target genes within TSC2 deficient AML cells cultured under 

hypoxia is not a function of increased transcription of the HIF1A gene itself under hypoxia. As 
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aside from VEGFA, hypoxia does not significantly upregulate the STAT3 target genes HIF1A, 

HGF, TNFRSF1A and CCL5 further within TSC2 deficient AML cells. In contrast to the TSC2 

deficient cells, hypoxia only significantly increased the mRNA expression of CCL5 within TSC2 

RE AML cells (p=0.0144). 

 

  

Figure 4.4 Loss of TSC2 in angiomyolipoma cells results in elevation of HIF-1α and 

STAT3 driven pro-angiogenic genes, some of which are further elevated under hypoxia. 
Either under normoxia (N, 21% O2) or hypoxia (H, 1% O2), AML cells lacking TSC2 (TSC2 – ) or with 

TSC2 re-expressed (TSC2 +) were cultured overnight before being lysed. mRNA was purified from these 

lysates, converted to cDNA, and through qPCR the expression of target genes was quantified. Fold 

change in expression was calculated compared to a designated reference sample, in this case TSC2 

re-expressed under normoxia. Fold changes of target genes in samples were normalised to the 

housekeeping gene HMBS. Significance annotations above each bar on graph indicates significance of 

difference in foldchange between each condition and the reference sample (TSC2 RE cells under 

normoxia). Pairwise statistical comparisons between TSC2 deficient cells under normoxia or hypoxia 

and between TSC2 deficient and TSC2 RE cells under hypoxia are also annotated. Statistical analysis 

of differences in foldchange (N=3 minimum) was by student’s t test. Significance denoted by: * = p <0.05, 

** = p <0.01, *** = p< 0.001, NS = not significant. Bars represent standard error of the mean. 
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4.2.3 Elevated HIF-1α and STAT3 driven pro-angiogenic gene expression upon TSC2 

loss are regulated by STAT3 but not Ref-1 activity. 

Given expression of the HIF-1α and STAT3 driven pro-angiogenic gene panel was elevated 

upon loss of TSC2 in AML cells (figure 4.4), the next aim of the present chapter was to assess 

the efficacy of mTORC1, Ref-1 or STAT3 inhibitors at normalising the expression of the gene 

panel. Inhibition of either mTORC1, Ref-1 or STAT3 should in theory decrease transcription 

of the aforementioned genes. In vitro, inhibitors of these proteins/complexes have all been 

shown to have anti-angiogenic properties in cancer cell lines (Pang et al. 2010, Zou et al. 2009 

and Leong et al. 2009). Both Düvel et al. (2010) and Brugarolas et al. (2003) found that 

inhibition of mTORC1 with rapamycin repressed the high levels of HIF-1α target gene 

expression in murine cell lines lacking either Tsc1 or Tsc2. Dodd et al. (2015) demonstrated 

that mTORC1 activity promoted STAT3 driven transcription of HIF1A by directly 

phosphorylating S727 on STAT3. Ref-1 has been shown to transcriptionally activate both HIF-

1α and STAT3 (Shah et al. 2017), which the Ref-1 inhibitor APX3330 was able to block in 

pancreatic cancer cell lines (Cardoso et al. 2012 and Logsdon et al. 2016). STAT3 is known 

to regulate its own gene expression (Ichiba et al. 1998 and Narimatsu et al. 2001), and to 

directly regulate the gene expression of HIF1A (Niu et al. 2008). 

As shown in figure 4.5, mTORC1 inhibitors are effective at downregulating expression of HGF, 

TNFRSF1A, VEGFA and ANGPTL4 relative to the DMSO control. mTORC1 inhibition resulted 

in a modest decrease in the expression of TNFRSF1A (KU: FC= 0.821 p=0.022) and VEGFA 

(RAP: FC=0.719 p=0.0289 and KU: FC= 0.748 p=0.0169). Of interest, mTORC1 inhibition, by 

either rapamycin or Ku-0063794, substantially decreased expression of HGF and ANGPTL4. 

Neither mTORC1 inhibitor treatment downregulated HIF1A expression. In fact, rapamycin 

treatment resulted in a slight but significant increase in the expression of HIF1A. Previous 

studies dispute this observation. Düvel et al. (2010) observed treating Tsc2 null (p53-/-) MEF 

cells (derived from littermate-pair crossings & described in Zhang et al. 2003) with rapamycin 

at 20 nM, a lower dose than used in this work, decreased expression of not only HIF-1α target 

genes, but the Hif1a gene itself. Whilst Dodd et al. (2015) found rapamycin treatment blocked 

the insulin mediated increase in HIF1A mRNA expression within HEK293 cells that had been 

transfected with an active mutant of mTOR. However, the caveat here is that Düvel et al. 

(2010) used a murine TSC cell model, whilst Dodd et al. (2015) used HEK293 cells transfected 

with an active mTOR mutant which would not fully recapitulate TSC pathology. The present 

qPCR data was collected from the AML 621-102 cell line. Ref-1 inhibitors however were 

completely ineffective at downregulating the expression of the HIF-1α/STAT3 driven pro-

angiogenic gene panel. Two of the three Ref-1 inhibitors resulted in a significant increase in 

the expression of ANGPTL4 relative to the control (APX3330: FC=8.045 p=0.0456, APX2014:  
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Figure 4.5. qPCR analysis reveals Ref-1 inhibitors are ineffective at downregulating 

assayed HIF-1α and STAT3 driven proangiogenic genes in TSC2 deficient AML cells. 
TSC2 deficient AML cells were cultured for 18 h in the presence of either DMSO, rapamycin (RAP) 

at 50 nM, APX3330 at 100 µM, APX2009 at 10 µM or APX2014 at 10 µM before being lysed. mRNA 

was purified from these lysates, converted to cDNA, and through qPCR the expression of target 

genes was quantified. Fold change in expression was calculated compared to a designated 

reference sample, in this case TSC2 −/− cells treated with vehicle (DMSO). Fold changes of target 

genes in samples were normalised to the housekeeping gene IPO8. Significance annotations above 

each bar on graph indicates significance of difference in foldchange between each condition and 

the reference sample (DMSO). Statistical analysis of differences in foldchange (N=3 minimum) was 

by student’s t test. Significance denoted by: * = p <0.05, ** = p <0.01, *** = p< 0.001, NS = not 

significant. Bars represent standard error of the mean. 
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FC=2.157 p=0.0255) (figure 4.5). This is despite HIF-1α and STAT3 being among the 

transcription factors known to be transactivated by Ref-1 protein (Shah et al. 2017). In 

pancreatic cancer cells, in vitro studies have demonstrated the efficacy of Ref-1 inhibition in 

decreasing transcriptional activity of HIF-1α and STAT3 (Cardoso et al. 2012 and Logsdon et 

al. 2016 and Fishel et al. 2011). The present findings suggest that Ref-1 isn’t a key driver of 

HIF-1α and STAT3 regulated pro-angiogenic gene expression within TSC, at least for the 

genes assayed. Therefore, the potential effect of co-treatment of rapamycin and Ref-1 

inhibitors on expression of the pro-angiogenic gene panel was not assayed. 

 

STAT3 inhibitors were more effective at downregulating the expression of pro-angiogenic 

genes (figure 4.6). C188-9 treatment alone significantly downregulated the expression of HGF, 

TNFRSF1A and VEGFA. Whereas FLLL31 treatment alone only significantly downregulated 

VEGFA expression. Rapamycin treatment alone significantly downregulated the expression 

of HGF, TNFRSF1A and ANGPTL4. These findings are consistent with the effect of rapamycin 

in the previous qPCR data (figure 4.5), except in the case of VEGFA. Interestingly, STAT3 

inhibition through C188-9 treatment alone, significantly upregulates the expression of CCL5 

and ANGPTL4 relative to the DMSO control. CCL5 is part of a subset of STAT3 target genes 

whose expression is more strongly induced by unphosphorylated STAT3 than STAT3 

phosphorylated at tyrosine 705 (Yang et al. 2005 and Yang et al. 2007). ANGPTL4 has also 

been identified as a STAT3 target gene in cancers (Avalle et al. 2022 and Yu-Ting et al. 2017). 

Combinatory treatment of rapamycin and C188-9 prevented the undesirable induced 

expression of CCL5 and ANGPTL4 that was observed by C188-9 treatment alone 

(RAP+C188-9 vs C188-9: CCL5: p= 0.0016 ANGPTL4: 1.0451x10-5). The effect of 

combinatory treatment with rapamycin and C188-9 on the expression of HIF1A, HGF, 

TNFRSF1A and VEGFA was not markedly different to the effect observed with that of the 

single drug treatment conditions with either rapamycin or C188-9 (figure 4.6). This is despite 

Dodd et al. (2015) finding dual targeting of both the tyrosine 705 and serine 727 

phosphorylation sites of STAT3, through FLLL31 and rapamycin treatment respectively, 

blocked the insulin induced mRNA expression of HIF1A. This data implies that in these AML 

cells, neither STAT3 or mTORC1 is driving the mRNA expression of HIF1A reported (figure 

4.4). 
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Figure 4.6. qPCR analysis reveals rapamycin and C188-9 alone or in combination 

downregulates some of the assayed HIF-1α and STAT3 driven proangiogenic genes 

in TSC2 deficient AML cells. TSC2 deficient AML cells were cultured for 18 h in the presence 

of either DMSO, rapamycin (RAP) at 50 nM, C188-9 at 30 μM or FLLL31 10 μM alone or in 

combination before being lysed. mRNA was purified from these lysates, converted to cDNA, and 

through qPCR the expression of target genes was quantified. Fold change in expression was 

calculated compared to a designated reference sample, in this case TSC2 deficient AML cells 

treated with vehicle (DMSO). Fold changes of target genes in samples were normalised to the 

housekeeping gene IPO8. Significance annotations above each bar on graph indicates significance 

of difference in foldchange between each condition and the reference sample (DMSO). Statistical 

analysis of differences in foldchange (N=3 minimum) was by student’s t test. Significance denoted 

by: * = p <0.05, ** = p <0.01, *** = p< 0.001, NS = not significant. Bars represent standard error of 

the mean. 
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4.2.4 Within Tsc2 −/− MEFs, HIF-1α transcriptional activity decreases on C188-9 

treatment and is concurrent with decreasing phosphorylation of STAT3. 

Given that the STAT3 inhibitor C188-9 was able to modulate the expression of the assayed 

pro-angiogenic gene panel in figure 4.6 but did not affect transcription of HIF1A, the next aim 

of this results chapter was to confirm whether STAT3 inhibition within Tsc2 −/− MEF cells 

could decrease the transcriptional activity of HIF-1α. For this purpose, HIF-1α luciferase 

reporter assays were utilised. The inducible luciferase reporter construct used contained 

multiple copies of cis-acting enhancer elements for HIF-1α (called HIF-1 response elements) 

inserted upstream of a promoter (for full details refer to chapter 2 section 2.3.9) which drives 

firefly luciferase production. In this assay, luminescence from firefly luciferase production is 

indicative of HIF-1α binding to HIF-1 response elements on DNA and driving target gene 

(luciferase) expression. Therefore, this assay measures the relative transcriptional activity of 

HIF-1α. Tsc2 −/− MEFs cells were utilised for the luciferase assay, as TSC2 −/− AML cells 

could not be successfully transfected despite testing multiple transfection reagents.  

As seen in figure 4.7 (A), HIF-1α transcriptional activity is significantly elevated within Tsc2 

−/− MEF cells cultured under hypoxia compared to the same cells cultured under normoxia. 

Which is in line with what we’d expect about the stabilisation of HIF-1α protein under low 

oxygen (Majmundar et al. 2010). All drug treated conditions were undertaken under hypoxia, 

and average luminescence values for these conditions were compared to DMSO treated Tsc2 

−/− MEF cells cultured under hypoxia for the purpose of assessing statistical significance. As 

a whole, increasing concentrations of FLLL31 did not significantly lower the transcriptional 

activity of HIF-1α, bar 10 µM (luminescence FC = 199.3% p=0.0479), relative to Tsc2 −/− MEF 

cells cultured under hypoxia (figure 4.7 A). This observation is in line with FLLL31’s 

ineffectiveness at decreasing expression of the pro-angiogenic gene panel (bar VEGFA) in 

TSC2 deficient AML cells (figure 4.6). C188-9 treatment however, was able to significantly 

repress the transcriptional activity of HIF-1α relative to DMSO treated Tsc2 −/− MEFs cultured 

under hypoxia (figure 4.7 A). At 3.75 µM, C188-9 resulted in a significant decrease in the 

transcriptional activity of HIF-1α. Increasing concentrations of C188-9 further resulted in larger 

decreases in the transcriptional activity of HIF-1α. Higher concentrations above 15 µM of 

C188-9 resulted in a marked repression of HIF-1α transcriptional activity, with a >50% 

reduction when compared to DMSO treated Tsc2 −/− MEFs cultured under hypoxia (C188-9 

15 µM luminescence FC =136.7% vs 308.0% p=0.0041). At the highest concentration of C188-

9 used, 60 µM, the transcriptional activity of HIF-1α was even lower than that observed in 

DMSO treated Tsc2 −/− MEFs under normoxia (C188-9 60 µM luminescence FC =44.1% vs 

100% p=7.578x10-5).  
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Figure 4.7. Increasing concentrations of C188-9 decrease HIF-1α transcriptional 

activity and p-STAT3 (Y705) within Tsc2 −/− MEF cells. A= Tsc2 −/− MEF cells transfected 

with an inducible HIF luciferase construct, renilla luciferase construct and a PcDNA3 empty vector 

or a TSC2 construct for TSC2 AB (add back) samples. After incubation with transfection reagents, 

cells were treated with either DMSO, FLLL31 or C188-9 at the indicated concentration for 18 h 

under normoxia (N) or hypoxia (H). Cells were the lysed and lysates were assayed for ratio of renilla 

to firefly luminescence (N=5 minimum). Resulting luminescence ratios for each sample was 

adjusted to total protein concentration. Normalised luminescence (i.e. HIF-1α activity) values were 

expressed as a fold change to a reference sample, Tsc2 −/− MEF cells under normoxia and plotted. 

Statistical analysis of differences in foldchange in luminescence between MEF Tsc2 −/− cells under 

hypoxia and all other conditions was by student’s t test. Significance denoted by: * = p <0.05, ** = 

p <0.01, *** = p< 0.001, NS = not significant. Bars represent standard error or mean. B Lysates from 

luciferase assay were subject to harsher lysis buffers and analysed by western blotting to confirm 

inhibition of STAT3 phosphorylation at tyrosine (Y) 705. Representative blots, N=2 analysed. 
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Shown in figure 4.7 (B), western blotting of lysates used for the luciferase assay was then 

undertaken to examine STAT3. The phospho-marker of STAT3 activity, Y705, was shown to 

be markedly elevated in the Tsc2 −/− MEF cells during hypoxia. This observation isn’t 

consistently seen across experiments, where there is variation in the level of STAT3 

phosphorylation observed. On the whole, increasing doses of C188-9 resulted in the 

repression of STAT3 phosphorylation at Y705. Taken together with the HIF-1α luciferase 

assay, this suggests that C188-9 treatment represses the transcriptional activity of HIF-1α via 

drug inhibition of STAT3 within the Tsc2 −/− MEFs. 

 

4.2.5 Pro-angiogenic factor protein expression is elevated upon loss of TSC2 within 

both AML and MEF cells. 

As previously described, cellular models of TSC and patient lesions are highly angiogenic in 

that they show elevated expression of proteins that promote formation of new vasculature. 

Therefore, the next aim of the present chapter was to first establish whether protein expression 

of pro-angiogenic HIF-1α, VEGFA, HGF and ANGPTL4 is elevated within TSC2 deficient AML 

or MEF cells, as expected from the literature. Efficacy of Ref-1 or STAT3 inhibition, alone/in 

combination with rapamycin, at repressing expression of these proteins within TSC2 deficient 

cells will then be assessed. 

As seen in figure 4.8 (A), protein expression of HIF-1α and BNIP3, a direct HIF-1α target gene 

and surrogate marker to assay HIF-1α activity (Guo et al. 2001), is elevated within MEFs upon 

loss of TSC2. Additionally, HIF-1α expression within the Tsc2 −/− MEF and TSC2 deficient 

AML cells remained elevated relative to Tsc2 +/+ MEF and TSC2 RE AML cells, even under 

normoxia (previous densitometric quantification of HIF-1α and BNIP3 can be found in chapter 

3, section 3.2.1, figures 3.1 and 3.2). BNIP3 expression is induced by hypoxia, which was 

observed in both the AML and MEF cell lines. Within the TSC2 deficient AML line, BNIP3 was 

strongly expressed under hypoxia. But under normoxia, BNIP3 expression was detectable and 

was still noticeably higher in the TSC2 deficient AML cells when compared to the TSC2 RE 

AML cells (figure 4.8 A). ANGPTL4 expression was also elevated in the TSC2 deficient AML 

cells (figure 4.8 A). Interestingly, ANGPTL4 protein expression appeared to be repressed by 

hypoxia, even though ANGPTL4 mRNA expression was strongly induced by hypoxia within 

the AML lines (as seen in figure 4.4). Why this would be the case is unclear. Potentially 

ANGPTL4 protein is secreted, rather than retained within the cell, under hypoxia. However, 

ANGPTL4 secretion was not measured as part of this work. In the literature, ANGPTL4 has 

been shown to be a hypoxia inducible gene (Le Jan et al. 2003) and several studies have 

shown mRNA and protein expression of ANGPTL4 to be strongly elevated under hypoxia 

within multiple cancer cell lines (Baba et al. 2017 and Kim et al. 2011b).  
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Figure 4.8. Loss of TSC2 leads to elevated protein expression of pro-angiogenic 

proteins within AML and MEF cell lines and soluble expression of VEGFA and HGF 

in AML cells. A= Representative western blots (N=3). AML cells lacking TSC2 (TSC2 −/−) or with 

TSC2 re-expressed (TSC2 RE) and MEF cells lacking Tsc2 (Tsc2 −/− or with wild type Tsc2 

(Tsc2+/+), were cultured overnight under normoxia (N, 21% O2) or hypoxia (H, 1% O2) before being 

lysed. Through western blotting lysates were assayed for protein expression, with β-actin acting as 

a loading control (N=3 minimum). B, C and D = AML cells lacking TSC2 (TSC2 −/−) or with TSC2 

re-expressed (TSC2 RE) were cultured overnight under normoxia (N, 21% O2) or hypoxia (H, 1% 

O2) before having conditioned media (B and C) analysed for VEGFA and HGF expression by way 

of ELISA (N=3) or lysed and whole cell lysates (D) analysed for HGF expression by way of ELISA 

(N=3). Significance annotations above each bar on graph indicates significance of difference in 

HGF/VEGFA concentration between each condition and the TSC2 RE cells under normoxia. 

Pairwise statistical comparisons between TSC2 deficient cells under normoxia or hypoxia and 

between TSC2 deficient and TSC2 RE cells under hypoxia are also annotated. Statistical analysis 

of differences in protein concentration was by student’s t test. Significance denoted by: * = p <0.05, 

** = p <0.01, *** = p< 0.001, NS = not significant. Bars represent standard error of the mean. 

Predicted running band size (kDa) of protein targets can be found in chapter 2, table 2.6. 
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As seen in the ELISA assays in figure 4.8 (B), protein expression of VEGFA is significantly 

higher for TSC2 deficient AML cells under normoxia or hypoxia, remaining significantly higher 

than in TSC2 RE AML cells cultured under normoxia or hypoxia. This finding confirms that 

VEGFA expression is induced by mechanisms other than hypoxia within TSC2 deficient cells. 

Unlike for the VEGFA gene, hypoxia doesn’t significantly enhance VEGFA protein expression 

further within TSC2 deficient AML cells, but does in TSC2 RE AML cells. Which suggests 

VEGFA protein expression may be maximal within the TSC2 deficient AML cells.  

Due to the low expression of HGF in the conditioned media removed from TSC2 RE, but not 

TSC2 deficient, cultured AML cells, HGF protein expression was also assayed by way of 

ELISA in matched whole cell lysates. It should be noted that HGF is known to become tethered 

to cell membranes upon secretion as a pro-HGF isoform, which may explain why little free 

HGF was detected within the conditioned media. As seen from figure 4.8 C and D, protein 

expression of HGF within cells and into the conditioned media is significantly and substantially 

higher for TSC2 deficient AML cells than TSC2 RE AML cells, regardless of oxygen conditions. 

Which is consistent with elevated mRNA expression of HGF observed upon loss of TSC2 

within AML cells (figure 4.4). It was observed that oxygen availability only significantly affected 

HGF protein expression measured in lysates prepared from whole cell extracts (including any 

tethered membrane bound HGF) (p=0.0055).  

 

4.2.6 Within TSC2 deficient cells, next generation APX3330 Ref-1 inhibitor analogues 

were effective at decreasing HIF-1α, BNIP3 and ANGPTL4 protein expression, but were 

not effective at repressing either HGF or VEGFA. 

The next aim of the present work was to assess the efficacy of Ref-1 or STAT3 drug inhibitors, 

at repressing angiogenic markers linked to TSC. Rapamycin has anti-angiogenic drug 

properties in diseases other than TSC (Guba et al. 2002, Huynh et al. 2009 and Miricescu et 

al. 2021) and in TSC (Düvel et al. 2010, Land and Tee et al. 2007, and Brugarolas et al. 2003). 

Therefore, the efficacy of Ref-1/STAT3 inhibitors alone and in combination with rapamycin 

was evaluated.   

As seen in figures 4.9 and 4.10, rapamycin and Ku-0063794 ablated rpS6 phosphorylation at 

S235/236 (a surrogate marker of mTORC1 activity) indicating repression of mTORC1. The 

blot panels and accompanying densitometry graphs in figures 4.9 and 4.10 show that both 

rapamycin and Ku-0063794 were effective at repressing expression of HIF-1α and BNIP3 in 

both the TSC2 deficient MEF and AML lines. mTORC1 inhibition was more effective in the 

Tsc2 −/− MEFs, at reducing the expression of HIF-1α and BNIP3. In the TSC2 deficient AML 

cells, the reduction was less apparent with drug treatment (figure 4.10). A greater reduction in 
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BNIP3 and HIF-1α protein expression was seen on treatment with Ku-0063794, when 

compared to rapamycin. This is likely due to the higher potency that Ku-0063794 has to inhibit 

mTORC1 (Garcia et al. 2009), where Ku-0063794 can also inhibit rapamycin resistant 

phosphorylation events of mTORC1. (Thoreen et al. 2020).  

 

Figure 4.9. Within Tsc2 −/− MEF cells 2nd generation Ref-1 inhibitors are effective at 

significantly decreasing HIF-1α protein expression, but not that of HIF-1α’s 

downstream target BNIP3. Representative western blots (N=3).  Tsc2 −/− MEF cells were 

cultured under hypoxia (1% O2) for 18 h in the presence of either DMSO, rapamycin (RAP) at 50 

nM, Ku-0063794 (KU) at 1 µM, APX3330 at 50 μM or 100 µM, APX2009 at 5 μM or 10 µM or 

APX2014 at 5 μM. Through western blotting lysates were assayed for protein expression (N=3 

minimum), with β-actin acting as a loading control. Densitometry analysis of resulting western blots 

(N=3 minimum) was performed, with HIF-1α and BNIP3 both being normalised to β-actin. Resulting 

ratios were then expressed as fold changes compared to control sample (DMSO) and plotted on 

graphs below blot panel. Significance annotations above each bar on graph indicates significance 

of difference in foldchange between each condition and the control sample (DMSO). Statistical 

analysis of differences in foldchange of normalised protein relative to control was by student’s t test. 

Significance denoted by: * = p <0.05, ** = p <0.01, *** = p< 0.001, NS = not significant. Bars 

represent standard error of the mean. Predicted running band size (kDa) of protein targets can be 

found in chapter 2, table 2.6. 
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According to densitometry analysis of the Tsc2 −/− MEFs, only the more potent 2nd generation 

Ref-1 inhibitors resulted in a significant decrease in HIF-1α protein relative to the DMSO 

control (figure 4.9). This was also true for TSC2 deficient AML cells (figure 4.10). Although 

APX2009 and APX2014 potently repressed HIF-1α expression in the MEF cell line, they were 

unable to decrease BNIP3 expression. In the AML cell line, higher concentrations of APX3330 

and APX2009 and the lower concentration of APX2014 was sufficient to significantly decrease 

BNIP3 expression relative to the DMSO control (figure 4.10). For those Ref-1 inhibitors, at a 

Figure 4.10. Within TSC2 deficient AML cells mTORC1 and Ref-1 inhibitors are 

effective at significantly decreasing HIF-1α protein expression, and that of HIF-1α’s 

downstream targets BNIP3 and ANGPTL4. Representative western blots (N=3 minimum). 

TSC2 deficient AML cells were cultured under hypoxia (1% O2) for 18 h in the presence of either 

DMSO, rapamycin (RAP) at 50 nM, Ku-0063794 (KU) at 1 µM, APX3330 at 50 μM or 100 µM, 

APX2009 at 5 μM or 10 µM or APX2014 at 5 μM or 10 µM. Through western blotting lysates were 

assayed for protein expression, with β-actin acting as a loading control. Densitometry analysis of 

resulting western blots (N=3 minimum) was performed, with HIF-1α, BNIP3 and ANGPTL4 all being 

normalised to β-actin. Resulting ratios were then expressed as fold changes compared to control 

sample (DMSO) and plotted on graphs. Significance annotations above each bar on graph indicates 

significance of difference in foldchange between each condition and the control sample (DMSO). 

Statistical analysis of differences in foldchange of normalised protein relative to control was by 

student’s t test. Significance denoted by: * = p <0.05, ** = p <0.01, *** = p< 0.001, NS = not 

significant. Bars represent standard error of the mean. Predicted running band size (kDa) of protein 

targets can be found in chapter 2, table 2.6. 
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specified concentration, which resulted in a significant decrease in HIF-1α or BNIP3 

expression, there was no significant difference compared to rapamycin. Within the AML line, 

treatment with rapamycin and treatment with the Ref-1 inhibitors at the lower/higher or both 

concentrations used significantly repressed ANGPTL4 expression relative to the DMSO 

control. 10 µM of APX2014 was sufficient to reduce ANGPTL4 expression to a point that was 

significantly lower than observed with rapamycin treatment (p=0.0151) (figure 4.10). 

 

ELISA studies, shown in figure 4.11, were performed within the TSC2 deficient AML cell line 

only. Rapamycin consistently repressed HGF and VEGFA expression relative to the DMSO. 

Treatment with Ku-0063794 only significantly repressed HGF expression within the whole cell 

lysate. Whilst Ku-0063794 treatment actually resulted in a small, but significant, increase in 

VEGFA expression. This finding was surprising as it was expected that that Ku-0063794 

treatment should repress VEGFA protein expression to a greater extent than rapamycin within 

TSC2 deficient AML cells owing to the differences in efficacy of these drugs to inhibit 

downstream mTORC1 substrates. eIF4E activity is thought to stimulate VEGFA protein 

expression more strongly than S6K1 activity. With Dodd et al. (2015) finding that expressing 

a dominant inhibitory mutant that blocks eIF4E’s ability to promote protein expression (Richter 

and Sonenberg, 2005), resulted in a marked decrease in the protein expression of VEGFA. 

Conversely, expression of a constitutively active S6K1 mutant, only slightly increased VEGFA 

protein expression, which indicated VEGFA is driven primarily through eIF4E and not S6K1 

activity. Indeed, VEGFA belongs to a subset of mRNAs whose translation is strongly 

stimulated by eIF4E (Graff et al. 2008). With Graff et al. (2007) finding targeting eIF4E with an 

anti-sense oligonucleotide preferentially inhibited the translation of such mRNAs, including 

VEGFA. Given eIF4E is inhibited by 4E-BP1, and Ku-0063794 has been shown to repress 

mTORC1 mediated phosphorylation of 4E-BP1 more robustly than rapamycin (Garcia et al. 

2009), the increase in VEGFA protein expression on Ku-0063794 treatment was unexpected. 

As shown in figure 4.11, Ref-1 inhibitors were ineffective at decreasing protein expression of 

HGF within whole cell lysates or conditioned media. And only APX3330 at 100 µM significantly 

decreased expression of VEGFA relative to the DMSO control within the AML line. Treatment 

of multiple pancreatic cancer cell lines with APX3330 has been shown to decrease 

transcriptional activity of HIF-1α and expression of the HIF-1α regulated CA9 (carbonic 

anhydrase 9) in a dose dependent manner (Fishel et al. 2011 and Logsdon et al. 2016). 

Though it is not clear why the more potent 2nd generation Ref-1 inhibitors were ineffective at 

decreasing VEGFA expression. 
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Figure 4.11. Ref-1 inhibitors are largely ineffective compared to mTORC1 inhibitor 

rapamycin at decreasing protein expression of HGF and VEGFA in TSC2 deficient 

AML cells. TSC2 deficient AML cells were cultured for 18 h in the presence of either DMSO, 

rapamycin (RAP) at 50 nM, Ku-0063794 (KU) at 1 µM, APX3330 at 100 µM, APX2009 at 10 µM or 

APX2014 at 10 µM. Conditioned media was then taken and assayed for VEGFA and HGF 

expression by way of ELISA or cells were lysed and whole cell lysates analysed for HGF expression 

by way of ELISA. N=4. Significance annotations above each bar on graph indicates significance of 

difference in HGF/VEGFA concentration between each condition and the control sample (DMSO). 

Statistical analysis of differences in protein concentration was by student’s t test. Significance 

denoted by: * = p <0.05, ** = p <0.01, *** = p< 0.001, NS = not significant. Bars represent standard 

error of the mean. 
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4.2.7. Co-treatment with rapamycin and Ref-1 inhibitors are more effective in decreasing 

the protein expression of HIF-1α and BNIP3, but not ANGPTL4, HGF or VEGFA. 

The next aim of the present chapter was to assess whether combinatorial treatment of Ref-1 

inhibitors with rapamycin could elicit a more potent anti-angiogenic effect than either Ref-1 or 

mTORC1 inhibition alone. As seen from the blot panels and accompanying densitometry 

graphs in figures 4.12 and 4.13, inhibiting both Ref-1 and mTORC1 decreased HIF-1α and 

BNIP3 protein expression further when compared to single drug treatments. Inhibition of 

mTORC1 appeared consistent through treatment conditions, as seen by suppression of  

Figure 4.12. Within Tsc2 −/− MEF cells Ref-1 inhibitor and rapamycin co-treatment 

decreases HIF-1α protein expression further compared to rapamycin alone. 
Representative western blots (N=3). Tsc2 −/− MEF cells were cultured under hypoxia (1% O2) for 

18 h in the presence of either DMSO, rapamycin (RAP) at 50 nM, APX3330 at 50 μM or 100 µM, 

APX2009 at 5 μM or 10 µM or APX2014 at 5 μM alone or in combination. Through western blotting 

lysates were assayed for protein expression (N=3 minimum), with β-actin acting as a loading control. 

Densitometry analysis of resulting western blots (N=3 minimum) was performed, with HIF-1α and 

BNIP3 both being normalised to β-actin. Resulting ratios were then expressed as fold changes 

compared to control sample (DMSO) and plotted on graphs. Significance annotations above each 

bar on graph indicates significance of difference in foldchange between each condition and the 

control sample (DMSO). Statistical analysis of differences in foldchange of normalised protein 

relative to control was by student’s t test. Significance denoted by: * = p <0.05, ** = p <0.01, *** = 

p< 0.001, NS = not significant. Bars represent standard error of the mean. Predicted running band 

size (kDa) of protein targets can be found in chapter 2, table 2.6. 
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Figure 4.13. Within TSC2 deficient AML cells Ref-1 inhibitor and rapamycin co-

treatment decreases HIF-1α and BNIP3 protein expression further compared to 

rapamycin alone. Representative western blots (N=3).  TSC2 deficient AML cells were cultured 

under hypoxia (1% O2) for 18 h in the presence of either DMSO, rapamycin (RAP) at 50 nM, 

APX3330 at 50 μM or 100 µM, APX2009 at 5 μM or 10 µM or APX2014 at 5 μM or 10 μM alone or 

in combination. Through western blotting lysates were assayed for protein expression, with β-actin 

acting as a loading control. Densitometry analysis of resulting western blots (N=3 minimum) was 

performed, with HIF-1α, BNIP3 and ANGPTL4 all being normalised to β-actin. Resulting ratios were 

then expressed as fold changes compared to control sample (DMSO) and plotted on graphs below 

blot panel. Significance annotations above each bar on graph indicates significance of difference in 

foldchange between each condition and the control sample (DMSO). Statistical analysis of 

differences in foldchange of normalised protein relative to control was by student’s t test. 

Significance denoted by: * = p <0.05, ** = p <0.01, *** = p< 0.001, NS = not significant. Bars 

represent standard error of the mean. Predicted running band size (kDa) of protein targets can be 

found in chapter 2, table 2.6. 
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phosphorylation of rpS6 at S235/236. For the Tsc2 −/− MEFs, densitometry analysis found 

that all treatment conditions significantly decreased HIF-1α expression relative to the DMSO 

control (figure 4.12). Furthermore, all Ref-1 inhibitors repressed HIF-1α expression more 

potently than rapamycin treatment alone (RAP FC=0.494, RAP+3330 (50 µM): FC=0.137 

p=0.0108, RAP+3330 (100 µM): FC=0.098 p=0.0061, RAP+2009 (5 µM): FC=0.046, 

p=0.0007, RAP+2009 (10 µM): FC=0.113 p=0.0049, RAP+2014 (5 µM): FC=0.031 p=0.0006). 

For the TSC2 deficient AML cells, whilst the blot panel clearly shows a decrease in HIF-1α 

protein expression relative to the DMSO control (when normalised to β-actin), only rapamycin 

in combination with APX2009 at 5 µM and APX2014 at 5 µM or 10 µM was sufficient to 

significantly decrease HIF-1α protein expression (figure 4.13). Overall, the decrease in HIF-

1α protein expression from dual inhibition of Ref-1 and mTORC1 was more pronounced within 

the Tsc2 −/− MEFs than in the AML cell line.  

Within the Tsc2 −/− MEF line Ref-1 inhibitors at all concentrations, except APX2009 at 10 µM, 

in concert with rapamycin significantly reduced BNIP3 expression (figure 4.12). Only with 

APX2014 at 5 µM with rapamycin was the reduction in expression of BNIP3 significantly 

different from that observed with rapamycin alone. For the TSC2 deficient AML line, rapamycin 

treatment alone didn’t significantly decrease BNIP3 expression relative to the DMSO control 

(figure 4.13). Co-treatment with Ref-1 inhibitors and rapamycin did however significantly 

repress BNIP3 expression relative to the DMSO control and rapamycin alone. Repression of 

ANGPTL4 protein expression on treatment with rapamycin and Ref-1 inhibitors was not 

consistent for all Ref-1 inhibitors used. Within TSC2 deficient AML cells, only the more potent 

APX2014 resulted in a consistent and robust decrease in ANGPTL4 protein expression when 

used with rapamycin. 

As seen in figure 4.14, co-treatment of TSC2 deficient AML cells with Ref-1 inhibitors and 

rapamycin did significantly decrease protein expression of VEGFA and expression of HGF in 

the conditioned media and the whole cell lysate relative to the DMSO control. However, as a 

whole, differences in the protein expression of HGF or VEGFA observed on co-treatment with 

Ref-1 inhibitors and rapamycin was not significant compared to differences in the protein 

expression observed with rapamycin alone. Taken together with the ELISA data in figure 4.11, 

Ref-1 activity does not appear to drive elevated expression of HGF and VEGFA within TSC2 

deficient AML cells. 
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Figure 4.14. Ref-1 inhibitors in combination with rapamycin are not more effective at 

decreasing expression of HGF and VEGFA than rapamycin alone in TSC2 deficient 

AML cells. TSC2 deficient AML cells were cultured for 18 h in the presence of either DMSO, 

rapamycin (RAP) at 50 nM, APX3330 at 100 µM, APX2009 at 10 µM or APX2014 at 10 µM alone or 

in combination. Conditioned media was then taken and assayed for VEGFA and HGF expression 

by way of ELISA or cells were lysed and whole cell lysates analysed for HGF expression by way of 

ELISA. N=4. Significance annotations above each bar on graph indicates significance of difference 

in HGF/VEGFA concentration between each condition and the control sample (DMSO). Statistical 

analysis of differences in protein concentration was by student’s t test. Significance denoted by: * = 

p <0.05, ** = p <0.01, *** = p< 0.001, NS = not significant. Bars represent standard error of the 

mean. 
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4.2.8 The STAT3 inhibitor C188-9 rapidly decreases protein expression of HIF-1α and 

BNIP3, and decreases expression of both HGF and VEGFA. 

In diseases were HIF-1α and STAT3 both contribute to drive pathology; STAT3 is by and large 

considered to promote HIF-1α mRNA and protein expression, and/or target gene transcription. 

In various cell models, studies have found hyperactive STAT3 is able to drive HIF1A 

expression both under hypoxia (Niu et al. 2008) and normoxia (Demaria et al. 2010). More 

relevant to TSC, Dodd et al. (2015) showed mTORC1 induces transcription of HIF1A through 

STAT3, and that insulin induced mRNA expression of HIF1A within HEK293 cells could be 

repressed by treatment with rapamycin or the STAT3 inhibitor FLLL31. Whilst Pawlus et al. 

(2014) found within RCC4 cells that STAT3 activity was required for the efficient transcription 

of HIF-1α target genes. However, in various cancer cell lines with elevated activity of both 

STAT3 and HIF-1α, inhibiting STAT3 phosphorylation was not found to be associated with a 

decrease in HIF1A mRNA and/or protein expression (Adachi et al. 2012, Bai et al. 2014 and 

Pawlus et al. 2014).  Inhibition of STAT3 was found to have no significant effect on HIF1A 

transcription (figure 4.6) within the TSC2 deficient AML line, however C188-9 treatment 

repressed HIF-1α transcriptional activity in a dose dependent manner within Tsc2 −/− MEF 

cells (figure 4.7). Therefore, whether C188-9 mediated repression of HIF-1α transcriptional 

activity (figure 4.7) was in part the result of decreased HIF-1α protein expression was assayed. 

As was the efficacy of STAT3 inhibition at repressing pro-angiogenic protein expression. 

Additionally, in cancer cells, active STAT3 was reported to increase HIF-1α protein stability 

through preventing binding of the negative regulator of HIF-1α stability, pVHL (Jung et al. 2005 

and Jung et al. 2008). This may be a mechanism by which STAT3 elevates HIF-1α protein 

levels within TSC cells, given STAT3 activity was found to be elevated within both TSC2 

deficient AML and MEF cells (see figure 3.1). To address this hypothesis, a C188-9 treatment 

time course was performed to assess how HIF-1α protein expression changed, if at all, over 

short term and long term inhibition of STAT3. Cells were treated under normoxia for this assay 

to remove the stabilising effect of hypoxia on HIF-1α (Majmundar et al. 2010) and avoid 

reoxygenation (from opening of hypoxic incubator door) affecting HIF-1α protein expression. 

As reperfusion of oxygen into previously hypoxic cells can rapidly increase reactive oxygen 

species (ROS) production (Korge et al. 2008), which was found to drive HIF-1α translation 

(Pagé et al. 2002).  

As seen from the blot panel in figure 4.15, C188-9 treatment resulted in a rapid decrease in 

HIF-1α protein within both the TSC2 deficient AML and MEF cells. Densitometry analysis 

found that within the TSC2 deficient AML cells, the decrease in HIF-1α expression at every 

time point of C188-9 treatment relative to the DMSO control was significant. C188-9 treatment 

decreased HIF-1α protein expression at the shortest time point (0.5 h: FC=0.652 p=0.0371),  
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and by 1 h, was ~70% lower than HIF-1α expression within the DMSO control (1 h: FC=0.263 

p=0.0001). By the final time point of C188-9 treatment, HIF-1α protein expression remained 

repressed (FC=0.146 p=0.0013) (figure 4.15). After 1 h C188-9 started to decrease BNIP3 

protein expression with TSC2 deficient AML cells. Which was longer into treatment time than 

Figure 4.15. STAT3 inhibition through C188-9 treatment rapidly decreases HIF-1α 

protein expression within both TSC2 deficient AML and MEF cell lines. Representative 

western blots (N=3).  TSC2 deficient AML or MEF cells were treated with either DMSO or C188-9 

at 30 µM. Cells treated with DMSO (control) were lysed at time 0 h, whilst C188-9 treated cells were 

lysed at the time indicated. Through western blotting lysates were assayed for protein expression, 

with β-actin acting as a loading control. Densitometry analysis of resulting western blots (N=3 

minimum) from the AML cell line was performed with HIF-1α, BNIP3 and ANGPTL4 all being 

normalised to β-actin. Resulting ratios were then expressed as fold changes compared to control 

sample (DMSO) at time 0 h and plotted to show change in fold change in protein expression during 

treatment time in respect to the control. Dotted line on graphs represents DMSO control sample fold 

change, i.e., 1.00.  Bars represent the standard error of the mean. Predicted running band size (kDa) 

of protein targets can be found in chapter 2, table 2.6. 
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when HIF-1α protein expression was decreased. Which is in line with BNIP3 being a known 

target of HIF-1α (Guo et al. 2001). C188-9 decreased BNIP3 protein expression earlier within 

the Tsc2 −/− MEF cells, with BNIP3 barely detectable at 0.5 h of C188-9 treatment. BNIP3 

protein expression remained depressed at the later time points of C188-9 treatment within 

both TSC2 deficient cells.  

In the TSC2 deficient AML cells, ANGPTL4 protein expression over C188-9 treatment time 

was found to be hugely variable between repeats. ANGPTL4 protein expression appeared to 

peak within earlier time points of C188-9 treatment, before decreasing to a level comparable 

with the DMSO control at time 24 h (figure 4.15). The increased protein expression of 

ANGPTL4 observed aligns with the observed increase in ANGPTL4 mRNA expression on 

C188-9 treatment (figure 4.6). In both TSC2 deficient cell lines, overtime C188-9 treatment 

significantly decreased phosphorylation of rpS6 at S235/236. Suggesting C188-9 is inhibiting 

mTORC1. Longer term inhibition of STAT3 through C188-9 treatment, therefore could 

potentially repress HIF-1α expression further through inhibition of mTORC1 activity. The cross 

talk between STAT3 and mTORC1 signalling within TSC cells will be explored further in result 

chapter 5. 

Consistent with previous ELISA assay results (figure 4.11), rapamycin was effective at 

significantly decreasing expression of both HGF and VEGFA. Unlike Ref-1 inhibitors, C188-9 

and FLLL31, which repress STAT3 Y705 phosphorylation, decreased the protein expression 

of HGF and VEGFA within TSC2 deficient AML cells (figure 4.16). Both FLLL31 and C188-9, 

at least at one of the concentrations used, significantly decreased protein expression VEGFA 

and HGF, in the whole cell lysate and conditioned media, relative to the DMSO control. C188-

9 was observed to decrease HGF expression further than FLLL31. Whereas for VEGFA 

expression FLLL31 was the more effective STAT3 inhibitor. Given that in TSC2 deficient AML 

cells C188-9 was better able to repress VEGFA mRNA expression than FLLL31 (figure 4.6), 

why FLLL31 treatment decreased VEGFA expression further than C188-9 is unclear. 

Comparisons of the efficacy of FLLL31 and C188-9 at inhibiting STAT3 activity will be 

examined within chapter 5. 
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Figure 4.16. The STAT3 inhibitors FLLL31 and C188-9 and the mTORC1 inhibitor 

rapamycin are all effective at significantly decreasing protein expression of HGF and 

VEGFA in TSC2 deficient AML cells. TSC2 deficient AML cells were cultured for 18 h in the 

presence of either DMSO, rapamycin (RAP) at 50 nM, FLLL31 at 5 μM or 10 μM or C188-9 at 15 

μM or 30 μM. Conditioned media was then taken and assayed for VEGFA and HGF expression by 

way of ELISA or cells were lysed and whole cell lysates analysed for HGF expression by way of 

ELISA. N=3 minimum. Significance annotations above each bar on graph indicates significance of 

difference in HGF/VEGFA concentration between each condition and the control sample (DMSO). 

Statistical analysis of differences in protein concentration was by student’s t test. Significance 

denoted by: * = p <0.05, ** = p <0.01, *** = p< 0.001, NS = not significant. Bars represent standard 

error of the mean. 
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4.2.9 Effect of C188-9 and rapamycin co-treatment is largely not agonistic at decreasing 

expression of pro-angiogenic proteins elevated upon loss of TSC2. 

Early studies found that HIF-1α protein stability was attenuated by rapamycin treatment within 

PC-3 cells (Hudson et al. 2002). A more recent study by Dodd et al. (2015) however found 

that within HEK293 cells, through a cycloheximide pulse-chase experiment, rapamycin 

treatment did not significantly affect the half-life of HIF-1α protein compared to untreated cells. 

Rather mTORC1 drives HIF-1α protein accumulation through upregulating translation of 

HIF1A mRNA (Düvel et al. 2010) (see chapter 1). Rapamycin has previously been shown to 

downregulate HIF-1α protein expression in murine cells lacking TSC1/TSC2 (Brugarolas et al. 

2003 and Düvel et al. 2010) or with mTORC1 hyperactivity (Dodd et al. 2015). Given that 

rapamycin treatment reduced HIF-1α in the TSC2 deficient AML line (figure 4.10). Co-

treatment of TSC2 deficient AML cells with rapamycin and C188-9 may repress HIF-1α protein 

expression further if mTORC1 and STAT3 upregulate HIF-1α through distinct mechanisms 

within TSC. Therefore, the potential for greater repression of BNIP3, ANGPTL4, HGF and 

VEGFA protein expression was assessed by dual inhibition of STAT3 and mTORC1 by co-

treating TSC2 deficient AML cells with both rapamycin and C188-9. 

Seen in figure 4.17, repression of rpS6 phosphorylation happened quicker with co-treatment 

of C188-9 with rapamycin, than C188-9 treatment alone. Of interest, a significant reduction in 

the expression of total rpS6 was observed with co-treatment of C188-9 and rapamycin within 

both TSC2 deficient AML cells. The effects of C188-9 and rapamycin on surrogate markers of 

mTORC1 activity in TSC2 deficient cells will be further explored within chapter 5. As seen from 

the densitometry graphs in figure 4.17 (previous densitometry from C188-9 long term 

treatment also plotted), the decrease in HIF-1α protein expression on co-treatment with 

rapamycin and C188-9 was not greater nor happened faster than the decrease in HIF-1α 

protein expression observed from C188-9 long term treatment alone. However, due to a 

difference in the antibody used to obtain the HIF-1α blots in figure 4.17, there is significant 

background signal. Which limited fair comparisons between the densitometry analyses of HIF-

1α protein expression between treatment conditions. BNIP3 protein expression decreased on 

long-term co-treatment with C188-9 and rapamycin (figure 4.17), similar to C188-9 treatment 

alone (figure 4.15). Except the decrease in BNIP3 expression was observed later than that 

observed with C188-9 treatment alone. However, at no time point between 0.5-24 h was the 

expression of BNIP3 significantly different between the different treatment conditions. 

Changes in the protein expression of ANGPTL4 was observed to be less variable with co-

treatment C188-9 and rapamycin than C188-9 treatment alone.  

 

 



167 

 

 

  

Figure 4.17. Within TSC2 deficient AML cells C188-9 and rapamycin co-treatment 

does not decrease HIF-1α or BNIP3 protein expression further than C188-9 treatment 

alone. Representative western blots (N=3).  TSC2 deficient AML cells were treated with either 

DMSO or C188-9 at 30 µM in combination with rapamycin (RAP) at 50 nM. Cells treated with DMSO 

(control) were lysed at time 0 h, whilst RAP + C188-9 treated cells were lysed at the time indicated. 

Through western blotting lysates were assayed for protein expression, with β-actin acting as a 

loading control. Densitometry analysis of resulting western blots (N=3 minimum) from the AML cell 

line was performed with HIF-1α, BNIP3 and ANGPTL4 all being normalised to β-actin. Resulting 

ratios were then expressed as fold changes compared to control sample (DMSO) at time 0 h and 

plotted along with densitometry analysis of C188-9 treatment alone (as shown in figure 4.15) to 

show change in fold change in protein expression during treatment time in respect to the control. 

Dotted line on graphs represents DMSO control sample fold change, i.e., 1.00.  Bars represent 

standard error of the mean. Predicted running band size (kDa) of protein targets can be found in 

chapter 2, table 2.6. 
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However, during the treatment time course, changes in the protein expression of ANGPTL4 

observed under co-treatment with rapamycin and C188-9 was on average lower at each time 

point than observed with C188-9 alone. Therefore, co-treatment of rapamycin with C188-9 

may help to limit the undesirable upregulation of ANGPTL4 protein expression observed with 

C188-9 treatment alone. Which is consistent with the effect of co-treatment with rapamycin 

and C188-9 on ANGPTL4 mRNA expression that was observed (figure 4.6). 

Co-treatment of TSC2 deficient AML cells with rapamycin and the STAT3 inhibitors, FLLL31 

or C188-9, significantly reduced the expression of HGF and VEGFA relative to the DMSO 

control (figure 4.18). However, the observed decrease in VEGFA expression and HGF 

expression within the whole cell lysate was not found to be significantly different from 

decreases observed with rapamycin treatment alone. The decrease in HGF within the 

conditioned media observed when co-treating with both rapamycin and C188-9 was 

significantly lower than that observed with rapamycin alone (RAP=93pg/mL RAP+C188-9=23 

p=0.0016).  

Taken together, the results indicate there is no agnostic effect of rapamycin and C188-9 

together in reducing the protein expression of HIF-1α, BNIP3, HGF and VEGFA within TSC2 

deficient cells. Which indicates that the drug effects of C188-9 and rapamycin on pro-

angiogenic protein expression may be working through similar mechanisms within TSC2 

deficient cells. However, as C188-9 was found to be more effective at repressing HIF-1α and 

BNIP3 protein expression, while rapamycin is better able to repress ANGPTL4, HGF and 

VEGFA protein expression. Dual targeting of mTORC1 and STAT3 activity, as a strategy to 

more robustly normalise pro-angiogenic protein expression, may still be a promising and valid 

therapeutic strategy for the treatment TSC. 
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Figure 4.18. STAT3 inhibitors in combination with rapamycin are not consistently 

more effective at decreasing expression of HGF and VEGFA than rapamycin alone 

in TSC2 deficient AML cells. TSC2 deficient AML cells were cultured for 18 h in the presence 

of either DMSO, rapamycin (RAP) at 50 nM, FLLL31 at 5 μM or C188-9 at 15 μM alone or in 

combination. Conditioned media was then taken and assayed for VEGFA and HGF expression by 

way of ELISA or cells were lysed and whole cell lysates analysed for HGF expression by way of 

ELISA. N=3 minimum. Significance annotations above each bar on graph indicates significance of 

difference in HGF/VEGFA concentration between each condition and the control sample (DMSO). 

Statistical analysis of differences in protein concentration was by student’s t test. Significance 

denoted by: * = p <0.05, ** = p <0.01, *** = p< 0.001, NS = not significant. Bars represent standard 

error of the mean. 
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4.2.10 Inhibition of mTORC1 or STAT3 has marked effect on HIF-1α transcriptome 

dysregulated on loss of TSC2 within AML cells.  

The present chapter has shown that both rapamycin and C188-9 treatment had marked effects 

on HIF-1α activity within both murine and human TSC2 deficient cell lines. Given this, the final 

aim of this chapter was to assay the efficacy of rapamycin versus C188-9 treatment in 

normalising the expression of HIF-1α target genes shown to be dysregulated within TSC2 

deficient (621-102) AML cells (see figure 4.1). This was by way of an RNA sequencing 

experiment, comparing DMSO, rapamycin and C188-9 treated TSC2 deficient AML cells 

under hypoxia. This RNA sequencing experiment was conducted by the Tee lab during 

(sequencing itself by Novogene) the course of research contained within this thesis. Full 

details of the sample origin and sequencing methodology for this RNA sequencing data set 

can be found in chapter 2, section 2.3.6. Hypoxia rather than normoxia was chosen for culture 

conditions, as expression of HIF-1α target genes on the whole was observed to be highest 

under hypoxia (see figure 4.1). The HIF-1α target gene set used for analysis was the same 

one used in subsection 4.1. 

Volcano plots in figure 4.19 summarise HIF-1α target gene expression changes on rapamycin 

or C188-9 treatment relative to DMSO control within TSC2 deficient AML cells cultured under 

hypoxia. 123 HIF-1α target genes were significantly differentially expressed between 

rapamycin and DMSO treated cells (figure 4.19 A), with 45 genes upregulated and 78 

downregulated by rapamycin treatment. By and large, foldchanges of downregulated genes 

were greater than those observed for upregulated genes. 98 HIF-1α target genes were 

significantly differentially expressed between C188-9 and DMSO treated cells (figure 4.19 B), 

with an equal number of genes upregulated as downregulated by C188-9 treatment relative to 

the DMSO control. As with rapamycin, foldchanges of downregulated genes were greater than 

those observed for upregulated genes on C188-9 treatment. Comparing HIF-1α target gene 

expression between rapamycin and C188-9 treated cells (figure 4.19 C). 49 HIF-1α target 

genes were significantly differentially expressed, of which 40 were upregulated and 9 

downregulated within the C188-9 treatment condition relative to the rapamycin condition. 

Comparing the fold change in expression of the HIF-1α target genes between rapamycin vs 

DMSO and C188-9 vs DMSO data sets, 133 genes were differentially expressed in the same 

direction (e.g., downregulated by rapamycin and C188-9), whilst 32 were differentially 

expressed in a different direction between the two data sets (e.g., downregulated by 

rapamycin, but upregulated by C188-9). Which indicates that rapamycin and C188-9 are by in 

large affecting the expression of HIF-1α target genes similarly relative to DMSO treatment. 

This is better highlighted by the heat map in figure 4.20, were FPKM (Fragments Per Kilobase 

Million per mapped reads) for each HIF-1α target gene assayed, for each repeat in each 
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condition is plotted. Whilst there are noticeable differences in FPKM for some genes between 

the rapamycin and C188-9 treatment conditions (seen by differing colour profiles), for most 

genes the FPKM values are more similar relative to the DMSO treatment condition.  

Figure 4.19. Both rapamycin and C188-9 treatment are effective at decreasing HIF-

1α target gene expression in TSC2 deficient AML cells. HIF-1α target gene set was 

collated from multiple publications (see methods and materials). Differential gene expression (DEG) 

comparison is annotated above each plot. AML TSC2 deficient cells were cultured under hypoxia 

(1% O2) for 8 h with either vehicle only (DMSO), rapamycin (RAP) at 50 nM or C188-9 at 15 µM 

(N=8). RNA purified from these samples was sequenced through Novogene. Expression levels were 

calculated and normalised from raw read counts as FPKM (Fragments Per Kilobase Million per 

mapped reads). Differential gene expression (DEG) analysis was through DEseq2 analysis and 

resulting p-values were corrected for multiple testing and false discovery by FDR method. For all 

volcano plots Log2 transformed fold change in expression of genes was plotted against their -log10 

transformed FDR adjusted p-values. Dotted lines at x axis represent increase or decrease in 

foldchange of 2 or -2 respectively. Dotted line at y axis represents significance threshold of 0.05. 

Genes annotated had a Log2 fold change in expression greater or lower than 2 or -2 (i.e. four fold 

higher or lower in expression) respectively and an -log10 adjusted p-value greater than 3 (i.e. below 

0.001 significance threshold). 
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Figure 4.20 Rapamycin and C188-9 treatment repress most of the same HIF-1α target 

genes compared to the DMSO control within TSC2 deficient AML cells. Panels A and 

B belong to the same heatmap comparing fold change in expression of HIF-1α target genes between 

AML cells treated for 8 h with either vehicle only (DMSO), rapamycin (RAP) at 50 nM or C188-9 at 

15 µM (N=8) under hypoxia (1% O2). FPKM (Fragments Per Kilobase Million per mapped reads) 

has been plotted for each gene with the HIF1-α target gene set for each sample. Gene names are 

shown on the right of the heatmap. 
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The efficacy of rapamycin vs C188-9 treatment in normalising dysregulated HIF-1α target 

gene expression observed upon TSC2 loss (figure 4.1), can be assessed by comparing the 

rapamycin vs DMSO and C188-9 vs DMSO treatment RNA seq data sets to the TSC2 deficient 

vs TSC2 RE AML cells under hypoxia RNA seq data set. Under hypoxia 67 HIF-1α target 

genes are significantly upregulated within TSC2 deficient AML cells relative to TSC2 RE AML 

cells, whilst 53 are significantly downregulated. Out of the HIF-1α target genes found to be 

significantly differentially expressed upon TSC2 loss under hypoxia, rapamycin appears to 

normalise dysregulated HIF-1α mediated gene expression more than C188-9 treatment (as 

seen by table 4.3). Out of the 67 HIF-1α target genes upregulated in TSC2 deficient AMLs, 

rapamycin treatment significantly downregulates the expression of 37 genes relative to the 

DMSO control, whilst C188-9 treatment significantly downregulates the expression of 23 

genes relative to the DMSO control. For the 53 HIF-1α target genes significantly 

downregulated in TSC2 deficient AMLs, both rapamycin and C188-9 treatment upregulates 

the expression of 16 genes relative to the DMSO control. Some of the HIF-1α target genes 

whose expression was normalised were different under rapamycin or C188-9 treatment, as 

seen in table 4.3. Therefore, more robust normalisation of HIF-1α target genes whose 

expression is dysregulated upon loss of TSC2 could be better achieved by dual targeting of 

mTORC1 and STAT3. Largely the effects of rapamycin and C188-9 are likely mediated by a 

reduction in HIF-1α protein expression. An important consideration however is that STAT3 

itself is a transcription factor, which regulates its own set of target genes, some of those in 

common with HIF-1α. Therefore, changes in expression of assayed genes on C188-9 

treatment, are likely not solely due to a reduction in HIF-1α protein. 
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Table. 4.3 Comparison of the effect of Rapamycin (RAP) and C188-9 treatment on 
normalising HIF1-α target genes found to be significantly dysregulated upon loss 
of TSC2 in AML cells cultured under hypoxia (1%O2). Genes in bold are those whose 
expression is significantly affected by rapamycin or C188-9 treatment, not both. 

Genes 
downregulated in 
TSC2 −/− AMLs 
upregulated on 
RAP treatment 

Genes 
downregulated 

in TSC2 −/− 
AMLs 

upregulated on 
C188-9 treatment  

  Genes upregulated 
in TSC2 −/− AMLs 
downregulated on 

RAP treatment 

Genes 
upregulated in 

TSC2 −/− 
downregulated on 
C188-9 treatment 

ABCG2 ABCG2  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

ADAMTS14 HK2 ADAMTS14 PFKP 

AK3 AK3 ADM IRF2BP2 ANKZF1 PPFIA4 

ANKRD37 ANKRD37 ANGPTL4 ITGB2 ATG9A SOS1 

BIK BCL2L2 ANKZF1 KDM5B BCL2L1 
 

BNIP3L CAV1 ATG9A KDR CAD 
 

CAV1 CCNG2 BCL2L2 L1CAM COL1A1 
 

CCNG2 CDKN1B BHLHE40 LRP1 COL1A2 
 

CDKN1B DARS CAD NCOA7 CP 
 

CTGF FAM162A COL1A1 PFKM DSP 
 

DARS GPX3 COL1A2 PFKP ENG 
 

GPX3 ID2 COL5A1 PLOD2 ETS1 
 

ID2 NARF CP PPFIA4 FURIN 
 

NARF NPM1 DDIT4 RASSF1 HK2 
 

NPM1 PGK1 DSP RORA IRF2BP2 
 

NT5E PPP5C ENG SLC2A3 ITGB2 
 

RSBN1 RSBN1 ETS1 SOS1 KDM5B 
 

  
FURIN VEGFA L1CAM 

 

  
GBE1 WT1 LRP1 

 

  
HK1 

 
PDGFB 
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4.3 Discussion  

The present chapter provided an expansive look at HIF-1α target gene expression within the 

human renal AML 621-102 line and MEFs upon loss of TSC2. The HIF-1α driven transcriptome 

is extensively dysregulated upon loss of TSC2 (figures 4.1 and 4.2). And cross comparison 

with sequencing data from TSC associated lesions, reveals that many of the genes within the 

HIF-1α target genes set are differentially expressed in both the TSC lesions (figure 4.3) and 

TSC2 deficient AML cells. However, cross comparison of DEG analyses of RNA sequencing 

data sets highlighted important differences as well. Not only was the expression of several 

HIF-1α target genes different among lesion type, which suggests the dependence on pro-

angiogenic signalling pathways driving aberrant angiogenesis and neo-vascularisation may 

differ between TSC lesion type. Dysregulated HIF-1α genes in common between the AML line 

and TSC lesions, aren’t always expressed in the same direction (e.g., 

upregulated/downregulated in both lesion and AML or not). For the present work and future 

work, these are important considerations for choosing a cell model or potential target for the 

study of angiogenesis within TSC. Expression of pro-angiogenic factors found to be elevated 

at the protein level within TSC associated lesions (Parker et al. 2011, Nguyen‐Vu et al. 2001 

and Mahimainathan et al. 2009) were also found to elevated within the AML 621-102 cell lines. 

This demonstrates that this cell line appears to be an appropriate model to test efficacy of 

mTORC1, Ref-1 and STAT3 inhibitors in normalising pathogenic and aberrant angiogenic 

signalling observed within TSC. Additionally, BNIP3 and ANGPTL4 were identified as new 

pro-angiogenic markers within cellular models of TSC. Hypoxia drove the expression of 

dysregulated HIF-1α target genes further within TSC2 deficient AML cells (figure 4.1). But 

hypoxia was found to also affect the expression of many of the pro-angiogenic genes and 

proteins assayed. Whilst not driving HIF1A mRNA expression further, hypoxia did elevate 

protein expression and HIF-1α and BNIP3, as would be expected (Majmundar et al. 2010 and 

Guo et al. 2001). Furthermore, at least in the AML cell lines, hypoxia did not seem to impact 

protein expression of either HGF or VEGFA. Despite upregulating expression of the VEGFA 

gene.  

 

Within the present work, the efficacy of mTORC1 inhibitors in normalising markers of pro-

angiogenic signalling within our TSC2 deficient cell lines was largely as expected. Within the 

TSC2 deficient AML cells, rapamycin and Ku-0063794 were effective at decreasing the 

expression of the STAT3 and HIF-1α driven pro-angiogenic gene panel (HGF, TNFRSF1A, 

VEGFA and ANGPTL4) (figures 4.5 and 4.6) found to be elevated upon TSC2 loss, particularly 

for HGF. However, mTORC1 inhibition did not alter HIF1A gene expression. Therefore, 

reduction in HIF-1α protein within TSC2 deficient MEF and AML cells seen on treatment with 
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rapamycin and Ku-0063794 (figures 4.9 and 4.10), is mediated by a decrease in HIF-1α 

protein translation. Consistent with the current mechanism by which mTORC1 activity is 

thought to mediate elevation of HIF-1α protein. Through its effect on preferential translation of 

HIF-1α mRNA by action of downstream mTORC1 substrates (Land and Tee, 2007 and Dodd 

et al. 2015). Dodd et al. (2015) showed that neither rapamycin nor Ku-0063794 decreased 

HIF-1α protein stability. Within murine cell lines of TSC, rapamycin treatment decreased levels 

of HIF-1α protein elevated upon loss of TSC1 or TSC2 (Düvel et al. 2010 and Brugarolas et 

al. 2003). Aside from HIF-1α, within the TSC2 deficient AML line, rapamycin treatment 

decreased the protein expression of ANGPTL4, HGF and VEGFA (figures 4.10, 4.13 and 

4.11). Ku-0063794 treatment largely resulted in the same effects as rapamycin treatment. 

However, a slight, but significant, increase in VEGFA expression within the TSC2 deficient 

AML cells was observed on Ku-0063794 treatment. This observation was surprising given Ku-

0063794 inhibits mTORC1 more completely than rapamycin (García-Martínez et al. 2009).  

Zhang et al. (2013b) observed however that treatment of renal cell carcinoma cells with 

Temsirolimus, a rapamycin analogue, decreased VEGFA expression to a greater extent than 

KU-0063794. While Franz et al. (2012) found that whilst levels of many pro-angiogenic factors 

were lower in the plasma of TSC patients treated with Everolimus (rapamycin analogue) than 

placebo. Levels of VEGFA were elevated in Everolimus treated patients. Whilst the efficacy of 

rapamycin in decreasing angiogenesis in the context of TSC has been evaluated (Woodrum 

et al. 2010 and Yang et al. 2017 and Franz et al. 2012). The data presented in this chapter 

expands on the number of pro-angiogenic targets whose expression are successfully or 

unsuccessfully normalised by rapamycin treatment, at least within in vitro models of TSC. 

The present work assayed the efficacy of Ref-1 and STAT3 inhibitors in decreasing expression 

of pro-angiogenic markers cited as elevated in TSC model cell lines and lesions within the 

literature. However, they are not equally effective for all targets assayed. Ref-1 inhibitors were 

not found to repress the transcription of HIF-1α target genes assayed by qPCR within TSC2 

deficient AML cells (figure 4.5). Within the Tsc2 −/− MEFs, Ref-1 inhibitors have been found 

to decrease transcriptional activity of HIF-1α (Champion et al. 2022). With the Ref-1 inhibitor 

APX3330 being found effective at decreasing the expression of CA9, a HIF-1α target gene, 

within pancreatic cancer lines (Logsdon et al. 2016 and Logsdon et al. 2018). This suggests 

either ANGPTL4 and VEGFA are not exclusively/strongly driven by HIF-1α activity within the 

AML cells or Ref-1’s transactivation of HIF-1α may not be driving HIF-1α mediated 

transcription within the AML cells. Additionally, Ref-1 inhibition had no significant effect on 

mRNA expression of STAT3 driven pro-angiogenic genes assayed (figure 4.5). This is in spite 

of APX3330 treatment being found to be effective at decreasing transcriptional activity of 

STAT3 in both TSC and cancer cells (Champion et al. 2022 and Cardoso et al. 2012).  
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Expression of STAT3 driven pro-angiogenic gene was significantly affected by the STAT3 

inhibitor C188-9 (figure 4.6). Which confirmed that the STAT3 pro-angiogenic genes chosen 

from the literature and the RNA seq. data presented in this chapter, were actually STAT3 

driven within context of TSC. Or at least within the TSC2 deficient AML line. The fact that Ref-

1 inhibitors did not alter the mRNA expression of the pro-angiogenic gene panel suggests that 

transactivation of HIF-1α and STAT3 by Ref-1 does not substantially contribute to these gene 

regulation within TSC2 deficient cells. Of interest was the observation that Ref-1 inhibitors 

effected STAT3 phosphorylation, but their effect was not consistent between treatment 

conditions and between cell lines (Supplemental figures S.4.2 and S.4.3). Whilst Ref-1 

inhibitors do not target STAT3 phosphorylation directly, inhibition of STAT3 transcription could 

decrease STAT3 phosphorylation by blocking the positive feedback loop that reinforces 

STAT3 signalling through increased expression of STAT3 stimulatory cytokines.  

The Ref-1 inhibitors, especially the more potent 2nd generation inhibitors, did however repress 

protein expression of HIF-1α within both the TSC2 deficient MEF and AML cell line and 

ANGPTL4 in the AML cells (figures 4.9 and 4.10). The repression of HIF-1α protein expression 

was enhanced when Ref-1 inhibitors were used in combination with rapamycin (figure 4.12 

and 4.13), which indicates that Ref-1 and mTORC1 activity within TSC are elevating HIF-1α 

expression through distinct mechanisms. The redox function of Ref-1 is mediated through 

transactivation of target transcription factors, promoting their activity and in turn the expression 

of those transcription factors target genes (Shah et al. 2017). However, Ref-1 inhibition did 

not repress HIF1A mRNA expression (figure 4.5) within TSC2 deficient AML cells. Ref-1 target 

transcription factors have been found to regulate the HIF1A gene. Both STAT3 and NF-kB 

activity have been shown to promote HIF1A mRNA expression (Niu et al 2008 and BelAiba et 

al. 2007), and the Ref-1 inhibitor APX3330 was effective at repressing transcriptional activity 

of HIF-1α (Logsdon et al. 2018), STAT3 (Cardoso et al. 2012) and NF-kB (Fishel et al. 2011), 

not only within human cancer cells but also within murine Tsc2 −/− cells (Champion et al. 

2022). Thus, taking together the present work and what is known in the literature, it appears 

that repression of HIF-1α protein expression under hypoxia by Ref-1 inhibitors is not mediated 

through affecting the transcription of the HIF1A gene within TSC2 deficient AML cells.  

A potential mechanism by which Ref-1 inhibition is affecting HIF-1α expression within the 

TSC2 deficient cell lines, is through Ref-1’s effect on the redox environment of the cell, which 

in turn may affect HIF-1α protein stability or the stability/expression of HIF-1α’s negative 

regulators. Multiple studies have found reactive oxygen species (ROS) affect HIF-1α protein 

stability (Chandel et al. 1998, Chandel et al. 2000, Mansfield et al. 2005, Lu et al. 2005, Pan 

et al. 2007 and Lee et al. 2016). And drug or siRNA targeting of Ref-1 has been found to affect 

the redox environment of cells (Champion et al. 2022 and Li et al. 2014 and Fishel et al. 2015). 
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However, further work is needed to establish whether HIF-1α stability/activity is impacted by 

the redox environment within TSC2 deficient cells. Which will be addressed in chapter 6. 

Regardless of the mechanism, the present work shows that Ref-1 inhibitors, especially if used 

in combination with mTORC1 inhibitors, show promise in decreasing aberrant HIF-1α protein 

expression and downstream activity observed within TSC model cells (Düvel et al. 2010 and 

Brugarolas et al. 2003) and patient renal AMLs (Mahimainathan et al. 2009). As a concurrent 

decrease in the expression of BNIP3, which is strongly induced by HIF-1α activity (Guo et al. 

2001), alongside HIF-1α was observed in both TSC2 deficient cell lines on Ref-1 inhibitor 

treatment. Suggests HIF-1α activity is repressed within these cells.  Ref-1 inhibitors were 

however, largely in effective at decreasing the protein expression of HGF and VEGFA (figure 

4.11) within TSC2 deficient AMLs. Therefore, beyond targeting HIF-1α, Ref-1 inhibitors 

efficacy at normalising pro-angiogenic factor expression within TSC, at the mRNA and protein 

level, maybe more limited. 

 

Targeting STAT3 directly at its tyrosine phosphorylation site, i.e. the site necessary for STAT3 

dimerization, appeared to be a better strategy for normalising pro-angiogenic signalling 

observed within TSC than targeting Ref-1. C188-9 treatment was more effective at decreasing 

the mRNA expression of the pro-angiogenic gene panel within TSC2 deficient AML cells 

(figure 4.6). Whilst CCL5 and ANGPTL4 were upregulated on C188-9 treatment, co-treatment 

with rapamycin was able to block this undesirable increase in expression. Within cancer cells 

however, STAT3 inhibition was observed to decrease ANGPTL4 expression in MDA-MB-231 

cells (Pawlus et al. 2014). Suggesting ANGPTL4 may be regulated differently by STAT3 within 

TSC. As observed with Ref-1 inhibitor treatment, the STAT3 inhibitors, FLLL31 or C188-9, did 

not decrease mRNA expression of HIF1A within TSC2 deficient AML cells. Indicating the 

elevation of HIF1A expression observed upon the loss of TSC2 (figure 4.6) may be 

independent of STAT3 within TSC. In cancers with hyperactive STAT3 and HIF-1α, inhibition 

of STAT3 does not always result in a decrease in HIF1A mRNA and protein expression. 

Pawlus et al. (2014) saw that reduction in STAT3 protein or phosphorylation at Y705, by way 

of siRNA knockdown of STAT3 or the inhibitor S3I-201, resulted in no or only a moderate 

decrease in HIF1A mRNA and protein expression within MDA-MB-231 cells or RCC4 cells. 

Similar observations have been made in other cancer cell lines (Bai et al. 2012 and Adachi et 

al. 2012). Within our TSC cell models however, C188-9 treatment did result in a rapid decrease 

in HIF-1α protein expression (figure 4.15). Whilst previous work has found that, constitutive 

STAT3 activity can drive mRNA expression of HIF1A (Niu et al. 2008 and Demaria et al. 2010). 

Given the present data (figures 4.5 and 4.6), the decrease in HIF-1α protein expression 

observed upon C188-9 treatment is unlikely to be mediated through repression of transcription 
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of the HIF1A gene. One possible mechanism by which STAT3 inhibition is rapidly decreasing 

HIF-1α expression is through active STAT3 stabilising HIF-1α protein. Jung et al. (2008) found 

overexpressing constitutively active STAT3 increased HIF-1α protein levels within COS7 cells 

in a dose dependent manner. The authors showed that this stabilising effect of STAT3 was 

mediated by active STAT3 binding with HIF-1α and preventing the binding of the negative 

regulator of HIF-1α stability pVHL, thereby decreasing poly-ubiquitination of HIF-1α and hence 

decreasing its proteasomal degradation. TSC2 deficient AML and MEF cells were found to 

have constitutive STAT3 activity (figure 2.1). But further work is needed to elucidate whether 

active STAT3 stabilises HIF-1α within TSC. This could be tested using a pulse-chase 

cycloheximide based assay assessing HIF-1α protein expression in cell cultured with and 

without STAT3 inhibitors present. 

Decreasing HIF-1α transcriptional activity was observed to be concurrent with decreasing 

phosphorylation of STAT3 at Y705 within Tsc2 −/− MEFs treated with increasing dose of 

C188-9 (figure 4.7). This effect is likely the result of HIF-1α protein expression decreasing on 

C188-9 treatment (figure 4.15). Although within TSC this effect may also be mediated by active 

STAT3 co-operating with HIF-1α to promote HIF-1α driven transcription. Pawlus et al. (2014) 

showed within MDA-MB-231 and RCC4 cells through chromatin immunoprecipitation that 

inhibition of STAT3 blocked binding of the transcriptional coactivators, CBP and p300, as well 

as HIF-1α to HIF-1α target gene promoters. Regardless, C188-9 treatment was able to 

normalise expression of many HIF-1α target genes found to be dysregulated upon loss of 

TSC2 within AML cells. Although it should be noted that many of the genes within the HIF-1α 

target gene set are also known STAT3 genes. Therefore, changes in expression of several 

genes are likely mediated through repression of STAT3 driven transcription. Overall 

rapamycin appeared to be better at normalising HIF-1α gene expression. STAT3 inhibitors 

were more effective at decreasing protein expression of angiogenic factors than Ref-1 

inhibitors. Within TSC2 deficient AML cells, C188-9 treatment markedly decreased levels of 

HGF (figure 4.16), expression previously shown to be elevated in TSC lesions (Parker et al. 

2011). With regards to VEGFA expression, which again is an identified angiogenic biomarker 

within TSC lesions, STAT3 inhibitor treatment resulted in moderate decreases. The use of 

C188-9 as a treatment to normalise aberrant angiogenic signalling within TSC shows promise. 

Especially as an adjunct therapy with rapamycin. As decreases in the expression of assayed 

pro-angiogenic genes and proteins or the normalised HIF-1α target genes, did not completely 

overlap on treatment with either drug.  
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Chapter 5: Characterisation of dysregulated STAT3 activity 

within TSC2 deficient cells 

5.1. Introduction 

Aberrant STAT3 signalling has been described as feature of TSC for over two decades (Onda 

et al. 2002), with hyperactive STAT3 activity described in renal, pulmonary and brain 

manifestations of the disease (El-Hashemite and Kwiatkowski, 2005, Chan et al. 2004 and 

Goncharova et al. 2009). Targeting STAT3 has been shown to be effective at reducing 

tumorigenicity in pre-clinical models of TSC. Yang et al. (2016b) and Goncharova et al. (2009) 

showed that inhibiting STAT3 reduced proliferation and promoted apoptosis in TSC1/TSC2 

deficient cells. Furthermore, enhanced expression of STAT3 stimulatory cytokines/growth-

factors have been found in TSC1- and TSC2- deficient cells, namely epidermal growth factor 

(EGF), hepatocyte growth factor (HGF) and interleukin-6 (IL-6) (Parker et al. 2011 and Wang 

et al. 2021a). Within murine models of TSC, studies have found that targeting these 

cytokines/growth-factors or their cognate receptors may be an effective strategy for 

decreasing dysregulated signalling and scores of tumorigenicity (Lesma et al. 2015 and Wang 

et al. 2021). It was also shown by Dodd et al. (2015) that mTORC1 co-operates with STAT3 

to upregulate hypoxia-inducible factor 1-alpha (HIF-1α) and its downstream target vascular 

endothelial growth factor A (VEGFA), thereby increasing pro-angiogenic signalling. This study 

identified STAT3 as a potential driver of angiogenesis within TSC, that may contribute to the 

high vascularisation seen in TSC associated lesions (Arbiser et al. 2002); a significant cause 

of morbidity and mortality to TSC patients (Amin et al. 2015 and Zöllner et al. 2020). Despite 

this body of research highlighting aberrant STAT3 signalling as a driver of TSC pathology, 

much of our understanding of how the STAT3 pathway mechanistically functions within the 

context of TSC is still limited.  

There is a lack of knowledge in how the STAT3 driven transcriptome is dysregulated upon 

loss of TSC1 or TSC2 in cells, including the expression of negative modulators of the STAT3 

signalling cascade. Also, how hyperactive STAT3 and mTORC1 signalling may influence one 

another within the context of TSC, and how this signalling crosstalk may further promote 

tumorigenesis. And lastly whether TSC cells promote their own constitutive STAT3 activity 

through an autocrine manner, as STAT3 regulated genes, such as IL6, in turn activate the 

STAT3 pathway. Such enhanced cytokine secretion may also further support development of 

the tumour microenvironment, by for example promoting inflammation or increasing 

dysregulated angiogenesis and neovascularisation. 

The current work has previously shown that STAT3 inhibition is effective at reducing scores 

of tumorigenicity of TSC2 deficient cells in tissue culture assays (chapter 3) and 
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downregulates the expression of HIF-1α and pro-angiogenic targets upregulated upon loss of 

TSC2 (chapter 4). The main aims of the present chapter are as follows. Firstly, to better define 

how markers of active STAT3 signalling are expressed upon loss of TSC2 at the protein and 

transcriptional level. Secondly, assess the effect of STAT3 and mTORC1 inhibition on markers 

of their own activity and each other. To better understand how STAT3 and mTORC1 signalling 

interplay within the context of TSC. Lastly to assess whether autocrine/paracrine signalling of 

TSC cells drives and maintains active STAT3 signalling in themselves and non-TSC cells. 

 

5.2. Results 

5.2.1 Loss of TSC2 increases protein markers of active STAT3 signalling in AML and 

MEF cells. 

The first aim of the present chapter was to determine whether constituents of the JAK2/STAT3 

signalling cascade at the protein level were dysregulated in cells lacking TSC2 through 

western blot analysis (figures 5.1 for AML cells and 5.2 for MEFs). With subsequent 

densitometry analysis normalising total proteins to β-Actin and phosphorylated proteins to their 

respective total proteins. Resulting ratios were then expressed as fold changes compared to 

a chosen control sample, TSC2 RE (re-expressed) cells for AML lines and TSC2 WT (wildtype) 

for MEF lines, and plotted. 

As seen in the blot panels in figures 5.1 (A) and 5.2 (A), total STAT3 protein is elevated in 

both TSC2 deficient AML and MEF cells compared to the TSC2 RE and WT cells, respectively. 

The corresponding densitometry graphs show a significant fold change in the total STAT3 

protein upon the loss of TSC2 in both AML and MEF lines under normoxia (N) and hypoxia 

(H) conditions (figures 5.1 B and 5.2 B). Hypoxic culture conditions did not significantly affect 

total STAT3 protein expression relative to normoxic culture in either TSC2 deficient AML or 

MEF cells. Phosphorylation of STAT3 at tyrosine 705 (Y705) and serine 727 (S727) (two post 

translation modifications that increase the transcriptional activity of STAT3, see main 

introduction) are elevated within both TSC2 deficient cell lines, under either normoxia or 

hypoxia, compared to respective TSC2 competent controls under either normoxia (figures 5.1 

and 5.2). However only the enhanced level of pSTAT3(Y705)/STAT3 and 

pSTAT3(S727)/STAT3 in hypoxic cultured TSC2 deficient AML cells relative to hypoxic 

cultured TSC2 RE AML cells (figure 5.1 B) Which was not the case for the MEF cell lines. 

Densitometry analysis (figures 5.1 B and 5.2 B) found hypoxia did not induce the level of 

pSTAT3(Y705)/STAT3 and pSTAT3(S727)/STAT3 further in either the TSC2 deficient AML or 

MEF cell lines. As differences in phosphorylated STAT3 between normoxia and hypoxia 

cultured TSC2 deficient cells were not reported as significant. Oxygen availability was found 
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to significantly affect the level of pSTAT3(Y705)/STAT3 and pSTAT3(S727)/STAT3 in TSC2 

RE AML cells (figure 5.1 B), but not Tsc2 +/+ MEF cells figure 5.2 B. 

Regulators of activatory/inhibitory post translational modifications of STAT3 were also 

assayed by western blot, namely the activatory JAK2 and inhibitory SOCS3 and SIRT1 (see 

main introduction). As shown in the blot panels of figures 5.1 (A) and 5.2 (A), protein 

expression of total JAK2 was higher in both AML and MEF cell lines with TSC2 relative to the 

TSC2 deficient cells. Inversely, JAK2 phosphorylated at Y1007/1008 (pY1007/1008) is 

elevated within the TSC2 deficient cell lines, but only reported as significant for the TSC2 

deficient AML cells cultured under normoxia or hypoxia (figure 5.1 C), not in the Tsc2 −/− MEF 

cell lines figure 5.2 C. Likely due to variability in fold change of pJAK2 (Y1007/1008) in the  

Figure 5.1. Protein markers of STAT3 signalling are dysregulated upon loss of TSC2 

within AML cells. Either under normoxia (N, 21% O2) or hypoxia (H, 1% O2), AML cells lacking 

TSC2 (TSC2 −/−) or with TSC2 re-expressed (TSC2 RE) were cultured overnight before being 

lysed. Through western blotting, protein lysates were then assayed for constituents of the STAT3 

signalling pathway, with β-actin acting as a loading control. Panel A shows representative panel of 

the assayed protein targets in the AML cell lines (N=3 minimum). Densitometry analysis of resulting 

western blot (N=3 minimum) was performed (panels B & C) and total proteins (STAT3, SIRT1, 

SOCS3) were normalised to β-Actin and phosphorylated proteins were normalised to their 

respective total proteins. Resulting ratios were then expressed as fold changes compared to a 

designated control sample, in this case TSC2 RE under normoxia. Statistical analysis of differences 

in foldchange was by student’s t test. Significance annotations above each bar on graph indicates 

significance of difference in foldchange between each condition and TSC2 RE cells under normoxia. 

Pairwise statistical comparisons between TSC2 (−/−) cells under normoxia or hypoxia and between 

TSC2 (−/−) and TSC2 RE cells under hypoxia are also annotated. Significance denoted by: * = p 

<0.05, ** = p <0.01, *** = p< 0.001, NS = not significant. Bars represent standard error of the mean. 

Predicted running band size (kDa) of protein targets can be found in chapter 2, table 2.6. 
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MEF cell lines. Hypoxia did not appear to elevate JAK2 phosphorylation further within the 

TSC2 deficient AML line, whereas it did within the Tsc2 −/− MEF line (figure 5.2 A). This 

increase in pJAK2 (Y1007/1008) was not found to be significant by densitometry analysis 

however (figure 5.2 C).  

As can be seen by the western blot and densitometry analysis (figures 5.1 C and 5.2 C), only 

Tsc2 −/− MEFs show elevated SOCS3 protein expression compared to the wildtype Tsc2 +/+ 

MEFs, and only under normoxia was the difference in foldchange statistically significant by 

densitometry analysis. Hypoxia did not appear to significantly affect SOCS3 expression 

between either TSC2 deficient/competent AML or MEF cell line. Densitometry analysis 

Figure 5.2. Protein markers of STAT3 signalling are dysregulated upon loss of Tsc2 

within MEFs. Either under normoxia (N, 21% O2) or hypoxia (H, 1% O2), MEF cells lacking Tsc2 

(Tsc2-/-) or with wildtype Tsc2 (Tsc2 +/+) were cultured overnight before being lysed. Through 

western blotting protein lysates were then assayed for constituents of the STAT3 signalling pathway, 

with β-actin acting as a loading control. Panel A shows representative panel of the assayed protein 

targets in the MEF cell lines (N=3 minimum). Densitometry analysis of resulting western blot (N=3 

minimum) was performed (panels B & C) and total proteins (STAT3, SIRT1, SOCS3) were 

normalised to β-actin and phosphorylated proteins were normalised to their respective total proteins. 

Resulting ratios were then expressed as fold changes compared to a designated control sample, in 

this case Tsc2 +/+ under normoxia. Statistical analysis of differences in foldchange was by student’s 

t test. Significance annotations above each bar on graph indicates significance of difference in 

foldchange between each condition and Tsc2 +/+ cells under normoxia. Pairwise statistical 

comparisons between Tsc2 −/− cells under normoxia or hypoxia and between Tsc2 −/− and Tsc2 

+/+ cells under hypoxia are also annotated. Significance denoted by: * = p <0.05, ** = p <0.01, *** = 

p< 0.001, NS = not significant. Bars represent standard error of the mean. Predicted running band 

size (kDa) of protein targets can be found in chapter 2, table 2.6. 

 



185 

 

showed decreased protein expression of SIRT1 within the TSC2 deficient cells compared to 

their respective TSC2 RE/WT cells cultured under normoxia (figures 5.1 C and 5.2 C), but the 

difference in foldchange was only reported as significant for TSC2 deficient AML or MEF cells 

cultured under hypoxia relative to TSC2 RE AML/Tsc2 +/+ MEF cells cultured under normoxia. 

For TSC2 RE AML and Tsc2 +/+ MEF cells, hypoxia was found to significantly decrease SIRT1 

expression relative to normoxia. Therefore, hypoxia but not loss of TSC2 appears to 

downregulate protein expression of SIRT1 in AML and MEF cell lines. 

 

  

5.2.2 Loss of TSC2 within AML cells results in a gene expression pattern indicative of 

active STAT3 signalling. 

The next aim of the present work was to assess whether hyperactive STAT3 signalling of 

TSC2 deficient cells was reflected in gene expression changes. STAT3 can regulate the 

expression of a huge array of target genes. STAT3 target genes can differ markedly depending 

on the cell line and can be influenced by multiple physiological and pathogenic contexts (see 

chromatin immunoprecipitation sequencing studies: Synder et al. 2008, Durant et al. 2010 and 

McDaniel et al. 2017). Considering this variation of STAT3 regulated genes, expression of 

STAT3 gene targets that are key constituents of the STAT3 signalling pathway were assayed 

first. This panel of STAT3 signalling genes included IL6R, PIAS3, SOCS3, STAT3 and IL6, 

which were assayed by qPCR within the AML cell lines. 

As seen in figure 5.3, expression of STAT3 and IL6 is significantly upregulated upon loss of 

TSC2, irrespective of oxygen availability. Hyperactive STAT3 signalling is known to drive 

expression of STAT3 and its associated regulatory genes, a mechanism to autoregulate its 

own expression and activation (Ichiba et al. 1998 and Narimatsu et al. 2001). STAT3 is known 

to drive IL6 expression, one of its own activatory cytokines. STAT3 mediated IL6 expression 

is a well characterised feed-forward loop observed in cancers (Chang et al. 2013 and Yoon et 

al. 2012). With regards to the negative regulators of STAT3 signalling, SOCS3 and PIAS3, 

their mRNA expression was found to be significantly upregulated in TSC2 deficient AML cells 

cultured under normoxia or hypoxia relative to TSC2 RE AML cells cultured under normoxia. 

However, neither SOCS3 nor PIAS3 mRNA expression in TSC2 deficient AML cells was found 

to significantly different from TSC2 RE AML cells cultured under hypoxia. Therefore, TSC2 

loss alone cannot be concluded to enhance mRNA expression of either SOCS3 or PIAS3. 

Significantly upregulated expression of SOCS3 upon loss of TSC2 under normoxia is 

consistent with active STAT3 driven gene expression in these diseased cells however. SOCS3 

is a cytokine inducible gene, rapidly upregulated on STAT3 activation (Starr et al. 1997 and 
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Brender et al. 2001). Whilst PIAS3 is thought of to be more constitutively expressed, its 

expression has been positively correlated with STAT3 activity (Borghouts et al. 2010).  

 

As seen in figure 5.3, expression of IL6R (IL6 receptor) was significantly downregulated upon 

loss of TSC2, irrespective of oxygen status. Normoxic versus hypoxic culture was found to 

have no significant effect on IL6R mRNA expression in either TSC2 deficient AML or TSC2 

RE AML cells. Reduced expression of the activatory IL6R could be a compensatory 

mechanism by the TSC2 deficient cells to dampen down hyperactive status of STAT3 

signalling. This however would be in contrast to cancers were hyperactive STAT3 drives 

pathogenesis and has been correlated with increased IL6R expression (Tam et al. 2007 and 

Feng et al. 2016). Oxygen availability between TSC2 deficient cells did not significantly affect 

the expression of genes assayed. Taken together, the expression pattern of these genes 

indicates increased STAT3 driven transcription within the TSC2 deficient AML cells.  

Looking more broadly at genes encoding constituents of STAT3 signalling beyond what was 

analysed by qPCR. The RNA sequencing data sets previously utilised in chapter 4, reveals 

the wider transcriptome of genes known to affect STAT3 activity are dysregulated within TSC 

Figure 5.3. Loss of TSC2 in AML cells results in a gene expression pattern indicative 

of active STAT3 signalling. Either under normoxia (N, 21% O2) or hypoxia (H, 1% O2), AML 

cells lacking TSC2 (TSC2 –) or with TSC2 re-expressed (TSC2 +) were cultured overnight before 

being lysed. Through qPCR, expression of target genes was quantified (N=3 minimum). Fold change 

in expression was calculated compared to a designated reference sample, in this case TSC2 RE 

under normoxia. Fold changes of target genes were normalised to the housekeeping gene HMBS. 

Significance annotations above each bar on graph indicates significance of difference in foldchange 

between each condition and the reference sample (TSC2 RE cells under normoxia). Pairwise 

statistical comparisons between TSC2 deficient cells under normoxia or hypoxia and between TSC2 

deficient and TSC2 RE cells under hypoxia are also annotated. Statistical analysis of differences in 

foldchange (N=3 minimum) was by student’s t test. Significance denoted by: * = p <0.05, ** = p 

<0.01, *** = p< 0.001, NS = not significant. Bars represent standard error of the mean.   



187 

 

associated lesions and TSC model cells. That is genes whose products are STAT3 signalling 

cascade constituents, STAT3 stimulating cytokines/growth factors and their constituent 

receptors. This gene set (78 genes) was compiled through a literature search on STAT3 

signalling component and regulatory genes and hence termed “STAT3 signalling genes”. As 

seen by volcano plots in figure 5.4 (A and B), for TSC associated brain lesions, that is 

subependymal nodules/ subependymal giant cell astrocytomas (SEN/SEGA) and cortical 

tubers (TUB), expression of “STAT3 signalling genes” are largely upregulated relative to 

normal brain tissue (NB). 37 of the 47 differentially expressed “STAT3 signalling genes” 

between SEN/SEGA and NB are upregulated. Less “STAT3 signalling genes” are upregulated 

within the TUB and NB. Of these 13 genes, 12 are upregulated in TUB relative to NB. 

Expression of “STAT3 signalling genes” appears less dysregulated within the renal AML 

lesions relative to normal kidney tissue (figure 5.4 C)., with 10 differentially expressed genes. 

Of those 6 are upregulated. The volcano plots in figure 5.5 show expression of “STAT3 

signalling genes” is also largely upregulated upon loss of TSC2 within AML (volcano plot A) 

and MEF (volcano plot B) cells. With the AML lines (cultured under normoxia) 26 of the 41 

significantly differentially expressed “STAT3 signalling genes” are upregulated within TSC2 

−/− AML cells relative to AML cells in which TSC2 has been re-expressed. Within the MEF 

lines, 23 of the 33 significantly differentially expressed “STAT3 signalling genes” are 

upregulated within Tsc2 −/− MEF cells relative to Tsc2 +/+ MEF cells. Therefore, if the protein 

expression data reflects what is seen within transcriptomic data, TSC cells within lesions and 

TSC2 deficient cells may be propagating their own STAT3 signalling, through increased 

expression of STAT3 stimulatory cytokines for example. 
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Figure 5.4. Genes encoding constituents of the STAT3 signalling cascade, STAT3 

activating cytokines/growth factors and their cognate receptors are dysregulated 

within TSC associated lesions. Differential gene expression (DEG) comparison is annotated 

above each plot. Volcano plots were generated from previously published RNA sequencing data 

which Prof. Jeffrey MacKeigan kindly gave us access to. These data sets compare gene expression 

of donated TSC patient tumours samples versus non-TSC healthy tissue samples. In this case 

SEN/SEGA (Subependymal nodules/ Subependymal giant cell astrocytomas) (N=15) versus normal 

brain (N=8) (A), TUB (cortical tubers) (N=15) versus normal brain (N=8) (B) or renal AML (N=11) 

versus normal kidney (N=3) (C). See Martin et al. (2017) for methods on sample collection, data 

collection and DEG analysis. p-values from differential gene expression (DEG) analysis were 

corrected for multiple testing and false discovery by FDR method. Log2 transformed fold change in 

expression of genes was plotted against their -log10 transformed FDR adjusted p-values. Dotted 

lines at x axis represent increase or decrease in foldchange of 2 or -2 respectively. Dotted line at y 

axis represents significance threshold of 0.05. 
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5.2.3 STAT3 inhibitors in combination with rapamycin are more effective than each 

inhibitor alone in repressing STAT3 signalling related genes. 

Following the finding that STAT3 signalling related genes were dysregulated between TSC2 

deficient and TSC2 RE AML cells, the next aim of the present work was to examine how 

mTORC1 or STAT3 inhibition may alter gene expression of the STAT3 gene targets assayed 

in figure 5.3. Rapamycin was employed to inhibit mTORC1. Whilst FLLL31 and C188-9 were 

used to inhibit STAT3. STAT3 inhibitors were used as single drug treatments and then in 

combination with rapamycin. 

mRNA expression of STAT3 target genes is graphed in figure 5.6, including STAT3, IL6R, 

SOCS3, PIAS3 and IL6. In general, neither of the STAT3 inhibitor alone was sufficient to 

markedly change the expression of assayed STAT3 target genes. However, C188-9 treatment 

significantly downregulated the expression of STAT3 mRNA and interestingly upregulated IL6 

Figure 5.5. Genes encoding constituents of the STAT3 signalling cascade, STAT3 

activating cytokines/growth factors and their cognate receptors are dysregulated 

upon loss of TSC2 in AML and MEF cells. Volcano plots were generated from two separate 

RNA sequencing experiments conducted through Wales Gene Park, comparing either AML TSC2 

−/− and TSC2 RE (re-expressed) (N=6) cells (A) or MEF Tsc2−/− and TSC2 WT cells (N=3) (B). 

Expression levels were calculated and normalised from raw read counts as RPKM (Reads per 

Kilobase exon Model per million mapped reads). p-values from differential gene expression (DEG) 

analysis were corrected for multiple testing and false discovery by FDR method. Log2 transformed 

fold change in expression of genes (TSC2 deficient cells against TSC2 RE for AMLs or Tsc2 WT for 

MEFs) was plotted against their -log10 transformed FDR adjusted p-values. Dotted lines at x axis 

represent increase or decrease in foldchange of 2 or -2 respectively. Dotted line at y axis represents 

significance threshold of 0.05. 
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mRNA expression. FLLL31 alone, was ineffective at significantly affecting the expression of 

these known STAT3 regulated genes. mTORC1 inhibition, with rapamycin treatment, was 

observed to significantly downregulate STAT3, IL6R and PIAS3 gene expression compared 

to the vehicle (DMSO) only control. Assuming these genes are still STAT3 driven within the 

context of TSC, then this effect could be due to a reduction in pS727 STAT3 (a known 

mTORC1 regulated phosphorylation site). It is known phosphorylation of STAT3 at S727 is 

required alongside phosphorylation at Y705 for fully transcriptionally active STAT3 (Wen et al. 

1995). Furthermore, Dodd et al. (2015) demonstrated in the context of TSC that mTORC1 

drives the transcription of HIF1A by directly phosphorylating STAT3 at S727. As seen in figure 

5.6, IL6 expression is substantially upregulated by treatment with C188-9 (fold change of 105). 

This marked foldchange of IL6 gene expression might result from the relative increase of 

unphosphorylated STAT3 within the cell after C188-9 treatment. As it was observed that 

unphosphorylated STAT3 was able to drive expression of a subset of STAT3 regulated genes, 

including IL6 (Yang et al. 2005 and Yang et al. 2007).  

 

Directly inhibiting mTORC1 and STAT3 together, was found to be more effective at 

downregulating the expression of assayed genes in the TSC2 deficient AML cells (figure 5.6).. 

Rapamycin in combination with C188-9 significantly downregulated STAT3, IL6R, SOCS3 and 

PIAS3 expression compared to the vehicle control and also to C188-9 alone in the case of 

IL6. One way ANOVA analysis reported significant overall differences in the expression of 

STAT3, IL6R and IL6 between rapamycin, C188-9 and rapamycin + C188-9 treatments, but 

not for SOCS3 or PIAS3. However, student’s t tests reported the difference in the expression 

of SOCS3 between rapamycin + C188-9 vs rapamycin treatments alone as being significant. 

Rapamycin in combination with FLLL31 significantly downregulated STAT3, IL6R and PIAS3 

expression compared to vehicle only control. One way ANOVA analysis showed significance 

in differences between STAT3 mRNA expression after treatment with rapamycin, FLLL31 and 

combined treatment with rapamycin and FLLL31 when compared to vehicle only control. Less 

stringent statistical analysis by student’s t tests reported significance in expression of IL6R 

and PIAS3 when comparing the combined treatment with rapamycin and FLLL31 versus the 

single drug treatment with FLLL31. Overall, efficacy of STAT3 inhibitors and rapamycin at 

significantly downregulating genes assayed appears to be greater with combination of drug 

treatments, perhaps due to repression of not only STAT3’s S727 phosphorylation site by 

rapamycin, but also the Y705 phosphorylation site by either C188-9 or FLLL31.  
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5.2.4. mTORC1 and STAT3 inhibition alter the amount of active nuclear STAT3 in TSC2 

deficient cells, but differentially between the AML and MEF cell lines. 

As protein markers of STAT3 activity were found to be elevated upon loss of TSC2, the next 

aim of the present chapter was to assay whether this indication of increased STAT3 activity 

was reflected by an elevated level of STAT3 DNA binding. Figure 5.7 shows the results of 

experiments using the TransAM® STAT3 ELISA from Active motifs. These ELISA plates are 

coated in immobilised oligonucleotides containing STAT3 consensus sequences and 

therefore capture the transcriptionally active pool of STAT3 that can bind DNA in nuclear 

extracts. As expected from the increased presence of phosphorylated STAT3 at S727 and 

Y705 in TSC2 deficient AML cells observed in figure 5.1 (A), the total amount of DNA bound 

STAT3 (nuclear active STAT3) is significantly higher in TSC2 deficient AML cells when  

Figure 5.6. qPCR reveals STAT3 and mTORC1 inhibition modulate dysregulated 

STAT3 signalling related genes within TSC2 deficient AML cells. TSC2 deficient AML 

cells were cultured for 18 h in the presence of either DMSO, rapamycin (RAP) at 50 nM, C188-9 at 

30 µM or FLLL31 10 µM alone or in combination before being lysed. Through qPCR, expression of 

target genes was quantified (N=3 minimum). Fold change in expression was calculated compared 

to a designated reference sample, in this TSC2 deficient AML cells treated with vehicle (DMSO). 

Fold changes of target genes in samples were normalised to the housekeeping gene IPO8. 

Significance annotations above each bar on graph indicates significance of difference in foldchange 

between each condition and the reference sample (DMSO). Statistical analysis of differences in 

foldchange (N=3 minimum) was by student’s t test. Significance denoted by: * = p <0.05, ** = p 

<0.01, *** = p< 0.001, NS = not significant. Bars represent standard error of the mean.   
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compared to the TSC2 RE AML cells (figure 5.7 A). Treatment of TSC2 deficient AML cells 

with rapamycin, didn’t reduce nuclear active STAT3 relative to the vehicle only (DMSO) 

control, instead was observed to significantly increase nuclear active STAT3 (figure 5.7 B). 

Whilst within the TSC2 deficient AML cells, the STAT3 inhibitors C188-9 and FLLL31 had 

opposing effects. C188-9 significantly reduced nuclear DNA bound STAT3, whilst FLLL31 

surprisingly increased nuclear DNA bound STAT3 relative to the control. The opposing effects 

of C188-9 and FLLL31 on the amount of nuclear active STAT3 may reflect differences in drug 

Figure 5.7. Loss of TSC2 increases active nuclear STAT3 within AML cells, whilst 

mTORC1 and STAT3 inhibition differentially effect the amount of nuclear active 

STAT3 within the TSC2 deficient human and murine cell lines. TSC2 deficient (−/−) and 

TSC2 RE cells were cultured overnight (A) or TSC2−/− AML (B) and Tsc2 −/− MEF (C) cells were 

cultured in vehicle (DMSO), rapamycin (RAP) at 50 nM, C188-9 at 30 µM or FLLL31 at 5 µM for 16 

h. Concentrated nuclear lysates were then generated and amount of DNA binding STAT3 (nuclear 

active STAT3) present in these extracts were assayed using Active Motifs TransAM® STAT3 ELISA. 

Graph A plots foldchange in nuclear active STAT3 of TSC2 −/− cells compared to STAT3 TSC2 RE 

cells (N=7). Graphs B and C plot foldchange in nuclear active STAT3 in treatment conditions 

compared to vehicle control (DMSO) (N=3). Significance annotations above each bar on graphs B 

& C indicates significance of difference in foldchange between each condition and the vehicle control 

(DMSO). Statistical analysis of differences in foldchange (A N=7, B and C N=3) was by student’s t 

test. Significance denoted by: * = p <0.05, ** = p <0.01, *** = p< 0.001, NS = not significant. Bars 

represent standard error of the mean. 
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action on how they repress STAT3 activation in cells. mTORC1 and STAT3 inhibition in the 

Tsc2 deficient MEF cells yielded different results (figure 5.7 C). The trend was for mTORC1 

and STAT3 inhibition to reduce nuclear DNA bound STAT3. Statistical analysis showed that 

only FLLL31 treatment caused a significant reduction in nuclear DNA bound STAT3. As with 

the RNA sequencing analysis in section 5.2.3, these findings highlight there are distinct 

differences in aspects of STAT3 signalling and responsiveness to drug treatment in both the 

MEF and AML cell lines. 

 

5.2.5 The STAT3 driven transcriptome is dysregulated within TSC associated lesions 

and TSC2 deficient cells. 

STAT3 target gene expression was also assayed on a transcriptomic level within RNA 

sequencing data sets previously utilised within chapter 4. Numerous studies have identified 

hundreds of experimentally validated STAT3 target genes (Mirzaei et al. 2021), with many 

more predicted based on presence of STAT3 binding consensus sequences within gene 

promoters. Therefore, the STAT3 target gene set used within the current work was manually 

compiled from well characterised STAT3 target genes and chromatin immunoprecipitation 

sequencing studies within the literature (see material and methods).   

DEG analysis of RNA sequencing data comparing TSC lesions to non-TSC tissue, reveals 

many STAT3 target genes are differentially expressed in TSC associated lesions. This is most 

pronounced between SEN/SEGA lesions and non-TSC brain tissue, as shown by the volcano 

plot A in figure 5.8 and table 5.1. Over 66% of genes (138/207) within the STAT3 target gene 

set were significantly differentially expressed. Of those 138 significantly differentially 

expressed genes, 81 were upregulated and 57 were downregulated in SEN/SEGAs relative 

to normal brain tissue. As seen from table 5.1, and shown by volcano plots in supplemental 

figure S.5.1, far less genes within the STAT3 target gene set were dysregulated between 

cortical tubers/renal AML lesions and non-TSC tissue. 53 STAT3 target genes were 

significantly dysregulated within cortical tuber lesions, 36 upregulated and 17 downregulated, 

relative to normal brain tissue. 36 STAT3 target genes were significantly dysregulated within 

renal AML lesions, 16 upregulated and 21 downregulated. It should be quickly noted that 

expression was not detectable for all genes within the 214 gene STAT3 target gene set. 

Therefore, total number of detectable genes per comparison differs, as listed in table 5.1. 

As with the TSC associated lesions, especially the SEN/SEGAs, AML cells deficient in TSC2 

showed dysregulated expression for majority of genes within the STAT3 target gene set. As 

can be seen from volcano blot B in figure 5.8. DEG analysis within the AML cell line RNA seq 

data reveals that over 71% of genes (124/174) within the STAT3 target gene set were 

significantly differentially expressed between TSC2 −/− and TSC2 RE AML cells. Of those 174  
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Figure 5.8 Expression of STAT3 target genes are dysregulated in SEN/SEGA TSC 

lesions and within AML and MEF cells upon loss of TSC2. Differential gene expression 

(DEG) comparison is annotated above each plot. Volcano plot A was generated from previously 

published RNA sequencing data which Prof. Jeffrey MacKeigan gave us access to. This data set 

compares gene expression of donated TSC patient tumours samples versus non-TSC healthy tissue 

samples. In this case SEN/SEGA (Subependymal nodules/ Subependymal giant cell astrocytomas) 

(N=15) versus normal brain (N=8). See Martin et al. (2017) for methods on sample collection, data 

collection and DEG analysis. Volcano plots B and C were generated from RNA sequencing data, 

comparing either AML TSC2 deficient and TSC2 RE (re-expressed) cells cultured under either 

normoxia (21% O2) or hypoxia (1% O2) (N=6). Volcano plot D was generated from RNA sequencing 

data comparing MEF Tsc2 −/− and Tsc2 +/+ (N=3) cells. RNA sequencing for volcano plots B, C 

and D was conducted through Wales Gene Park and expression levels were calculated and 

normalised from raw read counts as RPKM (Reads per Kilobase exon Model per million mapped 

reads) with DEG analysis generated through DEseq2 analysis and resulting p-values were corrected 

for multiple testing and false discovery by FDR method. For all volcano plots Log2 transformed fold 

change in expression of genes was plotted against their -log10 transformed FDR adjusted p-values. 

Dotted lines at x axis represent increase or decrease in foldchange of 2 or -2 respectively. Dotted 

line at y axis represents significance threshold of 0.05. Genes annotated had a Log2 fold change in 

expression greater or lower than 2 or -2 (i.e., fourfold higher or lower in expression) respectively and 

an -log10 adjusted p-value greater than 3 (i.e., below 0.001 significance threshold). 
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significantly differently expressed genes, 73 were upregulated and 51 were downregulated in 

TSC2 −/− AML cells relative to AML cells in which TSC2 was re-expressed. As shown by 

volcano plot C in figure 5.8, hypoxia does appear to affect STAT3 target gene expression 

within the TSC2 −/− AML cells.  As over 50% of genes (89/176) within the STAT3 target gene 

set are significantly differentially expressed between TSC2 −/− AML cells cultured under 

normoxia (21% O2) and hypoxia (1%O2). With 40 genes upregulated and 49 genes 

downregulated in TSC2 −/− AML cells cultured under hypoxia relative to those cultured under 

normoxia. However, as listed in table 5.1. Majority of those differentially expressed genes have 

Log2 foldchanges between -1 and 1. Indicating that oxygen availability doesn’t result in large 

sweeping changes to the STAT3 driven transcriptome within TSC2 −/− AML cells. With the 

murine TSC cell model, the STAT3 driven transcriptome appears less dysregulated between 

Tsc2 −/− and Tsc2 +/+ MEFs than between the AML cell lines (volcano plot D, figure 5.8). 

Over 50% of the genes (89/176) within the STAT3 target gene set are still differentially 

expressed however. With 33 genes upregulated and 40 downregulated within the Tsc2 −/− 

MEF cells relative to Tsc2 +/+ MEF cells. However, comparatively less genes of those 
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significantly differentially expressed STAT3 target genes show Log2 foldchanges >1 or <-1. 

Despite protein markers of STAT3 activity being elevated within both AML and MEF cell 

(figures 5.1 and 5.2). Regardless, STAT3 mediated transcription appears dysregulated upon 

TSC2 loss in both AML and MEF cell lines, reflecting the dysregulated STAT3 mediated 

transcriptome observed in the clinically relevant SEN/SEGAs. 

As shown in the heat map in figure 5.9, in which fold change in expression of STAT3 target 

genes that were significantly differentially expressed between TSC2 −/− and TSC2 RE AML 

cells (under either normoxia and hypoxia) and between at least one TSC lesion and 

corresponding non-TSC tissue, are displayed. The number of such genes 116, representing 

more than half the genes in the STAT3 target gene set. These STAT3 target genes 

dysregulated in common between TSC2 deficient AML cells and TSC lesions are listed in table 

5.2. Figure 5.9 does highlight however that there are variations in expression patterns of those 

genes among TSC associated lesions relative to their non-TSC tissue controls and crucially 

to this in vitro work, between TSC associated lesions and cellular models of TSC. Comparing 

the direction of fold changes (upregulated or downregulated) in STAT3 target genes between 

the TSC2 −/− vs TSC2 RE AML cells and SEN/SEGA vs NB data sets. With SEN/SEGA vs 

NB chosen for this comparison as this lesion data set is the one in which the most STAT3 

target genes were differentially expressed. There are 85 significantly differentially expressed 

STAT3 target genes in common between both the TSC2 −/− vs TSC2 RE AML cells 

(normoxia) and SEN/SEGA vs NB data sets. Of these 85 genes, 49 are differentially 

expressed in the same direction (e.g., upregulated in both data sets), whilst 36 are differentially 

expressed in a different direction (e.g., upregulated in one data set, but downregulated in the 

other) between the two data sets. As for AML cells cultured under hypoxia, there are 90 

significantly differentially expressed STAT3 target genes in common between both the TSC2 

−/− vs TSC2 RE AML cells and SEN/SEGA vs NB data sets. Of these 90 genes, 48 are 

differentially expressed in the same, whilst 42 are differentially expressed in a different 

direction between the two data sets. Therefore TSC2 −/− cells cultured under hypoxia, are by 

in large, not more representative of the expression patterns observed in SEN/SEGA for STAT3 

target genes.  

Lastly, when comparing the Tsc2 −/− vs Tsc2 +/+ MEF cells to the SEN/SEGA vs NB data 

sets. There are 49 significantly differentially expressed STAT3 target genes in common 

between both the Tsc2 −/− vs Tsc2 +/+ MEF cells to the SEN/SEGA vs NB data set. Many 

less genes relative to the AML cells. Of those 49 genes, 21 are differentially expressed in the 

same direction, whilst 28 are differentially expressed in a different direction between the two 

data sets. The Tsc2 −/− MEF cells therefore appear less representative of the dysregulated 

STAT3 driven gene expression seen in SEN/SEGA lesions than the TSC2 −/− AML line. At 
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least for the genes assayed. Given the human and TSC patient origin of the AML lines, this is 

largely expected. These comparisons highlight that whilst STAT3 target gene expression 

appears dysregulated in both TSC lesions and TSC cell models, the TSC2 deficient AML or 

MEF cells are not wholly representative of STAT3 driven transcriptome observed in patient 

lesions. 
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Figure 5.9 STAT3 target gene set is differentially expressed between TSC tumour 

types, human and murine cell models lines of TSC. Panels A and B belong to the same 

heatmap comparing fold change in expression of STAT3 target genes between either a TSC lesion 

and healthy tissue or a TSC2 deficient cell line with a TSC2 re-expressed (RE) (AML) or Tsc2 +/+ 

(MEF) cell line. STAT3 target genes selected for the heatmap are those which are significantly 

differentially expressed between the TSC2 −/− and TSC2 RE cell lines (under either oxygen 

conditions) and between at least one TSC lesion and healthy tissue. Differential gene expression 

(DEG) comparison is annotated above each column and the oxygen conditions, 21% O2 (normoxia) 

or 1% O2 (hypoxia), cell lines were cultured under is also denoted. White spaces within columns 

indicate that gene’s expression was not detectable in that data set. Gene names are shown on the 

right of the heatmap. It should be noted these data sets are distinct and generated differently from 

one another (see methods and materials section). SEN/SEGA = subependymal 

nodule/Subependymal giant cell astrocytomas, NB = normal brain, TUB = TSC tuber, RA = renal 

angiomyolipoma, NK = normal kidney. 
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Table 5.2. Many STAT3 target genes expression is dysregulated in both TSC lesions and 
in TSC2 deficient AML cells. STAT3 target genes below are those whose foldchange in expression 

between a lesion and its matched non-TSC tissue, or between TSC2 deficient AML cells and TSC2 
expressed AML cells, were found significant. 

Dysregulated in 
TSC lesions only 

Dysregulated in 
cells only 

Dysregulated in both cells and at least 
one TSC lesion. 

ADAM15 NF1 BATF S1PR1 ADAM23 ECT2 MCM6 RBFOX2 

ADAM8 NOS2 BATF2 SOX13 AKT1 EPHB2 MDM2 RORA 

ANXA2 NPY2R CCNA1 SRFBP1 ANGPTL2 ESR1 MMP2 RORC 

BMP8A PEG3 CCND1 TSG101 API5 FADD MUC1 SIAH2 

CCND2 POU2F1 CCND3 
 

ARHGEF1 FAS MYC SMAD5 

CDH10 RAG1 CD22 
 

ATF1 FGF1 MYO5A SMAD7 

CDH2 ROS1 CDC25A 
 

ATF2 FGF2 NAV1 SMAD9 

CDH22 SEMA3G CDK1 
 

BAG4 FOS NCAM2 SOCS3 

CEBPA SMAD1 CDON 
 

BCL2 FOXD2 NDRG3 SOX6 

CTNNA2 SOX11 CLN6 
 

BCL2L1 FOXO1 NFKB1 SPTBN2 

CTNND2 SOX2 CRTAM 
 

BCL3 FOXO3 NFKB2 STAT3 

DNMT3A TLR6 DNMT1 
 

BIRC5 FSCN1 NOTCH2 STMN1 

FGFR1 TNF FGF7 
 

BMP4 GATA6 PAXIP1 TCF12 

FGFR1 TNFRSF1B FOSL2 
 

BRCA1 GBP1 PCNT TEK 

FGL2 USP9X GRB10 
 

BRCA2 GTF2H2 PDGFA TENM3 

FLT3 
 

HSP90AA1 
 

CADM4 HDAC4 PDIK1L TGFB1 

GABRA5 
 

IL1B 
 

CALM3 HGF PECAM1 TGFB2 

IGF2R 
 

IL6 
 

CAMK2D HIF1A PEG10 TGFBR3 

IGHMBP2 
 

ITGA11 
 

CASP7 HSP90AB1 PIAS3 TIMP1 

IL10 
 

JAK2 
 

CASP9 HSPA1A PIK3R1 TNC 

IL23A 
 

LRMP 
 

CCL5 ICAM1 PIM2 TNFRSF1A 

IL23A 
 

MCM2 
 

CCNA1 IFNLR1 PORCN TP53 

INSM1 
 

MCM7 
 

CDH1 IFRD1 PRKACA TWIST1 

IRF4 
 

MMP1 
 

CDKN1A IL6R PRKCE TXK 

JUNB 
 

MMP3 
 

CEBPG IRF6 PTGS2 VAV2 

LTBP1 
 

NOTCH4 
 

CREB1 ITGB4 PTK2 VEGFA 

MOBP 
 

PAWR 
 

CSF1 ITGB6 RAMP3 VIM 

NCAM2 
 

PIM1 
 

CTSC JUN RASA3 XBP1 

NDN  RHOU 
 

DZIP1 MCL1 RB1 ZEB1 
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5.2.6. Phospho-markers of active STAT3 signalling fluctuate in TSC2 deficient AML and 

MEF cells over the course of C188-9 and FLLL31 treatment. 

Following on from section 5.3.4, whereby inhibiting STAT3 with either C188-9 or FLLL31 

produced opposing effects on nuclear accumulation of STAT3 within TSC2 deficient AML cells 

(figure 5.7 B), which wasn’t reproduced in the Tsc2 −/− MEF cells (figure 5.7 C), the effects of 

these inhibitors on markers of STAT3 activity over time within the two TSC2 deficient cell lines 

was assayed. As can be seen from the blot panels and densitometry plots in figures 5.10 and 

5.11, neither treatment with C188-9 or FLLL31 consistently repress the levels of 

phosphorylated STAT3 and JAK2 (pSTAT3 Y705, pSTAT3 S727 and pJAK2 Y1007/1008) 

throughout course of treatment in either cell line. Instead, not only do the relative amounts of 

these markers compared to the DMSO control tend to fluctuate over time with C188-9 or 

FLLL31 treatment, but the efficacy of these inhibitors at the concentrations used to repress 

each phospho-marker differs between cell lines.  

As seen in figure 5.10 and 5.11, phosphorylation of STAT3 at Y705 is almost entirely abolished 

at 0.5 h in TSC2 deficient AML and MEF cells treated with either C188-9 or FLLL31. It was 

observed that pY705 STAT3 started to recover under both C188-9 and FLLL31 treatments in 

both cell lines. By 8 h of C188-9 treatment in the AML line (figure 5.10 B) and 16 h in the MEF 

line (figure 5.11 B), the relative amount of pSTAT3 Y705/DMSO had enhanced to a level that 

was comparable to the DMSO control. As seen by blots for pSTAT3 Y705, at a longer duration 

of treatment with C188-9 at 24 h in both TSC2 deficient cell lines, pSTAT3 Y705 was markedly 

reduced. This shows that C188-9 treatment has a bi-phasic drug response in both cell lines. 

Unlike with C188-9 treatment, densitometry analysis found at 24 h of FLLL31 treatment in both 

TSC2 deficient cell lines (figures 5.10 B and 5.11 B), pSTAT3 Y705/STAT3 had enhanced to 

a level similar to the DMSO control. Despite the blots within the AML line showing a decreased 

level of pSTAT3 Y705 at 24 h (figure 5.10 A). For longer term inhibition of STAT3 

phosphorylation at Y705, C188-9 does appear the more effective STAT3 inhibitor. These 

findings imply a difference in the sensitivity to STAT3 inhibition through FLLL31 and C188-9 

between the AML and MEF models of TSC.  

The relative amount of pJAK2 Y1007/1008 in both TSC2 deficient cell lines isn’t immediately 

repressed in either cell line, by either FLLL31 or C188-9. As seen by the blot panels, only after 

4 h was FLLL31 treatment effective at blocking pJAK2 Y1007/1008 (figures 5.10 A and 5.11 

A), which is surprising given that FLLL31 targets not only the SH2 domain of STAT3 but also 

JAK2 (Lin et al. 2010). Densitometry analysis found a longer duration of C188-9 treatment, 8 

h, to reduce pJAK2 Y1007/1008/ACTB in both cell lines (figures 5.10 B and 5.11 B). It is 

therefore evident, that within TSC2 deficient cells both STAT3 inhibitors require a longer 

treatment duration to establish a steady inhibition of the JAK2/STAT3 pathway. 
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Figure 5.10. FLLL31 and C188-9 differ in their ability to repress phospho-markers of 

active mTORC1 and STAT3 pathways over time in TSC2 deficient AML cells. TSC2 

deficient AML cells were treated with either vehicle (DMSO), C188-9 (30 µM) or FLLL31 (10 µM). 

Cells treated with DMSO (control) were lysed at time 0 h, whilst C188-9 and FLLL31 treated cells 

were lysed at the time indicated. Protein lysates were then assayed through western blotting (panel 

A) (N=3 minimum), with β-actin acting as a loading control. Densitometry analysis of resulting 

western blots (N=3 minimum) (B & C) was performed, phosphorylated STAT3 was normalised to 

total STAT3 and phosphorylated JAK2, rpS6 & 4E-BP1 were normalised to β-Actin. Resulting ratios 

were then expressed as fold changes compared to DMSO control and plotted, to show change in 

fold change during treatment time in respect to the control. Dotted line on graphs represents DMSO 

control fold change, i.e., 1.00.  Bars represent standard error of the mean. Predicted running band 

size (kDa) of protein targets can be found in chapter 2, table 2.6. 
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Figure 5.11. FLLL31 and C188-9 differ in their ability to repress phospho-markers of 

active mTORC1 and STAT3 pathways over time in Tsc2 −/− MEF cells. Tsc2 −/− MEF 

cells were treated with either vehicle (DMSO), C188-9 (30 µM) or FLLL31 (10 µM). Cells treated 

with DMSO (control) were lysed at time 0 h, whilst C188-9 and FLLL31 treated cells were lysed at 

the time indicated. Protein lysates were then assayed through western blotting (panel A) (N=3 

minimum, with β-actin acting as a loading control. Densitometry analysis of resulting western blots 

(N=3 minimum) (B) was performed, phosphorylated STAT3 was normalised to total STAT3, 

phosphorylated JAK2 and rpS6 were normalised to β-Actin. Resulting ratios were then expressed 

as fold changes compared to DMSO control and plotted, to show change in fold change during 

treatment time in respect to the control. Dotted line on graphs represents DMSO control fold change, 

i.e., 1.00. Bars represent standard error of the mean. Predicted running band size (kDa) of protein 

targets can be found in chapter 2, table 2.6. 
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Over the treatment time, FLLL31 doesn’t significantly reduce the level of pSTAT3 S727 in 

either cell line. Treatment with C188-9 was much more effective at later time points, causing 

a marked reduction in pSTAT3 S727. Densitometry analysis reveals reduction in levels of 

pSTAT3 S727/STAT3 relative to the DMSO control was not immediate (figures 5.10 B and 

5.11 B). Occurring after 1 h in the MEF line and 4 h in the AML line. This suggests C188-9 

isn’t directly inhibiting this phospho-site. Which is consistent with how C188-9 targets STAT3, 

by binding the phosphotyrosine (pY) peptide binding site (Xu et al. 2009 and Redell et al. 

2011), whilst the S727 site is located within the transactivation domain (Mishra et al. 2021). 

Instead, C188-9 may target the kinases responsible for phosphorylating STAT3 at S727, of 

which mTORC1 is one (Yokogami et al. 2000).  

Consistent with the idea that C188-9 may be inhibiting mTORC1 is that C188-9, but not 

FLLL31, decreases the levels of phosphorylated rpS6 within both AML and MEF cell lines over 

the course of treatment (figures 5.10 A/C and 5.11 A/B). Phosphorylation of rpS6 at S235/236 

is a marker of increased mTORC1 activity (Magnunson et al. 2012), as mTORC1 signalling 

activates rpS6’s kinase; S6K1. In the AML line p-rpS6 (S235/236)/ACTB decreases 

immediately at 0.5 h of C188-9 treatment, remaining at a similar level throughout the course 

of treatment (figure 5.10 A/C). Whereas in the MEF line the level of p-rpS6 (S235/236)/ACTB 

decreases after 1 h, and then further decreases over the course of treatment (figures 5.11 

A/B). At 1 h, the difference in the relative amount of p235/236 rpS6 between the C188-9 

treated AML and MEF line is statistically significant (FC = 0.54 vs 1.19, p = 0.0186). This 

finding suggests that C188-9 may directly inhibit mTORC1 in TSC2 deficient AML cells, but 

indirectly in Tsc2 −/− MEF cells. Given the unexpected action of C188-9 to repress 

phosphorylation of rpS6. The effect of C188-9 treatment on 4E-BP1 phospho-markers of 

mTORC1 activity was assayed within the TSC2 deficient AML cell line. Shown in figure 5.10 

(A). As was the case with rpS6 phosphorylation, C188-9 treatment decreased the levels of 

both p4E-BP1 (T37/40) and p4E-BP1 (P65). As shown by the densitometry analysis (figure 

5.10 C). Levels of p4E-BP1 (T37/40) decreased immediately on C188-9 treatment (0.5 h), 

reaching the lowest of point at 2 h. A complete N of 3 was not gathered for p4E-BP1 (P65) on 

C188-9 treatment, and therefore densitometry analysis was not performed. The decrease in 

not only rpS6 phosphorylation but that of 4E-BP1 on C188-9 treatment does indicate C188-9 

is likely inhibiting mTORC1. 
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5.2.7. Long term treatment of TSC2 deficient AML and MEF cells with rapamycin results 

in contrasting effects on S727 and Y705 phosphorylation of STAT3 

Rapamycin is known to impact the mediators of the immune response (Arriola et al. 2016), 

generally depressing the immune system which was the rational for its use an 

immunosuppressant (Chang et al. 1991). In healthy individuals STAT3 is involved in regulating 

many normal immune and inflammatory processes within the body, but is also heavily 

implicated in driving pathogenesis in many cancers (Villarino et al. 2015); including through 

cross talk with the mTORC1 pathway (Wang et al. 2020a, He et al. 2014 and Morelli et al. 

2021). Within the context of TSC, mTORC1 has been shown to promote STAT3 driven 

transcription of HIF1A through phosphorylating STAT3 at the S727 site (Dodd et al. 2015). 

From our previous findings, rapamycin treatment decreased STAT3 driven gene expression 

(section 5.2.3), especially in concert with C188-9, but increased nuclear accumulation of 

STAT3 (section 5.2.4). Given these opposing effects of rapamycin on two measures of active 

STAT3 signalling, how long term rapamycin treatment affected the phospho-markers of active 

STAT3 in the AML and MEF cell models of TSC was assayed. 

Consistent with how phospho-markers of mTORC1 activity differ in their sensitivity to 

rapamycin, control blots (figure 5.12 A) of phosphorylated rpS6 and 4E-BP1 indicate 

rapamycin is inhibiting mTORC1 as predicted over long term treatment. That is rapamycin 

treatment results in rapid repression of mTORC1 regulated phosphorylation events: rpS6 

phosphorylation at S235/236, 4E-BP1 phosphorylation and STAT3 phosphorylation at S727. 

Repression of these mTORC1 regulated sites was maintained over the 72 h duration of 

rapamycin treatment in both TSC2 deficient lines. Phosphorylation of 4E-BP1 at T37/40 was 

much more resistant to rapamycin treatment, as seen in by densitometry analysis (figure 5.12 

C), which has been previously reported (Choo et al. 2008). These blots confirm mTORC1 

inhibition via rapamycin is consistent throughout the time course of treatment.  

Over the entire course of treatment rapamycin did not significantly affect total STAT3 protein 

relative to the control in either the TSC2 deficient AML or MEF cell lines (by densitometry 

analysis, N=3). As seen by the blot panels and accompanying densitometry plots in figure 5.12 

(B), in both cell lines rapamycin treatment substantially increased the relative amount of pY705 

STAT3 compared to the DMSO control. pY705 STAT3/STAT3 initially peaked at 2 h of 

rapamycin treatment for both cell lines and then reached a maximum at 16 h for the AML line 

and 24 h for the MEF lines. However, differences in the relative amount of pY705 STAT3 

compared to the control between AML and MEF cell lines at 16 h and 24 h was not found to 

be significant. The relative amount of pY705 STAT3 doesn’t increase in either cell line until 

after 1 h, which suggests this is a secondary effect of rapamycin treatment. Potentially through 

upregulating expression of an activatory protein that increases pY705 STAT3 in an autocrine  
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Figure 5.12. Long term treatment of TSC2 deficient AML and MEF cells with 

rapamycin results in contrasting effects on S727 and Y705 phosphorylation of 

STAT3. Either TSC2 deficient AML or MEF cells were treated with either vehicle (DMSO) or 

rapamycin (50 nM). Cells treated with DMSO (control) were lysed at time 0 h, whilst C188-9 and 

FLLL31 treated cells were lysed at the time indicated. Protein lysates were then assayed through 

western blotting (panel A) (N=3 minimum), with β-actin acting as a loading control. Densitometry 

analysis of resulting western blots (N=3 minimum) (B & C) was performed, phosphorylated STAT3 

was normalised to total STAT3 and phosphorylated JAK2, rpS6 and 4E-BP1 were normalised to β-

Actin. Resulting ratios were then expressed as fold changes compared to DMSO control sample 

and plotted, to show change in fold change during treatment time in respect to the control. Dotted 

line on graphs represents DMSO control sample fold change, i.e., 1.00.  Bars represents standard 

error of the mean. Predicted running band size (kDa) of protein targets can be found in chapter 2, 

table 2.6. 



206 

 

manner. As seen from the blot panels in figure 5.12 (A), rapamycin results in immediate 

repression of phosphorylation of STAT3 at S727 in the MEF cells, and after 2 h in the AML 

cells. From the blots, pS727 remains low throughout rapamycin treatment course. However, 

when pS727 is normalised to total STAT3, the plots of the densitometry (figure 5.12 B) show 

pS727 fluctuates of time with rapamycin treatment. Especially in the MEF line, where the 

densitometry graph indicates phosphorylation of STAT3 at S727 is only repressed at time 2 

and 72 h. How true this observation is within the MEF line is questionable, as mTORC1 is 

known to phosphorylate STAT3 at S727 (Yokogami et al. 2000) and mTORC1 is consistently 

inhibited by rapamycin throughout the treatment time course. Although other kinases 

modulating S727 phosphorylation of STAT3 beyond the scope of this work cannot be ruled 

out. Additionally, for the MEF cell lines in this experiment, N2 pS727 and total STAT3 blots 

were of low quality and in general different from N1 and N3, potentially skewing the 

normalisation of pS727 to total STAT3. The relative amounts of pJAK2 (Y1007/1008) 

remained comparable to the control throughout the majority of rapamycin treatment (figures 

5.12 A and B). Increase in pY1007/1008 JAK2 at times 16 and 24 h with the MEF cell lines 

was not significant, nor was the change in pY1007/1008 JAK2 compared to the control at any 

other time aside from at 72 h in the MEF line. Therefore, treatment with rapamycin doesn’t 

appear to influence levels of pJAK2 (Y1007/1008) in either TSC2 deficient AML or MEF cells. 

In summary, mTORC1 inhibition through rapamycin does appear to affect STAT3 activity in 

TSC2 deficient cells at the level of phosphorylation markers, reflecting the observations that 

mTORC1 inhibition effects the DNA binding of STAT3 also. 

 

5.2.8 Co-treatment TSC2 deficient cells with rapamycin and C188-9 limits the elevation 

of pSTAT3 Y705 seen on rapamycin treatment alone. 

Treatment of either of the TSC2 deficient AML or MEF cell lines with rapamycin elevated levels 

of STAT3 phosphorylated at Y705 (Y705 pSTAT3) (figure 5.13). And within the TSC2 deficient 

AML cell line, rapamycin appeared to elevate the level of nuclear DNA bound STAT3 (figure 

5.7 B). Rapamycin therefore appears to have some undesirable effects on markers of STAT3 

activity. C188-9 treatment on the other hand largely repressed levels of pSTAT3 Y705 in TSC2 

deficient cells (figures 5.10. and 5.11). Therefore, the next aim of the present work was to 

assess, via western blotting, the effect of co-treating TSC2 deficient cells with both rapamycin 

and C188-9 on phosphorylation markers of STAT3 activity. In particular assessing if co-

treatment could control for increases in pSTAT3 Y705 observed when treating with rapamycin 

alone. Additionally, as C188-9 treatment appeared to decrease mTORC1 substrate 

phosphorylation. Whether co-treatment with both rapamycin and C188-9 further represses 

mTORC1 activity further than either inhibitor alone will be assayed. 
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As seen in figure 5.13 A, co-treatment with rapamycin and C188-9 decreases the expression 

of total STAT3 over time relative to the DMSO control within both the TSC2 deficient MEF and 

AML cells. As with C188-9 treatment of the TSC2 deficient AML line (figure 5.10 B), 

densitometry analysis found decreases in total STAT3 at later time points as not significant. 

However, blots for total STAT3 were consistent across biological repeats. As with rapamycin 

treatment and C188-9 treatment alone, co-treatment with C188-9 and rapamycin repressed 

phosphorylation of STAT3 at S727 (S727 pSTAT3) ((figure 5.13 A). With levels of S727 

Figure 5.13. Spike in levels of STAT3 phosphorylated at Y705 observed on rapamycin 

treatment is repressed by co-treatment with C188-9 within TSC2 deficient AML cells 

and reduced within Tsc2 −/− MEF cells. TSC2 deficient AML or MEF cells were treated with 

either vehicle (DMSO), or co-treated with C188-9 at 30 µM and rapamycin (RAP) at 50 nM. Cells 

treated with DMSO (control) were lysed at time 0 h, whilst C188-9 + RAP treated cells were lysed 

at the time indicated. Protein lysates were then assayed through western blotting (panel A) (N=3 

minimum), with β-actin acting as a loading control. Densitometry analysis of resulting western blots 

(N=3 minimum) was performed, phosphorylated STAT3 was normalised to total STAT3 for blots 

from TSC2 deficient MEF (B) and AML (C) cells. Resulting ratios were then expressed as fold 

changes compared to DMSO control and plotted, to show change in fold change during treatment 

time in respect to the control. Dotted line on graphs represents DMSO control fold change, i.e., 1.00.  

Bars represent standard error of the mean. Predicted running band size (kDa) of protein targets can 

be found in chapter 2, table 2.6. 
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pSTAT3 decreasing further over treatment time, being lowest at the end time point 48h. For 

blots of JAK2 phosphorylated at Y1007/1008 (pJAK2 1007/8), when normalising to β-actin 

during densitometry analysis, foldchanges in pJAK2 1007/8 during treatment time relative to 

the DMSO control were inconsistent. The trend within both TSC2 deficient cell lines was for 

levels of pJAK2 1007/8 to increase during later time points. As can be seen from the blots in 

figure 5.13 (A) and accompanying densitometry graphs (B and C), co-treatment with both 

rapamycin and C188-9, decreases the level of Y705 pSTAT3 over treatment time relative to 

rapamycin treatment alone. At the earlier timepoints (0.5-2h) within both TSC2 deficient cells 

lines, rapamycin and C188-9 co-treatment initially strongly decrease the level of Y705 

pSTAT3/STAT3.  Reaching a lowest level relative to the DMSO control with these earlier 

timepoints at 1 h for Tsc2 −/− MEF cells (graph B) (FC=0.15, p=0.0001) and at 0.5 h for TSC2 

deficient AML cells (graph C) (FC=0.26, p=0.0001). Within both TSC2 deficient cells lines, the 

level of Y705 pSTAT3/STAT3 relative to the DMSO control, starts to recover over time with 

rapamycin and C188-9 co-treatment (figure 5.13 B/C). As was the case C188-9 treatment 

alone. However, within the Tsc2 −/− MEF cells this increase is not as large as seen with 

rapamycin treatment alone. Reaching a maximum at 24 h. As with C188-9 treatment alone, at 

the later time points of rapamycin and C188-9 co-treatment, levels of Y705 pSTAT3/STAT3 

decrease again within the TSC2 deficient AML line, albeit at 24 h not 16 h. Reaching the lowest 

level relative to the DMSO control at the end timepoint, 48 h (FC=0.03, p=7.28x10-7). The 

reason for the differential response between the two TSC2 deficient cell lines to C188-9, in 

terms of level of phosphorylation of STAT3 at Y705 is unclear. However, in both TSC2 

deficient AML and MEF cells, co-treating with C188-9 limits the increase in Y705 pSTAT3 

seen when treating with rapamycin alone (figure 5.12). 

Figure 5.14 (A) shows the effect of rapamycin and C188-9 co-treatment on mTORC1 

substrates within TSC2 deficient AML and MEF cells. Within both cell lines rpS6 

phosphorylation at S235/236 decreases, as does both 4E-BP1 phosphorylation sites, over 

treatment time. Contrasting these blots with previous blots from long-term rapamycin 

treatment of both TSC2 deficient cells (figure 5.12). In neither AMLs or MEFs is the level of 

phosphorylation of rpS6 or 4E-BP1 lower on co-treating with C188-9 (figure 5.14 A).  Figure 

5.14 B shows graphs of densitometry analysis of levels of phosphorylated rpS6 and 4E-BP1 

relative to the DMSO control on co-treating TSC2 deficient AML cells with rapamycin and 

C188-9. With previous densitometry analysis from rapamycin and C188-9 treatment alone 

also plotted. As shown by and large rapamycin and C188-9 co-treatment do not repress 

phosphorylation of these mTORC1 substrates further than either rapamycin or C188-9 alone. 

Therefore, in terms of inhibiting mTORC1 activity within TSC cells, there doesn’t appear to be 
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an additional benefit in rapamycin and C188-9 co-treatment. At least for the markers of 

mTORC1 activity assayed here. 

 

 

  

Figure 5.14. Co-treatment of rapamycin and C188-9 does not repress markers of 

mTORC1 activity more than rapamycin alone within TSC2 deficient AML or MEF 

cells. TSC2 deficient AML or MEF cells were treated with either vehicle (DMSO), or co-treated with 

C188-9 at 30 µM and rapamycin (RAP) at 50 nM. Cells treated with DMSO (control) were lysed at 

time 0 h, whilst C188-9 + RAP treated cells were lysed at the time indicated. Protein lysates were 

then assayed through western blotting (panel A) (N=3 minimum), with β-actin acting as a loading 

control. Densitometry analysis of resulting western blots from TSC2 deficient AML cells (N=3 

minimum) was performed (B), phosphorylated rpS6 and 4E-BP1 was normalised to β-actin. 

Resulting ratios were then expressed as fold changes compared to DMSO control and plotted, to 

show change in fold change during treatment time in respect to the control. Ratios of phosphorylated 

rpS6/ACTB and phosphorylated 4E-BP1/ACTB from previous densitometry analyses of long-term 

rapamycin and C188-9 treatment within TSC2 deficient AML cells were also plotted. Dotted line on 

graphs represents DMSO control fold change, i.e., 1.00.  Bars represent standard error of the mean. 

Predicted running band size (kDa) of protein targets can be found in chapter 2, table 2.6. 
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5.2.9 Both rapamycin and C188-9 treatment largely down regulate STAT3 target gene 

expression within TSC2 deficient AML cells. 

Given that C188-9 and rapamycin treatment had differing effects on phosphorylated STAT3 

and JAK2 (figures 5.10, 5.11 and 5.12) within TSC2 deficient cells. And opposing effects on 

the proportion of STAT3 able to bind STAT3 consensus sequences. The next aim of the 

present chapter was to assay how rapamycin and STAT3 inhibition would affect the 

dysregulated STAT3 driven transcriptome observed upon the loss of TSC2 within the AML 

cells (figure 5.8). This was by way of analysis of the RNA sequencing data set comparing 

DMSO, rapamycin and C188-9 treated TSC2 deficient AML cells under hypoxia utilised in 

chapter 4. 

The volcano plots in figure 5.15 summarise STAT3 target gene expression changes on 

rapamycin (A) or C188-9 (B) treatment relative to DMSO control within TSC2 −/− cells cultured 

under hypoxia. On rapamycin treatment, over 69% of the genes (128/184) within the STAT3 

target gene set were significantly differentially expressed. Of those 128 significantly 

differentially expressed genes, 82 were downregulated whilst 46 were upregulated relative to 

the DMSO control. Therefore, despite rapamycin treatment increasing phosphorylation of 

STAT3 at Y705 (figure 5.15), majority of STAT3 target genes were downregulated by 

rapamycin treatment. Surprisingly on C188-9 treatment (figure 5.15 B), less STAT3 target 

genes were significantly differentially expressed relative to DMSO than rapamycin treatment. 

On C188-9 treatment over 63% of the genes (119/186) within the STAT3 target gene set were 

significantly differentially expressed. Of those 119 significantly differentially expressed genes, 

67 were downregulated and 52 were upregulated relative to the DMSO control. Contrasting 

the effects of rapamycin and C188-9 treatment on STAT3 target gene expression, rapamycin 

appears to downregulate STAT3 target gene expression further on the whole. As seen from 

volcano plot C in figure 5.15. Of the 53 STAT3 target genes significantly differentially 

expressed between rapamycin and C188-9 treated TSC2 −/− AML cells, 43 are downregulated 

on rapamycin treatment relative to C188-9 treatment. As both rapamycin and C188-9 

treatment repress phosphorylation of STAT3 at S727 long term, perhaps the S727 

phosphorylation site is more crucial for STAT3 mediated transcription within TSC2 deficient 

cells.  

The efficacy of rapamycin vs C188-9 treatment in normalising dysregulated STAT3 target 

gene expression upon TSC2 loss, as seen in figure 5.15, can be assessed by comparing the 

rapamycin vs DMSO and C188-9 vs DMSO treatment RNA seq data sets to the TSC2 −/− vs 

TSC2 RE AML cells under hypoxia RNA seq data set. Under hypoxia 72 STAT3 target genes 

are significantly upregulated within TSC2 −/− AML cells relative to TSC2 RE AML cells, whilst 

55 are significantly downregulated (see table 5.1). Out of the STAT3 target genes found to be  
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Figure 5.15. Both rapamycin and C188-9 treatment are effective at decreasing STAT3 

target gene expression in TSC2 deficient AML cells. STAT3 target gene set was collated 

from multiple publications (see methods and materials). Differential gene expression (DEG) 

comparison is annotated above each plot. AML TSC2 −/− cells were cultured under hypoxia (1% 

O2) for 8 h with either vehicle only (DMSO), rapamycin (RAP) at 50 nm or C188-9 at 15 µM (N=8). 

RNA purified from these samples was sequenced through Novogene. Expression levels were 

calculated and normalised from raw read counts as FPKM (Fragments Per Kilobase Million per 

mapped reads). Differential gene expression (DEG) analysis was through DEseq2 analysis and 

resulting p-values were corrected for multiple testing and false discovery by FDR method. For all 

volcano plots Log2 transformed fold change in expression of genes was plotted against their -log10 

transformed FDR adjusted p-values. Dotted lines at x axis represent increase or decrease in 

foldchange of 2 or -2 respectively. Dotted line at y axis represents significance threshold of 0.05. 

Genes annotated had a Log2 fold change in expression greater or lower than 2 or -2 (i.e., four fold 

higher or lower in expression) respectively and an -log10 adjusted p-value greater than 3 (i.e., below 

0.001 significance threshold). 
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significantly differentially expressed upon TSC2 loss under hypoxia, rapamycin appears to 

normalise STAT3 target gene expression better than C188-9 treatment. Out of those 72 

STAT3 target genes upregulated within the TSC2 −/− AML cells, rapamycin treatment 

significantly downregulates expression of 33 genes relative to the DMSO control, whilst C188-

9 treatment significantly downregulates 25 genes. Out of those 55 STAT3 target genes 

downregulated within the TSC2 −/− AML cells, rapamycin treatment significantly upregulates 

expression 12 genes relative to the DMSO control, whilst C188-9 treatment significantly 

upregulates 9 genes. As seen from table 5.3, majority of the STAT3 target genes normalised 

on either rapamycin or C188-9 treatment are the same. This suggests that rapamycin and 

C188-9 are inhibiting STAT3 mediated transcriptome through similar mechanisms and to a 

similar extent within TSC2 −/− AML cells. There are a few STAT3 target genes normalised by 

rapamycin but not by C188-9, and one gene normalised by C188-9 but not by rapamycin 

treatment. Highlighted in bold in table 5.3. Therefore, more robust normalisation of the STAT3 

driven transcriptome within TSC2 −/− AML cells may be achieved by co-treating with 

rapamycin and C188-9. 

Table. 5.3 Comparison of the effect of Rapamycin (RAP) and C188-9 treatment on 
normalising HIF1-α target genes significantly dysregulated upon loss of TSC2 in AML 
cells cultured under hypoxia (1%O2). Genes in bold are those whose expression is significantly 
affected by rapamycin or C188-9 treatment, not both. 

Genes 
downregulated in 

TSC2 −/− 
upregulated on RAP 

treatment 

Genes 
downregulated in 

TSC2 −/− 
upregulated on 

C188-9 treatment 

 
Genes upregulated 

in TSC2 −/− 
downregulated on 

RAP treatment 

Genes upregulated in 
TSC2 −/− 

downregulated on 
C188-9 treatment 

BAG4 BAG4 ADAM23 NOTCH2 ADAM23 RASA3 

BIRC5 BIRC5 BCL3 PDGFA BCL3 RBFOX2 

BMP4 BMP4 CCND1 PIK3R1 CCND1 SMAD9 

CALM3 CALM3 CDON PRKCE CDON STAT3 

ITGB6 ITGB6 CSF1 RASA3 CSF1 TGFB2 

MCM7 MCM7 EPHB2 RBFOX2 EPHB2 TNC 

MDM2 NOTCH4 FOSL2 RORA FOSL2 VIM 

NOTCH4 PAWR HDAC4 SMAD9 HDAC4 ZEB1 

PAWR STMN1 HGF SRFBP1 ICAM1 
 

PIM1 
 

HIF1A STAT3 ITGA11 
 

STMN1 
 

ICAM1 TCF12 JUN 
 

TXK 
 

IFRD1 TGFBR3 MMP2 
 

  
ITGA11 TNC MYO5A 

 

  
JUN VEGFA NAV1 

 

  
MMP2 VIM NOTCH2 

 

  
MYO5A ZEB1 PDGFA 

 

  
NAV1 

 
PIK3R1 
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5.2.10 Genes encoding components of the mTORC1 and mTORC2 complexes are 

dysregulated on loss of TSC2 and are sensitive to mTOR and STAT3 inhibition. 

Given that C188-9 treatment of TSC2 deficient cells repressed markers of mTORC1 activity, 

the next aim of the present work was to assess whether STAT3 transcriptionally regulated any 

of the genes encoding the components of mTORC1 and mTORC2 complexes. As such an 

effect of C188-9 would be beneficial in downregulating activity of mTORC1 in TSC2 deficient 

cells. As can be seen from the volcano plot in figure 5.16 (A), genes encoding the components 

of mTORC1/2 complexes (see main introduction for detailed description of mTORC1/2 

complex components) are dysregulated between TSC2 −/− and TSC2 RE AML cells. Of note 

AKT1S1 (PRAS40) and DEPTOR, which both encode negative regulators of mTORC1 

complex and mTORC1/2 complexes respectively (Sancak et al. 2007 and Peterson et al. 

2009) are significantly downregulated in TSC2 −/− AML cells. Conversely, RICTOR and 

RPTOR, which encode subunits of the mTORC1 and mTORC2 complexes respectively, are 

upregulated in TSC2 −/− cells. TELO2, along with TTI1, both encode proteins that form a 

complex which helps to stabilise mTORC1/2 complexes (Kaizuka et al. 2010). TTI1 is 

downregulated and TELO2 is upregulated within TSC2 −/− cells. Although the fold change in 

TELO2 is relatively small, TELO2 has a further role in promoting mTORC1 signalling, as 

Brown and Gromeier (2017) found MAPK-interacting kinase (MNK) signalling promotes 

TELO2 proteins association with mTORC1 and facilitates substrate binding to the complex. 

By in large hypoxia doesn’t significantly alter expression of many of the genes encoding the 

components of mTORC1/2 within the TSC2 −/− AML cells (figure 3.16 B). Of note however is 

that hypoxia reduces MTOR slightly and further decreases expression of mTORC1/2 

complexes negative regulator DEPTOR. Suggesting hypoxia may further exacerbate 

hyperactive mTORC1 signalling if protein expression of DEPTOR matches the gene 

expression trend.  

As can be seen from the volcano plots in figure 5.16 (C & D), treating AML cells with either 

rapamycin or C188-9 results in expression changes in the aforementioned genes. Rapamycin 

treatment (figure 3.16 C) downregulates not only the active kinase MTOR itself, but also 

RPTOR. In addition, the positive regulators of mTORC1 stability, TELO2 and TTI1, are 

downregulated by rapamycin treatment, whilst the negative regulator of mTORC1/2 

complexes DEPTOR is upregulated. C188-9 treatment (figure 5.16 D) produces similar 

changes in gene expression as rapamycin treatment. MTOR and RPTOR are downregulated, 

whilst DEPTOR is upregulated. C188-9 treatment doesn’t however, downregulate TELO2 and 

TTI1. From the volcano plots in figure 5.16 (A, C & D) rapamycin or C188-9 treatment appears 

to help restore dysregulated expression of TSC2 −/− cells compared to TSC2 RE cells, in that 

either treatment upregulates DEPTOR, whilst downregulating RPTOR. Additionally, if on  
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Figure 5.16. Expression of genes encoding components of the mTORC1 and 

mTORC2 complexes are dysregulated between TSC2 deficient and TSC2 RE AML 

cells and are sensitive to mTOR and STAT3 inhibition. Two separate RNA sequencing 

experiments were conducted. One through Wales Gene Park, comparing either AML TSC2 deficient 

(TSC2 −/−) and TSC2 RE (re-expressed) cells cultured under either normoxia (21% O2) or hypoxia 

(1% O2) (A & B) (N=6). The other through Novogene comparing AML TSC2 −/− cells cultured under 

hypoxia (1% O2) treated for 8 h with either vehicle only (DMSO), rapamycin (RAP) at 50 nm or C188-

9 at 15 µM (B & C) (N=8). Expression levels were calculated and normalised from raw read counts 

as RPKM (Reads per Kilobase exon Model per million mapped reads) (A & B) or FPKM (Fragments 

Per Kilobase Million per mapped reads) (B & C). Differential gene expression (DEG) analysis was 

through DEseq2 analysis and resulting p-values were corrected for multiple testing and false 

discovery by FDR method. Log2 transformed fold change in expression of genes (A = TSC2 −/− vs 

TSC2 RE AML cells under hypoxia, B = TSC2 −/− AML cells 1% vs 21%, C = rapamycin treated vs 

DMSO treated TSC2 −/− AML cells, D = C188-9 treated vs DMSO treated TSC2 −/− AML cells) was 

plotted against their -log10 transformed FDR adjusted p-values. Dotted line at y axis represents 

significance threshold of 0.05. 
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rapamycin or C188-9 treatment protein expression of MTOR, RPTOR and DEPTOR (and 

TELO2 and TTI1 in the case of rapamycin) follows the trend in the transcription data, then 

either treatment could reduce mTORC1 signalling over time. By reducing the level of 

constituent subunits of mTORC1 overtime, whilst increasing one of its inhibitors (DEPTOR), 

within TSC2 deficient AML cells. Furthermore, rapamycin and C188-9 treatments produced 

similar effect on the expression of MTOR, RPTOR and DEPTOR (figure 5.16 C/D). Implying 

a common transcriptional regulator is being affected. This common transcriptional regulator is 

likely STAT3, as both rapamycin and C188-9 repress phosphorylation of residues crucial in 

promoting STAT3’s transcriptional activity; as shown in sections 5.2.7 (figure 5.13) and 5.2.6 

(figures 5.10 and 5.11). Lastly, downregulation of MTOR on rapamycin treatment may 

represent another mode in which long term rapamycin treatment can inhibit mTORC2 

complex. Aside from occluding newly synthesised mTOR protein from forming active mTORC2 

complex (Sarbassov et al. 2006). 

  

5.2.11 TSC2 deficient cells autoactivate STAT3 by increasing pY705 STAT3 through 

autocrine signalling. 

Our previous data showed not only that phospho-markers of STAT3 activity and nuclear active 

STAT3 are substantially elevated within TSC2 deficient cells, but also that many genes 

encoding STAT3 stimulatory cytokines/growth factors and their cognate receptors are 

upregulated within the TSC2 deficient AML cell line. Often in cancers, where hyperactive 

STAT3 drives pathogenesis (Avalle et al. 2017), dysregulated STAT3 drives its own activity in 

a feed-forward manner, by upregulating STAT3 stimulating cytokines/growth-factors. Such as 

the IL-6/JAK/STAT3 feedforward loop, shown to drive tumourigenesis in breast and pancreatic 

cancer (Chang et al. 2013 and Lesina et al. 2011). Therefore, the next aim of the present work 

was to assay whether TSC2 deficient cells maintain constitutively active STAT3 through an 

autocrine mechanism. 

Either TSC2 deficient AML or MEF cells were serum starved to remove any cytokines/growth 

factors present, either in the serum or secreted by the cells (Levin et al. 2010). Whether oxygen 

status effects phospho-markers of STAT3 activity during this assay was assessed as well. As 

seen in figure 5.17, in both TSC2 deficient cell lines, Y705 pSTAT3 Y705 spontaneously 

recovers and increases after initial repression by serum starvation at time 1 h. The induction 

of pSTAT3 Y705 reached a maximum at the 24 and 32 h timepoints. Densitometry analysis 

found that differences in relative pSTAT3 Y705 (normalised to STAT3 total) was not significant 

between normoxia cultured cells and hypoxia cultured cells at 24 and 32 h. Densitometry 

analysis found that pJAK2 Y1007/1008 did steadily increase over time in serum starvation for 

both TSC2 deficient AML and MEF lines. However, in the MEF line, longer-term serum 
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starvation under hypoxia led to a decrease in pJAK2 Y1007/1008 at 24 and 32 h. 

Phosphorylation of rpS6 at S235/236 only decreased on serum starvation in the Tsc2 −/− MEF 

cells, further repressed by hypoxia. 

The spontaneous recovery of pSTAT3 Y705 and steady increase in pJAK2 1007/1008 under 

serum starvation implies TSC2 deficient cells stimulate their own STAT3 activity through an 

autocrine mechanism. Results of a conditioned media experiment in figure 5.18, strongly 

supports this hypothesis. Large increases in pY705 STAT3 were seen in both TSC2 deficient 

cell lines, when treated for 30 mins with conditioned media collected from the same TSC2 

deficient cell line cultured for 24 h under serum free (CM-SS) or serum containing (CM-FBS) 

media. Relative to respective controls (fresh media, SS & FBS). Densitometry analysis did not 

find the difference in relative pY705 STAT3 (normalised to STAT3 total) significant between 

CM-SS or CM-FBS treated cells for either cell line.  

Figure 5.17. TSC2 deficient cells recover p-STAT3 phosphorylation over time after 

serum starvation. Either TSC2 deficient (TSC2 −/−) AML or MEF cells were grown to confluency 

and then serum starved (0% FBS v/v) under either normoxia (21% O2) or hypoxia (1% O2). Cells 

were then lysed at the time indicated Through western blotting, protein lysates were then assayed 

for target proteins, with β-actin acting as a loading control. Blot panels show representative image 

for each protein target (N=3). Predicted running band size (kDa) of protein targets can be found in 

chapter 2, table 2.6. 
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5.2.12 Effect of IL-6 stimulation on markers of STAT3 activity differ between TSC2 −/− 

AML and MEF cells. 

IL6 expression and relative amounts of pJAK2 10007/1008 are several fold higher in 

unstimulated TSC2 deficient AML cells compared to TSC2 RE AML cells (sections 5.2.2 and 

5.2.3 respectively). Furthermore, TSC2 deficient cells spontaneously recover pSTAT3 Y705 

after initial repression by serum starvation, which is likely mediated by secreted factors acting 

in an autocrine manner. Taken together, this data suggests IL-6 may be one of these secreted 

factors TSC2 deficient cells express to constitutively activate STAT3 signalling. The next aim 

of the present work was therefore to assay how IL-6 treatment would affect phospho-markers 

of STAT3 activity and nuclear active STAT3 in TSC2 deficient cell lines. 

Figure 5.18. TSC2 deficient cells increase phosphorylation of STAT3 at Y705 through 

autocrine signalling. Under normoxia, either TSC2 deficient (TSC2 −/−) AML or MEF cells were 

treated with either serum free media (SS), media containing serum at 10% v/v (FBS), conditioned 

media from TSC2 deficient AML or MEFs respectively cultured for 24 h in either: serum free media 

(SS-CM), media containing serum at 10% v/v (FBS-CM) or media containing serum at 10% v/v and 

the protein transport inhibitors GolgiStop™ (at 0.66 µ/mL) and GolgiPlug™ (at 1.00µ/mL) (GS/GP). 

Cells were lysed after 30 min of treatment. Protein lysates were then assayed through western 

blotting, with β-actin acting as a loading control. Blots shown are representative of an N = 3. 

Predicted running band size (kDa) of protein targets can be found in chapter 2, table 2.6. 
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As seen in the blot panel of figure 5.19 (A), pSTAT3 Y705 increases upon IL-6 treatment in 

both TSC2 deficient cell lines. Densitometry analysis (n=3) of blots found the increases in 

STAT3 Y705/STAT3 between the untreated control and all IL-6 treatments statistically 

significant in both cell lines (figure 5.19 A). With the level of STAT3 Y705/STAT3 peaking upon 

IL-6 treatment at 100 ng and 25 ng within the MEF and AML line respectively. In neither cell 

line did IL-6 treatment significantly affect levels of pSTAT3 S727/STAT3 or rpS6 

phosphorylated at 235/236. Suggesting that in the short term, increased IL6/STAT3 signalling 

is unlikely to affect mTORC1 activity.  However long term, increased STAT3 activity mediated 

by IL-6 may promote mTORC1 signalling by upregulating expression mTORC1/2 component 

genes found to be downregulated on C188-9 treatment (figure 5.16 D). pJAK2 Y1007/1008 

only increases after IL-6 stimulation in the Tsc2 −/− MEF cell line, not the AML line (figure 5.19 

A). This suggests that JAK2 is already maximally phosphorylated within the AML lines. It 

should also be noted that JAK2 is not the only JAK family adaptor kinase responsible for IL-

6R/gp130 receptor signalling transduction (O’shea et al. 2013). Both TYK2 and JAK1 can 

mediate IL-6 activation of STAT3 (Jiang et al. 2017 and Song et al. 2011).  

Whilst IL-6 treatment increases pSTAT3 Y705 in both TSC2 deficient cell lines, interestingly it 

has contrasting effects on the nuclear accumulation of DNA bound STAT3 between the AML 

and MEFs lines (figure 5.19 B). Within the MEF line, following the trend in increasing pSTAT3 

Y705 with increasing IL-6 dose, the relative amount of nuclear DNA bound STAT3 also 

increases with higher IL-6 dose. Peaking at 2.5 fold higher on 100 ng of IL-6 treatment. 

However, whilst pY705 increases on IL-6 stimulation in the AML line, increasing doses of IL-

6 appear to reduce the relative amount of nuclear active STAT3 compared to the untreated 

control, decreased by 0.68 fold on 100 ng of IL-6 treatment. Why IL-6 stimulation would have 

these contrasting effects on nuclear accumulation of active STAT3 between the two cell lines 

is unclear. 
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5.2.13 Upon loss of TSC2, protein expression of IL-6, but not IL-6/IL6R, is upregulated 

and expression of both IL-6 and IL-6/IL6R is further elevated by mTORC1 and STAT3 

inhibitors. 

Given pSTAT3 Y705 is elevated on IL-6 stimulation in TSC2 deficient AML cells and that these 

cells show increased mRNA expression of the IL6 gene. IL-6 protein expression within the 

AML cell lines was also assayed by ELISA. To assess whether enhanced IL-6 secretion upon 

Figure 5.19 Phospho-markers and nuclear accumulation of active STAT3 are 

affected by IL-6 stimulation differently in TSC2 deficient AML and MEF cell lines. 
TSC2 deficient (TSC2 −/−) MEF or AML cells were treated with dose of IL-6 specified for 45 min 

before either being: lysed with laemmli sample buffer and analysed through western blot (N=3) (A) 

or used to generate concentrated nuclear lysates which were assayed for amount of active DNA 

binding STAT3 (nuclear active STAT3) present using Active Motifs TransAM STAT3 ELISA (B). 

Densitometry analysis of resulting western blots (N=3 minimum) (A) was performed, phosphorylated 

STAT3 was normalised to total STAT3 and expressed as fold changes compared to untreated 

control sample (IL6 = 0 ng). Statistical analysis of differences in foldchange was by student’s t test. 

Significance annotations above each bar on graph (A) indicates significance of difference in 

foldchange between each Il6 treated condition and untreated (0 Il6). Amount of nuclear active 

STAT3 in IL-6 treated conditions was expressed as fold changes compared to untreated control 

sample (B). Significance annotations above each bar on graphs (B) indicates significance of 

difference in foldchange between each Il6 treated condition and untreated (0 Il6). Statistical analysis 

(N=3 minimum) was by student’s t test. Significance denoted by: * = p <0.05, ** = p <0.01, *** = p< 

0.001, NS = not significant. Bars represent standard error of the mean.  Predicted running band size 

(kDa) of protein targets can be found in chapter 2, table 2.6. 
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loss of TSC2, may be a mechanism by which these cells maintain hyperactive STAT3 

signalling. Whether IL-6 protein expression is sensitive to mTORC1 or STAT3 inhibitors will 

also be assayed. Additionally, IL-6 has another mode of signalling. Whereby IL-6 binds with a 

soluble form of IL-6 receptor (IL-6/IL6R) and this complex can stimulate gp130 expressing 

cells (Rose-John, 2012). Therefore, secretion of IL-6/IL6R was assayed within the AML cell 

lines. 

IL-6 protein expression was several fold higher in TSC2 deficient AML cells than TSC2 RE 

cells (figure 5.20 A), which matches the IL6 mRNA expression data in section 5.3.2. Oxygen 

availability had no significant effect on IL-6 protein expression. Very little IL-6/IL6R was 

detected in the media of either AML cell line (figure 5.20 B) by the ELISA. IL6/IL6R was 

detectable in whole cell lysates, showing the complex is present within both cell lines. A 

decrease in IL-6/IL6R was observed in the TSC2 deficient AML cells cultured under hypoxia 

and was significantly lower than that observed in TSC2 deficient AML cells cultured under 

normoxia and TSC2 RE cells cultured under normoxia or hypoxia (figure 5.20 B). Given such 

low secretion of IL-6/IL6R by TSC2 deficient AML cells, secreted IL-6 is likely by far the main 

mediator of IL-6 autocrine and paracrine signalling by TSC2 deficient AML cells. Both 

expression of secreted IL-6 and whole cell IL-6/IL6R are sensitive to mTORC1 and STAT3 

inhibition (figure 5.20 C & D). Treatment with either mTORC1 inhibitor, rapamycin (RAP) and 

Ku-0063794 (KU), increased expression of IL-6 several fold relative to the DMSO only control 

(3.1 and 6.7 fold respectively) in TSC2 deficient AML cells (figure 5.20 C). The larger increase 

in IL-6 expression under Ku-0063794 treatment compared to rapamycin treatment is 

significant and may result from the more complete inhibition of mTORC1 by this more potent 

mTORC1 inhibitor (García-Martíne et al. 2009). Treatment with the STAT3 inhibitors, FLLL31 

and C188-9, have a similar effect in increasing IL-6 expression compared to the control (3.3 

fold and 4.4 fold respectively). Combinatorial treatment of either STAT3 inhibitor with 

rapamycin appeared to elevate IL-6 expression even further than either FLLL31 or C188-9 

treatment alone (figure 5.20 C). A one way ANOVA found the difference in IL-6 expression 

between RAP or C188-9 alone and in combination statistically significant (p= 0.0004), as was 

the difference between RAP or FLLL31 alone and in combination (p= 6.44x10-6). Similar as 

the effect on IL-6 protein expression, rapamycin and C188-9 treatment increased IL-6/IL6R 

relative to the control within whole cell lysates of TSC2 deficient AML cells (figure 5.20 D). A 

one way ANOVA reported the difference in IL-6/IL6R between RAP, C188-9 alone and in 

combination as not significant however. The modest increase in IL-6/IL6R within whole cell 

lysates of TSC2 deficient AML cells upon rapamycin and C188-9 treatment may be due to the 

increase in IL-6 expression under these treatments, increasing the amount of secreted IL-6 in 
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the media able to bind IL6R. However, this was not seen under FLLL31 treatment, despite 

FLLL31 increasing IL-6 expression more than rapamycin or C188-9 treatment alone.  

Figure 5.20. Loss of TSC2 within AMLs cells results in over-expression of IL-6 but 

not soluble IL6/ILRα, expression, expression of both is further upregulated by 

mTORC1 and STAT3 inhibition. A: protein expression of IL-6 was assayed in culture media of 

TSC2 deficient (TSC2 −/−) and TSC2 RE AML cells cultured for 24 h either under normoxia (N, 21% 

O2) or hypoxia (H, 1% O2) by way of ELISA (N=3). B: protein expression of IL-6 complexed with 

IL6Rα (IL6/IL6Rα) within culture media (secreted) or lysates (whole cell) of TSC2 −/− and TSC2 RE 

AML cells cultured for 24 h either under normoxia (N, 21% O2) or hypoxia (H, 1% O2) by way of 

ELISA (N=3). Statistical analysis of differences in foldchange was by student’s t test. Significance 

annotations above each bar on graph indicates significance of difference in foldchange between 

each condition and TSC2 RE cells under normoxia. Pairwise statistical comparisons between TSC2 

(−/−) cells under normoxia or hypoxia and between TSC2 (−/−) and TSC2 RE cells under hypoxia 

are also annotated. C & D: Effect of mTORC1 and STAT3 inhibition on protein expression of IL-6 

and IL6/IL6Rα was assayed through assaying culture media/lysates of TSC2 −/− AML cells cultured 

for 24 h under normoxia with either vehicle (DMSO) or specified inhibitor alone or in combination 

(N=3). Concentrations of inhibitors used were, rapamycin (RAP) at 50 nM, Ku-0063794 (KU) at 1 

µM, C188-9 at 30 µM and FLLL31 at 10 µM. Significance annotations above each bar on graphs (C 

& D) indicates significance of difference in protein concentration between each condition and vehicle 

only treated cells (DMSO). Statistical analysis of differences in protein concentration (N=3 minimum) 

was by student’s t test. Significance denoted by: * = p <0.05, ** = p <0.01, *** = p< 0.001, NS = not 

significant. Bars represent standard error of the mean.   
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5.2.14 Through paracrine signalling TSC2 deficient AML cells upregulate STAT3 activity 

in non-TSC cells. 

Hyperactive STAT3 signalling is implicated in the pathology of many cancers (Kamran et al. 

2013), in which aberrant STAT3 signalling can reshape the tumour microenvironment to 

promote metastasis (Chang et al. 2013), immuno-suppression (Jing et al. 2020) and 

angiogenesis (Yang et al. 2013b). In turn, upregulated STAT3 signalling within the tumour 

micro-environment can reinforce hyperactive STAT3 signalling within the tumour cells 

themselves (Wu et al. 2017a). Therefore, the final aim of the present chapter is to assay 

whether TSC2 deficient AML cells, through paracrine signalling, could promote hyperactive 

STAT3 activity in non-TSC cells. Namely HK2 and HEK293 (HEK), as these are of renal origin 

like the AML cell lines.  

As can be seen from the blot panels in figure 5.21 (A), conditioned media from the TSC2 

deficient AML cells, increased pSTAT3 Y705 in the HEK cell line. Which from the pSTAT3 

Y705 blots, appeared enhanced for treatment with conditioned media from hypoxic TSC2 

deficient AML cells. In the HK2 line, only treatment with conditioned media from TSC2 deficient 

AMLs cultured under hypoxia significantly increased pSTAT3 Y705 relative to the fresh media 

control (figure 5.21 B). These findings indicate enhanced stimulation of STAT3 activity of non-

TSC cells by TSC2 deficient AML cells under conditions of low oxygen availability. 

Furthermore, densitometry analysis found treatment with conditioned media from the TSC2 

RE AML cells, caused a significant decrease in the levels of pSTAT3 Y705 within the HK2 

cells relative to the control (figure 5.21 B). On treatment with conditioned media from TSC2 

deficient AML cells and TSC2 RE AML cells (under hypoxia), the level of pJAK2 (Y1007/1008) 

relative to the control increased. Indicating cytokine/growth factor receptors are being 

activated in HK2 cells. The antibodies used could not detect JAK2 in HEK cell lysates. 

Interestingly, conditioned media from both cell lines resulted in decreased p-rpS6 (S235/236) 

relative to the control in both HEK and HK2 cell lines (figure 5.21). A larger decrease in p-rpS6 

(S235/236) within HEK and HK2 cells was observed on treatment with conditioned media from 

TSC2 deficient AMLs than TSC2 RE AML cells and this difference was reported as significant 

by densitometry analysis in the HEK cell line. 

As well as increasing markers of STAT3 activity at the protein level, conditioned media from 

AML cells promoted nuclear accumulation of DNA bound STAT3 relative to the control within 

the HK2 and HEK cell lines (figure 5.22 A). This was only significant for HK2 cells treated with 

conditioned media from the TSC2 deficient and TSC2 RE AML cells cultured under normoxia. 

Whereas within the HEK cell line, the increase in nuclear accumulation of DNA bound STAT3 

was substantial on conditioned media treatment from TSC2 deficient AML cells, far higher 

than conditioned media treatment from TSC2 RE AML cells.  
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Figure 5.21. Conditioned media from TSC2 deficient AML cells increases pY705 
STAT3 in HK2 and HEK cells. Under normoxia, either HK2 (A) or HEK (B) cells were treated 
with fresh media (10% v/v FBS) (control) or conditioned media from TSC2 deficient (TSC2 −/−) or 
TSC2 RE AML cells cultured for 24 h under either normoxia (N) or hypoxia (H). After 40 min of 
treatment HK2 and HEK cells were lysed and analysed through western blot. Densitometry analysis 
of resulting western blots (N=3 minimum) was performed, pSTAT3 Y705 was normalised to total 

STAT3 and expressed as fold changes compared to control sample. pSTAT3 Y705/STAT3 was 

normalised to cell number counts for TSC2 −/− or TSC2 RE AML cells from which conditioned media 
was taken. Significance annotations above each bar on graph indicates significance of difference in 
foldchange between each condition and HEK/HK2 cells treated with fresh media (control). Pairwise 
statistical comparisons between differences in foldchange between cells treated with conditioned 
media from TSC2 deficient (TSC2 −/−) under normoxia or hypoxia and between cells treated with 
conditioned media from TSC2 RE AML cells under normoxia or hypoxia are also annotated. 
Statistical analysis (N=3 minimum) of differences in foldchange was by student’s t test. Significance 
denoted by: * = p <0.05, ** = p <0.01, *** = p< 0.001, NS = not significant. Bars represent standard 
error of the mean. Predicted running band size (kDa) of protein targets can be found in chapter 2, 
table 2.6. 
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Figure 5.22. Conditioned media from TSC2 deficient AML cells increases nuclear 
accumulation of active STAT3 and upregulates expression of the STAT3 driven HGF 
and SOCS3 in non-TSC cells. A: Under normoxia, either HK2 or HEK cells were treated with fresh 

media (10% v/v FBS) (control) or conditioned media from TSC2 deficient (TSC2 −/−) or TSC2 RE AML 
cells cultured for 24 h under either normoxia (Norm) or hypoxia (Hyp). After 40 min of treatment, 
concentrated nuclear lysates were generated from HK2 and HEK cells and then assayed for amount of 
active DNA binding STAT3 present using Active Motifs TransAM STAT3 ELISA. Significance 
annotations above each bar on graphs (A) indicates significance of difference in amount of active DNA 
binding STAT3 between cells treated with each conditioned media treatment and fresh media control. 
Pairwise statistical comparisons between differences in amount of active DNA binding STAT3 between 
cells treated with conditioned media from TSC2 deficient (TSC2 −/−) under normoxia or hypoxia and 
between cells treated with conditioned media from TSC2 RE AML cells under normoxia or hypoxia are 
also annotated. Statistical analysis (N=3 minimum) of differences in amount of active DNA binding 
STAT3 was by student’s t test. B: For 8 h HEK cells were treated with fresh media (10% v/v FBS) or 
conditioned media from TSC2 deficient or TSC2 RE AML cells cultured for 24 h under normoxia. 
Conditioned media was replenished 4 h into treatment. After treatment HEK cells were lysed and mRNA 
was purified from these lysates, converted to cDNA, and through qPCR, expression of target genes 
was quantified (N=4). Fold change in gene expression was calculated compared to a designated control 
sample. Fold changes of target genes were normalised to the housekeeping genes HMBS and IPO8. 
Significance annotations above each bar on graphs (B) indicates significance of difference in fold 
change between each conditioned media treatment and fresh media control. Pairwise statistical 
comparison between differences in foldchange in expression between conditioned media treated cells 
is also annotated. Statistical analysis (N=4) was by student’s t test. Significance denoted by: * = p <0.05, 
** = p <0.01, *** = p< 0.001, NS = not significant. Bars represent standard error of the mean.   
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Within the HEK cell line, conditioned media treatment from TSC2 deficient cells substantially 

upregulated the expression of STAT3 driven genes (figure 5.22 B). HGF expression, as 

previously shown in chapter 4.2, was sensitive to STAT3 inhibition. HEK cells treated with 

conditioned media from TSC2 deficient cells expressed HGF at 15 fold higher than the control. 

Increase in HGF expression within HEK cells treated with conditioned media from TSC2 RE 

cells relative to the control was not reported as significant. SOCS3, an inhibitor of the STAT3 

pathway rapidly upregulated on STAT3 activation (Starr et al. 1997 and Brender et al. 2001), 

was upregulated in the HEK cells treated with conditioned media from either cell line relative 

to the control. SOCS3 expression is far higher in HEK cells treated with conditioned media 

from TSC2 deficient cells than TSC2 RE cells (41.5 fold vs 13.6 fold respectively) however 

(figure 5.22 B).. Which was reported as significant. Overall, these results show AML cells upon 

loss of TSC2, upregulate secreted factors that act in a paracrine manner to activate STAT3 

signalling in non-TSC cells at the level of protein phosphorylation, subcellular location and 

target gene transcription. 

 

 

5.3 Discussion 

The data presented in the current chapter not only reinforces known aspects of STAT3 

signalling within TSC, but elucidates new mechanisms of constitutive STAT3 activity. Elevated 

pY705 and pS727 STAT3 observed in TSC2 deficient cells is consistent with constitutive 

phosphorylation of these sites previously demonstrated in both murine and human pre-clinical 

models of TSC (Onda et al. 2002, El-Hashemite and Kwiatkowski 2005 and Chan et al. 2004). 

Building on this work, the present work provides further evidence of hyperactive STAT3 

signalling within TSC2 deficient cells at the protein and mRNA level. Not only are phospho-

markers of STAT3 activity (figures 5.1 and 5.2) upregulated on loss of TSC2, but so is the 

mRNA and protein expression of STAT3 itself. Hyperactive STAT3 is likely driving its own 

expression within TSC cells, as STAT3 is known to autoregulate its own expression (Ichiba et 

al. 1998 and Narimatsu et al. 2001). Genes encoding modulators of STAT3 signalling are also 

dysregulated on loss of TSC2 in AML cells, with an expression signature indicative of 

hyperactive STAT3 signalling. That is upregulation of STAT3, IL6, SOCS3 and PIAS3 and 

downregulation of IL6R (figure 5.3). Whilst SOCS3 expression is known to be rapidly 

increased on activation of STAT3 (Starr et al. 1997 and Brender et al. 2001) to dampen the 

STAT3 signalling. Interestingly however elevated SOCS3 protein expression was only 

observed within Tsc2 −/− MEF cells, not AML cells. Potentially highlighting a disconnect in the 

autoregulating pathways within TSC2 deficient AML cells that dampen STAT3 activity post 

stimulation. Within the AML lines, the amount of DNA binding STAT3 in nuclear cell fractions 
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was found to be almost two fold higher in AML cells deficient for TSC2 relative to AML cells in 

which TSC2 has been re-expressed (figure 5.7). This finding suggested a potential increase 

in STAT3 mediated transcription upon the loss of TSC2. This hypothesis was supported by 

the DEG analysis of STAT3 target genes in RNA sequencing data collected from TSC model 

cells and patient lesions. As the STAT3 driven transcriptome was found to be dysregulated in 

cells deficient for TSC2 and patient lesions, especially SEN/SEGAs (figure 5.8). Additionally, 

many genes part of the STAT3 target gene set dysregulated in TSC lesions were significantly 

differentially expressed between the AML lines. Supporting the notion that dysregulated 

STAT3 mediated transcription is of clinical relevance within TSC. Whilst the present work 

provides the most detailed analysis of STAT3 driven transcription within TSC model cells, as 

could be told from the literature. STAT3 however has been shown to regulate the expression 

of many hundreds of genes within different settings and cell lines (Mirzaei et al. 2021). And 

therefore, an important limitation to the STAT3 target gene set compiled, is that for many of 

these genes it is not known if STAT3 mediates their expression in the context of TSC. Whilst 

beyond the scope of this work, chromatin immunoprecipitation sequencing of TSC2 deficient 

and wildtype cells would help elucidate which dysregulated genes are STAT3 driven. Which 

would be key to understanding the transcriptional role of STAT3 in driving TSC pathogenesis. 

At a broader transcriptional level, the transcriptome encoding STAT3 signalling components, 

STAT3 stimulatory cytokines and their cognate receptors were dysregulated upon loss of 

TSC2 in cells and within TSC patient lesions (figures 5.4 and 5.5). Many cytokines/growth 

factors are known to stimulate STAT3 activity (Roca Suarez et al. 2018), some of which are 

already known to be upregulated in TSC1 and TSC2 deficient cells, such as HGF, EGF and 

IL-6 (Parker et al. 2011 and Wang et al. 2021a). DEG analysis of RNA sequencing data 

comparing TSC2 −/− vs TSC2 RE AMLs revealed that genes encoding STAT3 stimulatory 

cytokines/growth factors were also upregulated upon loss of TSC2 in AML cells. Including 

PDGFA/B, CCL2, CCL5, LIF, CSF1, IL12A and IL5. mRNA expression of many of these 

cytokines/growth factors was elevated in TSC lesions, strengthening the clinical relevance of 

these findings. Fewer of these STAT3 stimulatory cytokines/growth factors were dysregulated 

between Tsc2 −/− vs Tsc2 +/+ MEF cells. However, conditioned media experiments showed 

that both TSC2 deficient AML and MEF lines increase STAT3 activity in an autocrine manner, 

as judged by increases in pSTAT3 at Y705 (figures 5.17 and 5.18). And an increase over time 

in JAK2 phosphorylation at Y1007/1008 after serum starvation was observed within both TSC2 

deficient cell lines. Therefore, whilst the present work provides evidence that autocrine 

cytokine/growth-factor signalling to STAT3 is increased upon loss of TSC2, RNA sequencing 

analysis suggests that there may be a difference between the AML and MEF lines in which 

STAT3 stimulatory cytokines/growth-factors auto-activate STAT3 activity. Further work 
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analysing protein expression of such STAT3 stimulatory between the two cell lines is needed 

to further test this hypothesis however. 

One of the original hypotheses of the present chapter, was that STAT3 activity would be 

elevated further under hypoxic conditions. Informed by the fact that many of the tissues 

affected by TSC, have hypoxic gradients across them (Northrup et al. 2013) and hypoxia has 

been shown to elevate STAT3 activity in certain cancers (Pawlus et al. 2014 and Soleymani 

Abyaneh et al. 2017). However, it was found that overall hypoxia did not have a significant 

effect on protein markers of STAT3 activity in TSC2 deficient cells (figures 5.1 and 5.2) or 

mRNA expression of STAT3 regulated genes in TSC2 deficient AML cells (figure 5.3). 

Additionally, whilst DEG analysis found many STAT3 target genes were significantly 

differentially expressed between TSC2 deficient AML cells cultured under hypoxia relative to 

normoxia. The foldchange in expression for majority of these genes were relatively small 

however (figure 5.8). This data suggests within TSC cells hypoxia is not a main driver of 

STAT3 activity itself, except outside the context of angiogenesis (see chapter 4). 

Cross-talk between the mTORC1 and STAT3 signalling pathways driving pathogenesis has 

been described in certain cancers (Li et al, 2020, Lin et al. 2021 and Zhou et al. 2007), with 

studies highlighting dual targeting of mTORC1 and STAT3 being effective at reducing scores 

of tumorigenicity in multiple cancer cell lines (Jin et al. 2014, Miyata et al. 2017 and Wang et 

al. 2021b). How aberrant mTORC1 and STAT3 signalling interplay to drive pathology within 

TSC is less well understood. Dodd et al. (2015) showed that mTORC1 drives HIF1A and its 

downstream target VEGFA through activating STAT3. Data in chapter 4 built on this finding 

and showed that dual inhibition of both mTORC1 and STAT3 was more effective at 

downregulating expression of pro-angiogenic targets that inhibiting either mTORC1 or STAT3 

alone. Namely protein expression of HIF1A and HGF, and mRNA expression of VEGFA and 

HGF. Similarly, within the data forming the current chapter, it was observed dual inhibition of 

both mTORC1 and STAT3 more effective at downregulating STAT3 responsive genes. 

Namely, STAT3, IL6R, SOCS3 and PIAS3 within TSC2 deficient AML cells (figure 5.6). 

Rapamycin treatment significantly downregulated expression of STAT3, IL6R and SOCS3. 

Whilst not transcriptionally active itself, mTORC1 has an extensive influence of gene 

expression through regulating the activity of target transcription factors (Laplante and Sabatini, 

2013). Which include mTORC1s phosphorylation of STAT3 at S727 (Dodd et al. 2015), 

thought to be required for STAT3 to be fully transcriptionally active (Wen et al. 1995). 

Therefore, mTORC1 inhibition likely downregulates expression of these genes through a 

reduction in pS727 STAT3, as seen when TSC2 deficient cells were treated with rapamycin 

(figure 5.12). Inhibition of phosphorylation of STAT3 at both the Y705 and S727 residues, by 

combinatorial treatment of rapamycin and C188-9 (figure 5.13) may explain the greater 
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reduction in target gene expression. However, despite rapamycin treatment elevating pSTAT3 

Y705 in TSC2 deficient cells (figure 5.12), rapamycin treatment alone by in large repressed 

STAT3 target gene expression (relative to DMSO) within TSC2 deficient cells AML cells (figure 

5.15). C188-9 treatment meanwhile repressed both the S727 and Y705 phosphorylation of 

STAT3 in TSC2 deficient AMLs, but was found to be less effective at normalising STAT3 target 

gene expression found to be dysregulated in this cell line (figure 5.15 and table 5.3). These 

findings highlight that repression of the S727 phosphorylation site within TSC cells may be 

more important in decreasing STAT3 driven transcription than the Y705 phosphorylation site.  

Interestingly RNA sequencing analysis of TSC2 deficient AML cells treated with either 

rapamycin or C188-9 revealed these inhibitors normalised dysregulated expression of genes 

encoding components of the mTORC1/2 complexes. Both decreased the expression of the 

mTORC1 core component RPTOR, whilst upregulating the expression of the mTORC1/2 

inhibitor DEPTOR (Peterson et al. 2009). Both had the additional effect of downregulating the 

expression of the active kinase itself, MTOR. Within the literature limited data on the effect of 

mTORC1/STAT3 inhibition on the expression of genes encoding the mTORC1 complex was 

found. Lee et al. (2020a) found siRNA inhibition of STAT3 downregulated expression of 

MLST8, a component of the mTORC1 and mTORC2 complexes, and attenuated 

phosphorylation of 4E-BP1. Efficacy of targeting STAT3 to inhibit mTORC1 in TSC is further 

supported by the finding that inhibition of STAT3, through C188-9, over time reduced 

phosphorylation of rpS6 at S235/236 in both TSC2 deficient cells and phosphorylation of 4E-

BP1 at P65 and T37/40 in TSC2 deficient cells AML cells (figures 5.13 and 5.14). However, 

the present work doesn’t allow for the hypothesis that STAT3 inhibition represses mTORC1 

to be firmly concluded. Firstly, the other STAT3 inhibitor used, FLLL31, wasn’t effective at 

repressing phosphorylation of STAT3 at either Y705 and S727 within TSC2 deficient cells. 

Despite FLLL31 previously being found by Dodd et al. (2015) to suppress CNTF and insulin 

mediated phosphorylation of STAT3 Y705 and S727, in non-TSC cells. Secondly co-treatment 

of TSC2 deficient AML cells with rapamycin and C188-9 did not repress rpS6 and 4E-BP1 

phosphorylation more than either inhibitor alone (figure 5.14). Therefore, more work with 

another more effective STAT3 inhibitor, or siRNA targeting of STAT3, must be performed to 

rule out C188-9 treatments repression of mTORC1 potentially being through off-target drug 

effects. 

TSC2 deficient AML cells express IL-6 protein and mRNA many fold higher than TSC2 RE 

AML cells (figures 5.3 and 5.20). Whilst elevated IL-6 expression in pre-clinical models of TSC 

is not a novel finding, the present work found IL-6 protein expression is further increased under 

rapamycin, C188-9 and FLLL31 treatment. This contrasted with work by Wang et al. (2021a), 

which found rapamycin treatment decreased IL-6 secretion within the Tsc2 −/− MEF line. The 
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increased IL-6 secretion within the TSC2 deficient AML line on mTORC1/STAT3 inhibition 

maybe due to the dephosphorylation of STAT3 protein at Y705 and S727. Unphosphorylated 

STAT3 is able to regulate gene expression. As demonstrated by Yang et al. (2005), who found 

overexpressing a mutant of STAT3 incapable of being phosphorylated at Y705, resulted in 

increased expression of a subset of genes that included IL6 and CCL5 (previously shown to 

be upregulated under C188-9 treatment, chapter 4). The presence of unphosphorylated 

STAT3 may explain why IL-6 is elevated within TSC2 deficient cells in the first place. 

Narimatsu et al. (2001) found that STAT3 is upregulated by IL-6 treatment and Yang et al. 

(2005) and Yang et al. (2007) both found long term IL-6 treatment increases amount of 

unphosphorylated STAT3. The present data has shown not only that IL-6 expression is 

elevated within TSC2 deficient AML cells, but that STAT3 protein and mRNA expression is 

enhanced upon loss of TSC2 in both AML and MEF cells. Whilst levels of pSTAT3 Y705 

increased in both cell lines on IL-6 stimulation (figure 5.19). Increased IL-6 expression within 

TSC2 deficient AML cells treated with rapamycin may also help explain why on rapamycin 

treatment, levels of pSTAT3 Y705 increase. As IL-6 induces the phosphorylation of STAT3 at 

Y705 (Kaptein et al. 1996). Furthermore, increased IL-6 expression observed in TSC2 

deficient AML cells under C188-9 or FLLL31 treatment may be why phosphorylation of STAT3 

at Y705 isn’t consistently repressed by these inhibitors. As targeting of STAT3s SH2 domain 

by C188-9 or FLLL31 (Bharadwaj et al. 2016 and Lin et al. 2010) may only block part of 

increased signal transduction from activated receptors. 

However, the presence of either phosphorylated or unphosphorylated STAT3 in TSC2 

deficient cells does not explain the differences observed in nuclear active STAT3 (DNA bound 

STAT3) on inhibition with rapamycin, C188-9 or FLLL31. Rapamycin appeared to increase the 

proportion of DNA binding STAT3, as did FLLL31 treatment, in TSC2 deficient AMLs (figure 

5.7). However, C188-9 treatment reduced the amount of DNA binding STAT3. The Active Motif 

ELISA kits used are coated with oligonucleotides containing consensus GAS (interferon γ-

activated sequence) elements (Waitkus et al. 2013) for STAT3. Both tyrosine phosphorylated 

and unphosphorylated STAT3 have been shown to bind STAT3’s GAS (interferon γ-activated 

sequence) motif (Tian et al. 1994 and Timofeeva et al. 2012). Within the TSC2 deficient AML 

cells, an increase in pSTAT3 Y705 phosphorylation on IL-6 treatments was observed with a 

decrease in the amount of DNA binding STAT3 (figure 5.19). Thus, if in the TSC2 deficient 

AML cell line, repression of pSTAT3 Y705 on C188-9 treatment decreased the amount of DNA 

binding STAT3, then the inverse would be expected. In the Tsc2 −/− MEF cell line, changes 

in amount of DNA binding STAT3 from stimulation or drug inhibition were as expected. That 

is mTORC1 and STAT3 inhibition decreased the amount of DNA binding STAT3, whilst 

increasing doses of IL-6 increased the amount of DNA binding STAT3. It should be noted 



230 

 

however that concentrations of IL-6 used for treatment were far in excess of the IL-6 

concentration present in the media of TSC2 deficient AML cells. Therefore, it is possible that 

increased negative regulatory signalling impacted the amount of DNA binding STAT3 within 

AML TSC2 deficient cell line. The effect of treatments on phosphorylation of STAT3 at S727 

may not play a role in our assays quantifying DNA binding STAT3. As Wen and Darnell Jr 

(1997) found no difference in the DNA binding capacity between wild type STAT3 and a mutant 

STAT3 in which the serine at residue position 727 had been substituted for an alanine. Lastly, 

as STAT3 nuclear import is thought to be constitutive and independent of its phosphorylation 

status (Liu et al. 2005), treatments used may not directly affect the nuclear localisation of either 

unphosphorylated or phosphorylated STAT3. But instead affect STAT3 DNA binding affinity. 

The data gathered within this chapter strongly suggests that TSC2 deficient cells, at least in 

part, maintain their constitutive STAT3 signalling through an autocrine mechanism. Previous 

studies have suggested that TSC1/TSC2 deficient cells may autoregulate their STAT3 activity. 

Additionally, a recent study by Wang et al. (2021a) suggested TSC2 deficient cells maintain 

their hyperactive STAT3 signalling in part through IL-6 secretion. They found that treating 

TSC2 deficient cells with an anti-IL-6 antibody attenuated phosphorylation of STAT3 at Y705. 

And that the IL-6 receptor α was highly expressed in the membrane fraction of Tsc2 −/− MEF 

cells compared to Tsc2 +/+ MEF cells. As mentioned, STAT3 stimulatory cytokines have been 

shown to be upregulated within TSC2 deficient cells and TSC lesions (figures 5.4 and 5.5). 

The present work has also shown that TSC2 deficient cells spontaneously recover Y705 

STAT3 phosphorylation overtime in serum starvation (figure 5.17). Additionally short term 

treatment of TSC2 deficient cells with conditioned media from separate cultures of TSC2 

deficient cells cultured for 24 h, massively elevated pSTAT3 Y705 relative to fresh media 

(figure 5.18). Even when cultured under serum starved conditions. The increase in pSTAT3 

Y705 was not observed if conditioned media treatment was sourced from cells cultured in the 

presence of protein transport inhibitors. Therefore, strongly suggesting a secreted factor or 

factors are responsible for the elevation in pY705 STAT3. Lastly, not only do TSC2 deficient 

cells maintain their own constitutive STAT3 signalling by autocrine signalling, they can 

stimulate STAT3 activity in non-TSC cells (HK2 and HEK293 cells). At the level of protein 

markers of STAT3 activity (figure 5.21), nuclear localisation of STAT3 (figure 5.22) and STAT3 

driven gene expression. These findings highlight that TSC2 deficient cells within TSC 

associated lesions likely influence the signalling of cells within their environment in ways which 

promote pathogenesis. Through activated STAT3 signalling for example. However, it should 

be noted that the HK2 and HEK293 cells utilised in this work are not heterozygous for TSC2 

or TSC1, as would be the case for most cells outside of TSC associated lesion in patients 

(Peron et al. 2018a). 
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Chapter 6: Characterising the oxidative stress response of 

TSC2 deficient cells 

6.1. Introduction 

In previous chapters, the activity and expression of HIF-1α, STAT3 and Ref-1 were shown to 

be elevated upon loss of TSC2. The activity of these transcription factors and regulators are 

positively impacted by oxidative stress. The ability of Ref-1 to transactivate HIF-1α and STAT3 

(Shah et al. 2017) is dependent on the redox status of the cell (Xanthoudakis et al. 1992). 

Reactive oxygen species (ROS) are found to modulate the mRNA and protein expression of 

Ref-1 (Ramana et al. 1998, Pines et al. 2005, Jiang et al. 2015 and Hu et al. 2021). Multiple 

studies have found that mitochondria generated ROS stabilised HIF-1α protein and elevated 

its transcriptional activity (Chandel et al. 2000 and Mansfield et al. 2005). While studies 

reported that ROS enhanced HIF-1α protein stability by inhibiting prolyl hydroxylases that 

would consequently decrease proteasome targeted degradation of HIF-1α (Lu et al. 2005, Pan 

et al. 2007 and Lee et al. 2016). Treatment of multiple cancer cell lines with exogenous ROS 

or ROS scavengers modulated phosphorylation markers of STAT3 activity (Mohammed et al. 

2020, Chen et al. 2016 and Yoon et al. 2010) and enhanced the DNA binding ability of STAT3 

(Yoon et al. 2010 and Li et al. 2010). 

Elevated levels of oxidative stress and ROS within TSC diseased cells may contribute to the 

observed pathogenic enhancement of HIF-1α, STAT3 and Ref-1 that is reported within this 

work. Several studies have previously suggested that loss of either TSC1 or TSC2 elevates 

oxidative stress. Chen et al. (2008) found that deletion of TSC1 in hematopoietic stem cells 

increased ROS levels and mitochondrial biogenesis. Whilst Suzuki et al. (2008) showed that 

overexpression of TSC2 mutants within COS-1 cells increased ROS levels. Elevated oxidative 

stress has also been observed in rodent neuronal models of TSC. Ebrahimi-Fakhari et al. 

(2016) found that either TSC1- or TSC2-deficient neuronal cells showed impaired mitophagy, 

enhanced mitochondrial load while impairing oxidative phosphorylation. Di Nardo et al. (2009) 

showed that TSC2 deficient rat hippocampal neurons had elevated mitochondrial ROS. 

Murine cells deficient in Tsc2 have also been shown to have increased levels of glutathione, 

a key endogenous antioxidant (Champion et al. 2022 and Torrence et al. 2021). Increased 

oxidative stress also appears to increase tumour burden in animal models of TSC. Habib et 

al. (2003) found a greater incidence of kidney tumours in Eker rats (a TSC model animal) on 

treatment a ROS inducing drug, TGHQ (2,3,5- tris -(glutathion- S -yl)hydroquinone). 

Furthermore, it was shown drug induced oxidative stress depleted the active glutathione pool 

and was selectively cytotoxic to Tsc2 −/− MEF (Li et al. 2015) and TSC2 deficient AML cells 

(Medvetz et al. 2015). Cytotoxicity observed in these studies was blocked by co-treatment with 

antioxidants. Research so far highlights that a better understanding of the redox sensitive 
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pathways within TSC is required, which might have therapeutic benefit for patients. Therefore, 

within the final result chapter, oxidative stress responses of TSC2 deficient cells will be 

explored within three main aims. The first aim utilises RNA sequencing data sets used in prior 

chapters to explore oxidative stress response gene expression differences in TSC2 deficient 

cells and TSC patient associated lesions. These include genes that restore redox 

homeostasis. The second aim was to assess the cytotoxicity and selectivity of ROS inducing 

agents in human and murine TSC model cells. Cytotoxicity of these agents was further tested 

when combined with inhibitors of mTORC1 or Nrf2. Nrf2 is the master regulator of the cells 

oxidative stress response (Tonelli et al. 2018). The third aim was to briefly examine the 

relationship between STAT3/HIF-1α activity and the redox status of TSC2 deficient cells. 

6.2 Results 

6.2.1 Expression of Nrf2 target genes are upregulated in TSC associated lesions and 

TSC2 deficient AML and MEF cells. 

Nrf2 is a key regulator of the cell’s response to oxidative stress (Tonelli et al. 2018). Nrf2 

transcribes genes involved in detoxifying ROS, glutathione biosynthesis and iron metabolism. 

Immunohistochemical analysis of SEGA tissue by Malik et al. (2015) found increased 

expression of two Nrf2 target genes, GCLC and HMOX1. The authors showed that inhibition 

of GCLC, a key enzyme in the glutathione biosynthesis, raised the protein expression of Nrf2 

further in SEGA derived cell lines. Therefore, the first aim of this result chapter was to examine 

whether loss of TSC2 elicits a transcriptional response that is indicative of increased redox 

stress. Differentially expressed gene (DEG) analyses of Nrf2 target genes was carried out 

within RNA sequencing data of TSC model cell lines. To assess clinical relevance, Nrf2 target 

gene expression was then compared to RNA sequencing data from patient lesions. 

Additionally, the effect of hypoxia on Nrf2 target gene expression will be assayed as hypoxia 

can further promote the generation of ROS (Wang et al. 2007b and Kondoh et al. 2013). 

DEG analysis of RNA sequencing data comparing TSC lesions to non-TSC tissue, reveals 

many Nrf2 target genes that are differentially expressed (figure 6.1). Findings were more 

pronounced within SEN/SEGA lesions, relative to the normal brain tissue, as shown by the 

volcano plot in figure 6.1 (A). Out of the 64 genes within the Nrf2 target gene set, 42 were 

significantly differentially expressed. The vast majority of Nrf2 target genes are significantly 

upregulated (39 genes), with only 3 genes significantly downregulated. With regards to the 

DEG analysis of other TSC lesions vs non-TSC tissue. Renal AMLs and cortical tubers have 

less Nrf2 target genes that are differentially expressed (see supplemental figure S.6.1). Out of 

the 64 genes within the Nrf2 target gene set, 20 significantly differentially expressed genes  
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Figure 6.1 Genes encoding NRF2 target genes are dysregulated upon loss of TSC2 

within patient tumours, and AML and MEF cell lines. Differential gene expression (DEG) 

comparison is annotated above each plot. Volcano plot A was generated from previously published 

RNA sequencing data which Prof. Jeffrey MacKeigan gave us access to. This data set compares 

gene expression of donated TSC patient tumours samples versus non-TSC healthy tissue samples, 

in this case SEN/SEGA (Subependymal nodules/ Subependymal giant cell astrocytomas) (N=15) 

versus normal brain (N=8), see Martin et al. (2017). Volcano plots B and C were generated from 

RNA sequencing data, comparing either AML TSC2 deficient and TSC2 RE (re-expressed) cells 

cultured under either normoxia (21% O2) or hypoxia (1% O2) (N=6). Volcano plot D was generated 

from RNA sequencing data comparing MEF Tsc2 −/− and Tsc2 +/+ (N=3) cells. RNA sequencing 

for volcano plots B, C and D was conducted through Wales Gene Park and expression levels were 

calculated and normalised from raw read counts as RPKM (Reads per Kilobase exon Model per 

million mapped reads) with DEG analysis generated through DEseq2 analysis and resulting p-

values were corrected for multiple testing and false discovery by FDR method. For all volcano plots 

Log2 transformed fold change in expression of genes was plotted against their -log10 transformed 

FDR adjusted p-values. Dotted lines at x axis represent increase or decrease in foldchange of 2 or 

-2 respectively. Dotted line at y axis represents significance threshold of 0.05. Genes annotated had 

a Log2 fold change in expression greater or lower than 2 or -2 (i.e. four fold higher or lower in 

expression) respectively and an -log10 adjusted p-value greater than 3 (i.e. below 0.001 significance 

threshold). 
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were upregulated within cortical tubers relative to normal brain tissue. Whereas renal AMLs 

relative to normal kidney tissue, 21 genes were significantly differentially expressed (11 

upregulated and 10 downregulated). Within all three TSC lesions, the majority of Nrf2 target 

genes were upregulated, indicating elevated oxidative stress present within tumours 

associated with TSC.  

As with TSC associated lesions, AML cells lacking TSC2 showed elevated Nrf2 target gene 

expression relative to TSC2 RE cells (figure 6.1 B). As can be seen by the cross comparisons 

of DEG analyses of Nrf2 target genes between RNA sequencing data sets in table 6.1. DEG 

analyses within the AML cell line RNA seq data set revealed that out of 53 Nrf2 target genes 

(expression of all 64 genes part of the full Nrf2 target gene set was not detectable), 44 were 

significantly differentially expressed. With 36 genes being upregulated and 8 being 

downregulated. As seen in figure 6.1 (C), hypoxia (1%O2) doesn’t have a pronounced impact 

on Nrf2 target gene expression within TSC2 deficient AML cells. Under hypoxia, Nrf2 target 

gene expression had similar numbers of significantly differentially expressed genes. DEG 

analysis of another TSC model cell line, similarly finds elevation of Nrf2 target gene 

expression. On loss of Tsc2 within MEFs, 32 out of the 48 Nrf2 target genes assayed were 

significantly differentially expressed (figure 6.1 D). Again, the majority of those differentially 

expressed genes were upregulated (24 genes) as opposed to downregulated (8 genes). As 

seen in table 6.1, findings from both TSC model cell lines demonstrate an upregulation of Nrf2 

mediated gene transcription upon TSC2 loss and suggests that there could be a higher level 

of oxidative stress. 

Over half of the genes within the Nrf2 target gene set were differentially expressed between 

TSC2 −/− AML and TSC2 RE AML cells and between at least one TSC associated lesion and 

non-TSC tissue. Differential expression of these 39 genes between RNA sequencing is 

highlighted in the heatmap in figure 6.2. As shown, foldchange in expression of these Nrf2 

genes varies between lesions relative to their matched non-TSC tissue. The same is the case 

comparing the human and murine TSC model cell lines under normoxia. However, comparing 

the SEN/SEGA vs NB and TSC2 −/− vs TSC2 RE AML cells DEG analyses, the majority of 

differentially expressed genes common in both analyses are expressed in the same direction 

(27 genes). That is for example, a gene being upregulated within the SEN/SEGAs and TSC2 

−/− AML cells as opposed to upregulated within the SEN/SEGAs but downregulated within the 

TSC2 −/− AML cells. The trends are clear that there is an upregulation of Nrf2 mediated gene 

expression between data sets analysed in TSC associated lesions and TSC cell line models. 

As part of the present analysis, an additional gene set was analysed. This gene set was termed 

“endogenous antioxidants” and composed of genes again involved in maintaining redox 
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homeostasis. This includes genes involved in the synthesis of glutathione, and families of 

enzymes that utilise the glutathione and thioredoxin systems to reduce harmful free radicals. 

As with the Nrf2 target gene set, expression of “endogenous antioxidant” genes were largely 

upregulated within TSC brain lesions and TSC2 deficient cells. Volcano plots and a heatmap 

summarising analyses of the “endogenous antioxidants” gene set can be seen in supplemental 

figures S.6.1, S.6.2. and S.6.3.  
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Figure 6.2 NRF2 target genes are differentially expressed between TSC tumour 

types, human and murine cell models lines of TSC. The above heatmap compares the fold 

change in expression of NRF2 target genes between either a TSC lesion and healthy tissue or a 

TSC2 deficient (−/−) cell line with a TSC2 re-expressed (RE) (AML) or TSC2 +/+ (MEF) cell line. 

Genes selected for the heatmaps are those which are significantly differentially expressed between 

the TSC2 −/− and TSC2 RE cell lines (under either oxygen conditions) and between at least one 

TSC lesion and healthy tissue. Differential gene expression (DEG) comparison is annotated above 

each column and the oxygen conditions, 21% O2 (normoxia) or 1% O2 (hypoxia), cell lines were 

cultured under is also denoted. White spaces within columns indicate that gene’s expression was 

not detectable in that data set. Gene names are shown on the right of the heatmap. It should be 

noted these data sets are distinct, generated differently from one another (see methods and 

materials section). SEN/SEGA = subependymal nodule/Subependymal giant cell astrocytomas, NB 

= normal brain, TUB = TSC tuber, RA = renal angiomyolipoma, NK = normal kidney. 
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6.2.2 Loss of TSC2, but not hypoxia, elevates Nrf2 target gene expression within AML 

cells, and oxidative stress markers in AML and MEF cells. 

The next aim was to validate expression of antioxidant genes by qPCR and protein expression 

by western blot. Oxygen availability has been linked to Nrf2 activity, so normoxia and hypoxia 

culture conditions were also compared. Hypoxia was found to elevate Nrf2 target gene 

expression in lung (Kim et al. 2007) and breast cancer (Syu et al. 2016) cell lines. It was found 

that silencing of Nrf2 in both colon and breast cancer cells suppressed the accumulation of 

HIF-1α, even under hypoxia (Kim et al. 2011c and Lee et al. 2019). 

Nrf2 (NFE2L2) mRNA expression was substantially elevated upon loss of TSC2 irrespective 

of oxygen availability (figure 6.3). Foldchange (FC) of which, relative to AML TSC2 RE cells, 

is maximum under hypoxia (FC=3.22 p=0.0002). Hypoxia did not significantly alter expression 

of NFE2L2 in either TSC2 deficient or TSC2 RE AML cells. Other genes assayed involve ROS 

detoxification at different compartments of the cell. SOD3 encodes an extracellular protein, 

belonging to the superoxide dismutase family, that catalyses the dismutation of superoxide 

(Nguyen et al. 2020). GPX4 and GPX8 encode for glutathione peroxidases that prevent free 

radical formation from lipid hydroperoxides (Flohé et al. 2022). MGST1 encodes an enzyme 

with broad substrate specificity and is localised primarily to the mitochondria where it 

conjugates electrophiles to glutathione (Kuang et al. 2021). TXNRD1 gene product reduces 

and thereby replenishes active thioredoxin, which in turn can scavenge ROS (Cadenas et al. 

2010).  

Expression of all of these genes is elevated upon the loss of TSC2. Foldchange in mRNA 

expression of SOD3, GPX8, MGST1 and GPX4, relative to AML TSC2 RE cells, was highest 

under hypoxia (SOD3: FC=2.81 p= 0.0044, GPX8: FC=8.39 p=2.19x10-5, MGST1: FC=1.85 

p=0.0014 and GPX4: FC=1.76 p=0.0066) (figure 6.3). Whilst for TXNRD1, expression was 

highest under normoxia (FC=1.77 p=0.0002). mRNA expression for majority of the genes was 

found to be highest within TSC2 deficient cells under hypoxia and significantly higher than 

observed in TSC2 RE AML cells cultured under hypoxia. In addition, hypoxia did not 

significantly affect the mRNA expression of SOD3, GPX8, MGST1, GPX4 or TXNRD1 within 

TSC2 deficient AML cells relative to normoxic culture conditions. 

Genes related to ferroptosis, iron metabolism and storage were also upregulated upon loss of 

TSC2, as seen in figure 6.4. Iron is not only essential for oxygen transport but also as a 

cofactor in enzymatic catalysis and electron transfer within multiple cellular processes (Hentze 

et al. 2010). However, intracellular iron levels must be tightly regulated, as excess ferrous iron 

can generate highly reactive hydroxyl radicals through Fenton chemistry. Overwhelming of the 

glutathione antioxidant systems results in the non-apoptotic oxidative cell death termed 

ferroptosis (Kerins and Ooi, 2008). Ferroptosis is characterised by the iron dependent cell  
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Figure 6.3 Loss of TSC2 in angiomyolipoma cells results in elevation of NFE2L2 

(NRF2) and NRF2 target genes, with hypoxia not significantly effecting mRNA 

expression. Either under normoxia (N, 21% O2) or hypoxia (H, 1% O2), AML cells lacking TSC2 

(TSC2 –) or with TSC2 re-expressed (TSC2 +) were cultured overnight before being lysed. mRNA 

was purified from these lysates, converted to cDNA, and through qPCR the expression of target 

genes was quantified (N=3 minimum). Fold change in expression was calculated compared to a 

designated reference sample, in this case TSC2 re-expressed under normoxia. Fold changes of 

target genes in samples were normalised to the housekeeping gene HMBS. Significance 

annotations above each bar on graph indicates significance of difference in foldchange between 

each condition and the reference sample (TSC2 RE cells under normoxia). Pairwise statistical 

comparisons between TSC2 deficient cells under normoxia or hypoxia and between TSC2 deficient 

and TSC2 RE cells under hypoxia are also annotated. Statistical analysis of differences in 

foldchange (N=3 minimum) was by student’s t test. Significance denoted by: * = p <0.05, ** = p 

<0.01, *** = p< 0.001, NS = not significant. Bars represent standard error of the mean. 
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Figure 6.4 Loss of TSC2 in angiomyolipoma cells results in elevation in expression 

of ferroptosis related genes. Either under normoxia (N, 21% O2) or hypoxia (H, 1% O2), AML 

cells lacking TSC2 (TSC2 –) or with TSC2 re-expressed (TSC2 +) were cultured overnight before 

being lysed. mRNA was purified from these lysates, converted to cDNA, and through qPCR the 

expression of target genes was quantified (N=3 minimum). Fold change in expression was 

calculated compared to a designated reference sample, in this case TSC2 re-expressed under 

normoxia. Fold changes of target genes in samples were normalised to the housekeeping gene 

HMBS. Significance annotations above each bar on graph indicates significance of difference in 

foldchange between each condition and the reference sample (TSC2 RE cells under normoxia). 

Pairwise statistical comparisons between TSC2 deficient cells under normoxia or hypoxia and 

between TSC2 deficient and TSC2 RE cells under hypoxia are also annotated. Statistical analysis 

of differences in foldchange (N=3 minimum) was by student’s t test. Significance denoted by: * = p 

<0.05, ** = p <0.01, *** = p< 0.001, NS = not significant. Bars represent standard error of the mean. 
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death that results from the accumulation of lipid peroxides. Oxidative stress, through Nrf2, can 

upregulate a number of genes linked to iron metabolism/storage and protect against 

ferroptosis (Duarte et al. 2021). This includes some genes shown in figure 6.4 (FTH1, HMOX1 

and SLC7A11) and GPX4. FTH1 encodes a subunit of ferritin, the main iron storage protein 

(Theil et al. 2013) whereas HMOX1 encodes an inducible heme oxygenase, which catalyses 

the breakdown of heme (Chau et al. 2015). Expression of FTH1 and HMOX1 was highest for 

TSC2 deficient cells under hypoxia (FTH1: FC=4.78, HMOX1: FC=92.58) and relative to TSC2 

RE AML cells cultured under hypoxia was found to be significant (FTH1 p=1.57x10-5 , HMOX1 

p=0.0024) (figure 6.4). Difference in the mRNA expression of FTH1 and HMOX1 between 

normoxic cultured TSC2 deficient and TSC2 RE cells was reported as significant. Within the 

TSC2 deficient AML cells, normoxic vs hypoxic culture did not significantly affect FTH1 nor 

HMOX1 expression. AIFM2 encodes a protein which cooperates with GPX4 to inhibit 

ferroptosis by repressing lipid peroxidation (Doll et al. 2019). Whilst SLC7A11 encodes the 

cysteine/glutamate antiporter, whose functions include importing cysteine, the rate limiting 

substrate in the biosynthesis of glutathione (Koppula et al. 2021). Indeed Champion et al. 

(2022) found cysteine was 1.7 fold higher within Tsc2 −/− MEF cells than Tsc2 +/+ MEF cells. 

Indicating either elevated synthesis and/or import of cysteine upon loss of TSC2. High cysteine 

pools likely contributes to the increased glutathione pool seen within Tsc2 deficient murine 

cells (Torrence et al. 2021 and Champion et al. 2022). For AIFM2 and SLC7A11, expression 

was highest for TSC2 deficient cells under normoxia relative to TSC2 RE cells cultured under 

normoxia (AIFM2: FC=4.08 p=5.81x10-7, SLC7A11: FC=11.09 p=0.0100) (figure 6.4). 

Normoxic versus hypoxic culture had no significant effect on AIFM2 nor SLC7A11 mRNA 

expression in either TSC2 deficient or TSC2 RE AML cell lines. Expression of AIFM2 and 

SLC7A11 within hypoxic cultured TSC2 deficient AML cells was found to be significantly higher 

than observed in hypoxic cultured TSC2 RE AML cells.  

Mitochondrial unfolded protein response (mtUPR) genes, HSPE1, DNAJA3 and LONP1, were 

also examined (supplemental figure 6.4). The mtUPR is a stress response triggered by 

mitochondrial dysfunction (Shpilka et al. 2018) which in turn orchestrates a transcriptional 

programme that promotes mitochondrial recovery. Elevated mitochondrially generated ROS 

can trigger the mtUPR through damaging mitochondrial DNA and protein. Expression of 

HSPE1 and DNAJA3 was elevated upon loss of TSC2. Additionally, expression of 

PPARGC1A, the master regulator of mitochondrial biogenesis, was substantially elevated 

upon loss of TSC2 within AML cells. PPARGC1A was expressed 46.94 fold higher in TSC2 

deficient AML cells. Higher expression of PPARGC1A would account for a higher 

mitochondrial load, a disease feature of TSC that has been previously reported in TSC1/TSC2 
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deficient murine neuronal cells (Ebrahimi-Fakhari et al. 2016). Higher numbers of 

mitochondria would further enhance ROS generation.  

Antioxidant factors were elevated upon loss of TSC2 with both AML and MEF cell lines at the 

protein level (figure 6.5). This included the ferroptosis inhibitor FSP1 (product of the AIFM2 

gene) and heme oxygenase 1 (HMOX1). Catalase, which is critical to a cell’s antioxidant 

defence, by catalysing the decomposition of H2O2 (Tehrani and Moosavi-Movahedi, 2018), 

was only elevated in Tsc2 −/− MEF cells. Changes in Thioredoxin-1 and -2 (TRX1 and TRX2) 

expression upon TSC2 loss differed between the model cell lines. TRX1 was elevated within 

TSC2 deficient AML cells, but TRX2 was not. Whereas the inverse was found for Tsc2 −/− 

MEFs (figure 6.5). TRX1 and TRX2 have a cytoprotective role against oxidative stress, acting 

as electron donors to peroxidases in order for them to efficiently scavenge ROS (Lu and 

Holmgren, 2014). Within the AML cell line, cells deficient in TSC2 had increased protein 

expression of glutathione peroxidase 8 (GPX8). Taken together the present data shows that 

expression of constituents of the cell’s antioxidant defence are generally elevated upon loss 

of TSC2. This included increased expression of anti-ferroptosis/iron metabolising factors, 

enzymes utilising the glutathione or thioredoxin systems to neutralise ROS and proteins which 

contribute to biosynthesis of glutathione. This data indicates that TSC cells are under 

increased oxidative stress.  

Assaying protein expression of Nrf2 within the AML and MEF cell lines by western blot was 

attempted. However, multiple banding was observed. Nrf2 has been observed to migrate by 

gel electrophoresis at multiple band sizes (Lau et al. 2013). As seen in supplemental figure 

6.5, several bands for Nrf2 were observed in both cell lines, making accurate determination of 

protein expression difficult. However, of note within both TSC2 deficient AML and MEF cells, 

a band at ~36 kDa was more strongly expressed compared to TSC2 re-expressed and 

wildtype cells respectively. A literature search did not find mention of this lower resolving band 

or its potential biological function. 

In Summary, the expression of antioxidant genes is elevated in TSC2 deficient AML cells, a 

finding reflected in the increased protein expression for some of the antioxidant proteins in 

both the TSC2 deficient AML and MEF cell lines. Indicating that upon loss of TSC2 there is an 

enhanced response to oxidative stress. 
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6.2.3 Expression of the Nrf2 gene and Nrf2 target genes respond differently to agents 

affecting cellular redox status between TSC2 deficient and TSC2 RE cells  

To confirm whether the elevated expression of antioxidant genes observed upon loss of TSC2 

were redox responsive in the AML cell lines and driven by Nrf2 activity, the next aim of the 

present chapter was to characterise how the expression of antioxidant defence genes in those 

cells changed in response to Nrf2 inhibitors, ROS inducing agents, and ROS quenching 

agents. TSC2 RE and TSC2 deficient AML cells were treated with either DMSO, the Nrf2 

inhibitor ML385 (Singh et al. 2016), the ROS inducer DMNQ (Watanabe and Forman, 2003) 

or glutathione reduced ethyl ester (GLUT), a more cell permeable form of glutathione 

(Anderson et al. 1985) able to quench ROS. mRNA expression of NFE2L2, HMOX1, FTH1 

and AIFM2 was then assayed by qPCR, as seen in figure 6.6. With foldchange in expression 

under treatment conditions normalised to DMSO controls (i.e. change in expression on a 

Figure 6.5. Loss of TSC2 within AML and MEF cell lines leads to elevated 

expression of oxidative stress related proteins. AML cells lacking TSC2 (TSC2−/−) 

or with TSC2 re-expressed (TSC2 RE) and MEF cells lacking Tsc2 (−/−) or with wild type 

Tsc2 (+/+), were cultured overnight under normoxia (N, 21% O2) or hypoxia (H, 1% O2) 

before being lysed. Through western blotting lysates were assayed for target protein 

expression (N=3), with β-actin acting as a loading control. Predicted running band size (kDa) 

of protein targets can be found in chapter 2, table 2.6. 
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treatment condition is in relation to the control for that cell line, TSC2 RE or TSC2 −/−). Nrf2 

has previously been reported to drive the anti-ferroptotic FTH1 (Kwak et al. 2001) and pro-

ferroptotic HMOX1 (Alam et al. 1999). While Chorley et al. (2012) found through chromatin 

immunoprecipitation sequencing analysis that Nrf2 binds the AIFM2 promoter in cells treated 

with the antioxidant sulphoraphane. 

Upon Nrf2 inhibition in figure 6.6, the panel of ROS sensitive genes were all significantly 

repressed within TSC2 RE and TSC2 deficient AML cells, relative to their DMSO controls 

(apart from HMOX1 within the TSC2 RE AML line). Nrf2 (NFE2L2) expression was also 

downregulated, showing that Nrf2 autoregulates its own expression within the context of TSC. 

Antioxidant response element-like sequences have been reported within the NFE2L2 

promoter that could help explain this autoregulation (Kwak et al. 2002). Repression of HMOX1, 

FTH1 and AIFM2 expression relative to the DMSO control within TSC2 deficient AML cells 

upon ML385 treatment (HMOX1: FC=0.66 p=0.0001, FTH1: FC=0.60 p=0.0001, AIFM2: 

FC=0.57 p=3x10-5) identifies that Nrf2 is mediating transcription of these ROS sensitive genes 

(figure 6.6) and likely the other antioxidant genes shown to elevated upon loss of TSC2 

depicted in figure 6.1. The ROS inducer DMNQ significantly elevated expression of the 

antioxidant gene panel further in the TSC2 RE AML line (HMOX1: FC=5.01 p=0.0006, FTH1: 

FC=1.83 p=0.0082, AIFM2: FC=1.99 p=0.0144) (figure 6.6). This data confirms that these 

genes are ROS induced within cells possessing functional TSC2. Of interest, DMNQ treatment 

did not further elevate the expression of the antioxidant genes assayed within TSC2 deficient 

AML cells. Therefore, the ROS input to drive the expression of these genes appears to be 

already maximal (or a truncated response), which could possibly occur during long-term 

exposure to ROS. In line with this notion, excessive and chronic ROS can result in over-

oxidation of Trx1 and its regenerative enzyme TrxR1, inhibiting both (reviewed in Cebula et 

al. 2015). Inhibition of the thioredoxin system has been shown to strongly stimulate Nrf2 

activity in multiple settings (Suvorova et al. 2009, Patterson et al. 2013, Locy et al. 2012 and 

Burk et al. 2008). Therefore, stimulatory effect of ROS, through inhibiting redox systems such 

as the thioredoxin system, may already be at a maximal level. Possibly a reason why treatment 

with ROS inducing reagents does not elevate Nrf2 activity any further. As a possible method 

to further characterise this apparent saturated or truncated response to ROS, the redox status 

of the thioredoxin system components could be assayed under control and ROS insult 

conditions. This assay was beyond the scope of the present chapter. Interestingly, only the 

expression of HMOX1 was significantly affected by the antioxidant glutathione. With mRNA 

expression significantly downregulated relative to the DMSO control within both TSC2 RE 

(FC=0.62 p=0.038) and TSC2 deficient AML (FC=0.77 p=0.0159) cells. Why glutathione 

treatment did not significantly repress NFE2L2, FTH1 and AIFM2 expression is uncertain  
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Figure 6.6. In both TSC2 RE and TSC2 deficient AML cells expression of redox related 

genes are sensitive to NRF2 inhibition, but only in TSC2 RE cells is expression 

significantly elevated by drug induced ROS. TSC2 RE or TSC2 deficient (−/−) AML cells were 

cultured for 8 h in the presence of either DMSO, NRF2 inhibitor ML385 at 20 μM, ROS generating drug 

DMNQ at 5 μM or ROS scavenger glutathione at 1 mM before being lysed. mRNA was purified from these 

lysates, converted to cDNA, and through qPCR the expression of target genes was quantified (N=3). For 

each cell line, fold change in expression for treated conditions was calculated compared to a designated 

references sample, which was either TSC2 RE or TSC2 deficient AML cells treated with vehicle (DMSO). 

Fold changes of target genes in samples were normalised to the housekeeping gene HMBS. Significance 

annotations above each bar on graph indicates significance of difference in foldchange between each 

condition and the reference sample (DMSO treated TSC2 RE/TSC2 −/− cells). Pairwise comparisons of 

differences in foldchange between TSC2 RE & TSC2 −/− cells under each treatment condition is also 

annotated. Statistical analysis of differences in foldchange (N=3 minimum) between treated conditions 

and DMSO control was by student’s t test. Significance denoted by: * = p <0.05, ** = p <0.01, *** = p< 

0.001, NS = not significant. Bars represent standard error of the mean. 
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given their redox regulation. Glutathione is present within the cells at the millimolar 

concentration (Nordberg, J. and Arnér, 2001), and 1 mM was used for treatment. Therefore, 

a higher dose of treatment would be needed to be more effective. Additionally, other 

antioxidants can potently block NFE2L2 and Nrf2 target gene expression. Such as N-acetyl 

cysteine (NAC) and palmitic acid. NAC can block exercise induced increase in NFE2L2 

expression within mouse skeletal muscle (Merry and Ristow, 2016) and palmitic acid induced 

Nrf2 target gene expression within Hepa1c1c7 cells (Lee et al. 2019). The inefficiency of 

glutathione to repress Nrf2 could be explained by Nrf2 stabilisation, which appears to be more 

strongly influenced by the thioredoxin system, rather than the glutathione antioxidant system 

(reviewed in Cebula et al. 2015). 

 

6.2.4 The ROS inducing agents DMNQ, rotenone and RSL3 are selectively cytotoxic to 

cells with wildtype or re-expressed TSC2 relative to TSC2 deficient cells. 

In this chapter, the data so far indicates redox stress and the concomitant antioxidant response 

may be maximally elevated upon loss of TSC2. A logical hypothesis is that further ROS 

induction might overwhelm the antioxidant defences and selectively kill TSC2 deficient cells. 

Supporting this idea, therapeutic ROS inducing agents show anti-proliferative and pro-

apoptotic properties in several cancer lines (Kuo et al. 2007, Cho et al. 2018, Tavsan and 

Kayali 2019 and Su et al. 2006). DMNQ, rotenone and RSL3 induce ROS through differing 

mechanisms and were used to assay cell viability on ROS insult in TSC cell models. DMNQ 

generates semiquinone radicals which that form ROS products, such as superoxide and 

hydroxyl radicals (Ishihara et al. 2006). Rotenone is a mitochondria toxin that inhibits complex 

I within the electron transport chain. Consequently, rotenone causes the incomplete electron 

transfer to oxygen that leads to the overproduction of ROS (Li et al. 2003). Whilst RSL3 is an 

inhibitor of the glutathione peroxidase GPX4 (Yang et al. 2014) which functions as an 

endogenous inhibitor of ferroptosis. Inhibition of GPX4 by RSL3 leads to accumulation of lipid 

ROS and activation of the ferroptosis pathway. 

Cell viability was assayed using acridine orange/propidium iodide (AO/PI) and were carried 

out in either TSC2 deficient and TSC2 RE AML cells or Tsc2 −/− and Tsc2 +/+ MEFs (figure 

6.7) with increasing doses of DMNQ, rotenone or RSL3. Surprisingly, all three ROS inducing 

reagents were selectively cytotoxic for the wildtype control cells (wildtype or re-expressed 

TSC2) relative to TSC2 deficient cells. That said higher concentrations of DMNQ and RSL3 

resulted in smaller differences in cell viability between the MEF lines. Whereas higher 

concentrations of RSL3 resulted in smaller differences in cell viability between AML the lines. 

RSL3 treatments were much more selectively cytotoxic to wildtype cells at lower 

concentrations (figure 6.7). Insensitivity of TSC2 deficient cells to these agents might be due  
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Figure 6.7. Within both AML and MEF cell lines, loss of TSC2 confers resistance to 

cytotoxicity of ROS inducing drugs. TSC2 RE and TSC2 deficient AML cells and Tsc2 +/+ or 

Tsc2 −/−MEF cells were grown to ~80% confluency, before being treated with either DMSO or the 

ROS inducing drugs DMNQ, rotenone or RSL3 at the specified concentration for 24 h. Cells were 

then trypsinised and collected as were non-adherent cells within original drugged media and trypsin 

washes. Cells were spun down and fractions of cell suspensions were mixed with AO/PI stain. 

Viable/non-viable cells were then assayed on a dual-fluorescence cell counter. Average percentage 

of viable cells per condition (N=3 minimum) are plotted on the above graphs. The significance 

between differences in percentage of viable cells for each cell line under each drug condition was 

by student’s t test and annotated on each graph. Significance denoted by: * = p <0.05, ** = p <0.01, 

*** = p< 0.001, NS = not significant. Bars represent standard error of the mean. 
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to the increased expression of antioxidant genes, better enabling them to handle further ROS 

insult. Tsc2 −/− MEFs have been found to have a larger glutathione pool than Tsc2 +/+ MEFs 

(Torrence et al. 2021 and Champion et al. 2022). Whilst co-treatment of AML and MEF lines 

with an antioxidant and DMNQ/rotenone/RSL3 was not undertaken to confirm cell death was 

mediated by increased ROS generation. The use of three drugs which induce ROS by 

separate mechanisms suggest selective cytotoxicity observed was likely due to increased 

ROS generation. 

 

6.2.5 Nrf2 inhibition through ML385 sensitises TSC2 deficient cells to DMNQ and RSL3 

mediated cell death. 

Improper Nrf2 activation, through mutation to NFE2L2 or its negative regulator KEAP1, 

promotes tumorigenesis in cancer (Satoh et al. 2013 and Tao et al. 2017) and can increase 

resistance to chemotherapy (Jiang et al. 2010, Wang et al. 2008 and Singh et al. 2008). 

DeNicola et al. (2011) found that expression of oncogenic Kras, Braf and Myc within murine 

cells was sufficient to induce Nrf2 expression that lowered intracellular ROS. Given the 

observed increase of Nrf2 mediated transcription upon loss of TSC2 (figure 6.1). Nrf2 is likely 

protecting these cells to drug induced cytotoxicity through ROS (figure 6.7). Therefore, 

inhibiting Nrf2 may re-sensitise TSC2 deficient cells to ROS mediated cell death. Figure 6.8 

shows the results of AO/PI cell viability assays in which either TSC2 deficient and TSC2 RE 

AML cells or Tsc2 −/− and Tsc2 +/+ MEF cells were co-treated with DMNQ, rotenone or RSL3 

and increasing doses the NRF2 inhibitor, ML385. ML385 prevents Nrf2-MAFG (MAF BZIP 

Transcription Factor G) complex formation, thus impairing recognition of antioxidant response 

elements on Nrf2 target genes (Singh et al. 2016). 

ML385 single drug treatments were carried out as a control. ML385 alone was not found to be 

cytotoxic at any of the concentrations used (1.25-20 µM). As seen in supplemental figure 

S.6.6. ML385 co-treatment did however sensitise both TSC2 deficient cell lines to DMNQ and 

RSL3, causing a pronounced cytotoxic effect (figure 6.8). Co-treatment of DMNQ at 10 μM 

with increasing concentrations of ML385 resulted in a moderate but significant decrease in 

cell viability in the TSC2 deficient cell lines. A maximum decrease in cell viability was seen 

with 5 µM of ML385 for TSC2 deficient AML cells (41.1% vs 53.7% p=0.0131) and 20 µM of 

ML385 for Tsc2 −/− MEF cells (57.0% vs 75.7% p=0.0156). With rotenone treatment, 

combined treatment with ML385 did not significantly alter the loss of cell viability, relative to 

rotenone treatment alone. Co-treatment of RSL3 with ML385 resulted in the largest decreases 

in TSC2 deficient AML and MEF cell viability compared to any ROS inducing drug treatment 

alone. With the maximum decrease in viability relative to RSL3 treatment alone seen at 20 µM 

of ML385 for TSC2 deficient AML cells (27.7% vs 57.8% p=0.0011) and Tsc2 −/− MEF cells  
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Figure 6.8. Within both TSC2 deficient AML and MEF cell lines, NRF2 inhibition 

sensitises cells to ROS inducing drug cytotoxicity. TSC2 deficient AML and Tsc2 −/−MEF 

cells were grown to ~80% confluency, before being treated for 24 h with either DMNQ, rotenone or 

RSL3 alone or with the NRF2 inhibitor ML385 at the specified concentration. Cells were then 

trypsinised and collected with non-adherent cells within original drugged media and trypsin washes. 

Cells were spun down and fractions of cell suspensions were mixed with AO/PI stain. Viability of 

cells were then assayed on a dual-fluorescence cell counter. Average percentage of viable cells per 

condition (N=3 minimum) are plotted on the above graphs. Statistical analysis of differences in 

percentage of viable cells between ML385 and DMNQ/rotenone/RSL3 co-treated conditions and 

DMNQ/rotenone/RSL3 treated conditions was by student’s t test and annotated on each graph. 

Significance denoted by: * = p <0.05, ** = p <0.01, *** = p< 0.001, NS = not significant. Bars represent 

standard error of the mean. 
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(26.8% vs 69.38% p=0.0135). Overall, this data reveals Nrf2 is a prominent antioxidant cell 

survival mechanism in the TSC2 deficient cells. 

In recent years cross talk between the mTORC1 and Nrf2 signalling pathways has been 

uncovered in disease progression. For example, drug inhibition or silencing of Nrf2 was found 

to decrease proliferation of cancer cell lines through inhibition of mTORC1 signalling (Jia et 

al. 2016 and Ji et al. 2022). Additionally, Nrf2 has been found to modulate transcription of 

MTOR (Bendavit et al. 2016), with the MTOR gene itself containing an antioxidant response 

element. In regard to TSC, Medvetz et al. (2015) found that Chelerythrines was selectively 

cytotoxic to TSC2 deficient cells was antagonised by co-treatment with rapamycin. 

Chelerythrine, can partly induce apoptosis through ROS induction (Yamamoto et al. 2001 and 

Matkar et al. 2008). To assess whether mTORC1 activity upon TSC2 loss can provide a 

degree of resistance to ROS inducing agents, another AO/PI cell viability assay was 

undertaken. Cells were treated with either a lower or higher concentration of DMNQ, rotenone 

or RSL3 alone or with 50nM of rapamycin. As shown in figure 6.9, co-treatment with rapamycin 

with 20 μM of rotenone significantly affected the viability of the Tsc2 −/− MEFs. For rotenone 

at 10 μM and DMNQ or RSL3 at either the lower or higher concentration used, rapamycin co-

treatment did not significantly affect cell viability. For TSC2 deficient AML cells, rapamycin co-

treatment with DMNQ, rotenone or RSL3 at either the lower or higher concentration used did 

not significantly affect cell viability when compared to DMNQ, rotenone or RSL3 alone (figure 

6.9). This data reveals that mTORC1 inhibition is neither agonistic or antagonistic to drug 

induced ROS cytotoxicity. Overall, the data suggests that TSC2 deficient cells protect 

themselves from ROS through Nrf2, rather than through mTORC1. 

These results show mTORC1 inhibition through rapamycin is neither antagonistic or agonistic 

to cytotoxicity of the ROS inducers used. Which suggests that mTORC1 hyperactivity within 

TSC2 deficient cells isn’t driving the greater resistance of these cells to ROS inducing agents 

relative to cells with wildtype or re-expressed TSC2. 
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Figure 6.9. Within both TSC2 deficient AML and MEF cell lines, rapamycin does not 

sensitise cells to ROS inducing drug cytotoxicity. TSC2 RE and TSC2 deficient AML cells 

and Tsc2 +/+ or Tsc2 −/− MEF cells were grown to ~80% confluency, before being treated for 24 h 

with either DMSO, rapamycin at 50 nM, DMNQ, rotenone or RSL3 alone at the specified 

concentration alone or with rapamycin at 50 nM. Cells were then trypsinised and collected as were 

non-adherent cells within original drugged media and trypsin washes. Cells were spun down and 

fractions of cell suspensions were mixed with AO/PI stain. Viability of cells were then assayed on a 

dual-fluorescence cell counter. Average percentage of viable cells per condition (N=3 minimum) are 

plotted on the above graphs. The significance between differences in percentage of viable cells for 

between each drug condition with or without rapamycin was by student’s t test and annotated on 

each graph. Statistical analysis was by student’s t test. Significance denoted by: * = p <0.05, ** = p 

<0.01, *** = p< 0.001, NS = not significant. Bars represent standard error of the mean. 
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6.2.6 mTORC1 and STAT3 inhibition modulate Nrf2 target gene expression within TSC2 

deficient AML cells. 

Within cancer, STAT3 and Nrf2 signalling can drive tumourigenesis and drug resistance. 

STAT3 inhibition before cisplatin treatment was found to decrease protein expression of Nrf2 

and GPX4 expression in osteosarcoma MG63 and Saos-2 cells (Liu and Wang, 2019). 

Paracrine IL6 activation of STAT3 was also found to induce NFE2L2 (Nrf2) expression within 

pancreatic cancer cells, driving their increased proliferation and epithelial-mesenchymal 

transition (Wu et al. 2016 and Wu et al. 2017b). Furthermore, Kim et al. (2021) reported within 

basal-like breast cancer cells that STAT3 and Nrf2 physically interacted, forming a complex 

on the promoter of IL23A. As demonstrated in chapter 5, STAT3 activity was upregulated 

within both TSC2 deficient cells. Therefore, the next aim of the present chapter was to assess 

whether STAT3 activity is a promoter of Nrf2 activity in TSC cell line models. As part of this 

study, the involvement of Ref-1 and mTORC1 was also investigated.  

As seen in figure 6.10, only potent STAT3 inhibition with C188-9 had a significant effect on 

Nrf2 (NFE2L2) gene expression, which was slightly increased relative to the DMSO control 

(FC=1.27 p=0.016). Neither rapamycin nor co-treatment of C188-9 with rapamycin altered 

NFE2L2 expression. mTORC1 inhibition affected one Nrf2 target gene’s expression, HMOX1, 

which was moderately decreased with rapamycin (FC=0.1 p=0.0002). APEX1 expression was 

also slightly reduced with rapamycin (FC=0.1 p=0.0002). Therefore, mTORC1 is unlikely to 

influence Nrf2 driven transcription within TSC2 deficient AML cells. In figure 6.6, Nrf2 inhibition 

with ML385 reduced expression of HMOX1, but was not as potent as rapamycin. mTORC1 

activity may therefore being affecting a different transcriptional regulator of HMOX1, such as 

HIF-1α.  

C188-9 treatment resulted in a substantial upregulation of HMOX1 expression relative to the 

DMSO control (FC=0.1 p=0.0002) (figure 6.10). There are conflicting reports of STAT3’s 

regulation of HMOX1 in the literature. In the breast cancer cell line MDA-MB-231, Lahiri et al. 

(2021) reported that STAT3 knock out decreased HMOX1 mRNA expression. Conversely, 

Ferrer et al. (2021) found that STAT3 inhibitors, including C188-9 (at 30 µM), increased 

expression of HMOX1. Relative to the DMSO control, C188-9 also significantly upregulated 

expression of GPX8 by 1.72 fold and APEX1 by 1.32 fold. C188-9 treatment did not however 

significantly affect the expression of FTH1 or GPX4. This data suggests that STAT3 activity 

within TSC2 deficient cells is unlikely to act as a positive driver of Nrf2. Instead, significant 

upregulation of NFE2L2, APEX1 and GPX8 may result from another effect of STAT3 inhibition. 

Potentially, affecting oxidative stress. As STAT3 knockout within cancer cell lines has been 

reported to increase mitochondrial ROS (Garama et al. 2015 and Lahiri et al. 2021).  
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Figure 6.10. qPCR analysis reveals rapamycin and C188-9 treatment regulates redox 

related genes in TSC2 deficient AML cells. TSC2 deficient AML cells were cultured for 18 h 

in the presence of either DMSO, rapamycin (RAP) at 50 nM, C188-9 at 30 μM or FLLL31 10 μM 

alone or in combination before being lysed. mRNA was purified from these lysates, converted to 

cDNA, and through qPCR the expression of target genes was quantified (N=3). Fold change in 

expression was calculated compared to a designated reference sample, in this case TSC2 deficient 

cells treated with vehicle (DMSO). Fold changes of target genes in samples were normalised to the 

housekeeping gene IPO8. Significance annotations above each bar on graph indicates significance 

of difference in foldchange between each condition and the reference sample (DMSO). Statistical 

analysis of differences in foldchange (N=3 minimum) was by student’s t test. Significance denoted 

by: * = p <0.05, ** = p <0.01, *** = p< 0.001, NS = not significant. Bars represent standard error of 

the mean. 
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Volcano plots showing DEG analyses of Nrf2 target genes are shown in figure 6.11, comparing 

either rapamycin (figure 6.11 A) or C188-9 (figure 6.11 B) versus DMSO control of TSC2 

deficient AML cells. This data confirms that neither STAT3 nor mTORC1 are positive drivers 

of Nrf2. For instance, both rapamycin and C188-9 mostly increased the expression of Nrf2 

target genes. Comparing rapamycin to DMSO, 49 Nrf2 target genes (out of 59) were 

significantly differentially expressed between conditions, with 13 being downregulated and 36 

upregulated by rapamycin. Comparing, C188-9 to DMSO treatment, 50 Nrf2 target genes were 

significantly differentially expressed between conditions. C188-9 treatment appeared to 

upregulate a higher proportion of Nrf2 target genes. For instance, C188-9 upregulated the 

expression of 43 Nrf2 target genes. This data provides evidence that inhibition of either 

mTORC1 or STAT3 is not sufficient alone to normalise the higher levels of Nrf2 target gene 

expression that is observed in TSC2 deficient cells. Therefore, the mechanisms that drive Nrf2 

activity, and by extension the greater resistance to ROS insult, of TSC2 deficient cells is 

unlikely to be mediated in large part by either STAT3 or mTORC1 hyperactivity.  
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Figure 6.11. Both rapamycin and C188-9 treatment upregulate Nrf2 target gene 

expression in TSC2 deficient AML cells. Nrf2 target gene set was collated from multiple 

publications (see methods and materials). Differential gene expression (DEG) comparison is 

annotated above each plot. AML TSC2 deficient (−/−) cells were cultured under hypoxia (1% O2) for 

8 h with either vehicle only (DMSO), rapamycin (RAP) at 50 nM or C188-9 at 15 µM (N=8). RNA 

purified from these samples was sequenced through Novogene. Expression levels were calculated 

and normalised from raw read counts as FPKM (Fragments Per Kilobase Million per mapped reads). 

Differential gene expression (DEG) analysis was through DEseq2 analysis and resulting p-values 

were corrected for multiple testing and false discovery by FDR method. For all volcano plots Log2 

transformed fold change in expression of genes was plotted against their -log10 transformed FDR 

adjusted p-values. Dotted lines at x axis represent increase or decrease in foldchange of 2 or -2 

respectively. Dotted line at y axis represents significance threshold of 0.05. Genes annotated had a 

Log2 fold change in expression greater or lower than 2 or -2 (i.e., four fold higher or lower in 

expression) respectively and an -log10 adjusted p-value greater than 3 (i.e., below 0.001 

significance threshold). 
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6.2.7 Treatment with the antioxidant trolox represses tyrosine phosphorylation of 

STAT3 and the level of DNA binding STAT3 within TSC2 deficient cells. 

While STAT3 activity appears not to drive dysregulated antioxidant gene expression in AML 

cells upon loss of TSC2, numerous studies have found that ROS can influence STAT3 activity 

within cancer cells. For instance, starvation or drug induced ROS has been found to increase 

phosphorylation of STAT3 at both the tyrosine 705 and serine 727 site (Mohammed et al. 

2020, Chen et al. 2016 and Yoon et al. 2010), which was blocked with antioxidant treatment. 

Additionally, exogenous ROS or antioxidants can affect STAT3 mediated transcription and 

DNA binding (Yoon et al. 2010 and Li et al. 2010). The signalling interplay between oxidative 

stress and STAT3 is evidently complex and requires further investigation within the context of 

TSC. One of the final aims of this chapter was to assess whether markers of STAT3 activity 

was modulated by oxidative status of TSC cell line models. 

To assess the impact of redox status on STAT3 activity within TSC cell models, TSC2 deficient 

AML and MEF cells were treated with increasing concentrations of a ROS inducing drug 

(rotenone) or a ROS scavenger (trolox). Western blot analysis was carried out to examine 

STAT3 and Ref-1 (figure 6.12). Rotenone did not have a consistent or dose dependent effect 

on Y705 pSTAT3. Within the TSC2 deficient AML and MEF cells, low doses of rotenone 

appeared to slightly, but significantly, decrease levels of Y705 pSTAT3 (figure 6.12 B). 

However, treatment with the antioxidant trolox markedly decreased STAT3 Y705 

phosphorylation within both TSC2 deficient cell lines. Within the Tsc2 −/− MEF line, decrease 

in Y705 pSTAT3 on trolox treatment was more pronounced and showed a more obvious dose 

dependent response. 

Rotenone increased the phosphorylation of STAT3 at S727 (S727 pSTAT3) relative to the 

DMSO control in both TSC2 deficient cell lines (figure 6.12 A), but this finding was not reported 

as significant by densitometry analysis. Mohammed et al. (2020) had previously found that 

rotenone enhanced S727 phosphorylation of STAT3 in both HeLa and HEK cells. Similarly, 

trolox did not cause any significant differences to S727 phosphorylation of STAT3 when 

compared to DMSO. SOCS3 expression also was not affected with either rotenone or trolox 

treatment in either cell line. However, both rotenone and trolox treatments reduced the level 

of JAK2 phosphorylated at Y1007/1008 in TSC2 deficient AML cells (figure 6.12 A). Whereas 

in the MEF line trolox appeared to enhance JAK2 phosphorylation at Y1007/1008. The reason 

for the differences in the effect of trolox on JAK2 phosphorylation between the two cell lines is 

unclear. Repeat blots, showed variability and densitometry analysis did not report significance, 

but the general trends for JAK2 phosphorylation observed on rotenone and trolox treatment 

appeared consistent. 
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Figure 6.12. The antioxidant Trolox decreases phosphorylation of STAT3 at Y705 in 

a concentration dependent manner within TSC2 deficient AML and MEF cells. Panel 

A shows representative western blots (N=3 minimum).  TSC2 deficient AML or MEF cells were 

cultured for 8 h in the presence of either DMSO, rotenone or trolox before lysis. Through western 

blotting lysates were assayed for protein expression, with β-actin acting as a loading control. B. 

Densitometry analysis of resulting western blots (N=3 minimum) was performed, with pSTAT3 Y705 

being normalised to total STAT3. Resulting ratios of pSTAT3 Y705/STAT3 were then expressed as 

fold changes compared to control sample (DMSO) and plotted on accompanying graphs. Statistical 

analysis of differences in foldchange of normalised pSTAT3 (Y705) relative to DMSO control was 

by student’s t test and annotated on graphs (B). Significance denoted by: * = p <0.05, ** = p <0.01, 

*** = p< 0.001, NS = not significant. Bars represent standard error of the mean. Predicted running 

band size (kDa) of protein targets can be found in chapter 2, table 2.6. 
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No significant changes to Ref-1 protein or rpS6 phosphorylation at S235/236 was observed 

with either rotenone or trolox treatment (figure 6.12 A). Given that rpS6 phosphorylation was 

unaltered, it is unlikely changes to the redox status of TSC2 deficient cells by either rotenone 

or trolox is sufficient to affect mTORC1 activity. The main finding from this western blot 

analysis was potent reduction in Y705 STAT3 phosphorylation by trolox, which could indicate 

a reduction in STAT3 activity. Therefore, experiments were set up to examine the effect of the 

antioxidants NAC and trolox on transcriptionally active STAT3, using a TransAM® STAT3 

ELISAs (figure 6.13). These ELISA assays measure the amount of nuclear STAT3 that is able 

to bind DNA in an active form (i.e., are ‘transcriptionally active’). While NAC decreased STAT3 

activity, (AML: FC=0.78, MEF: FC=0.72), this was not reported as significant. However, 2.5 

mM trolox potently and significantly decreased the activity of STAT3, relative to the DMSO 

control, which is consistent with the observed decrease in Y705 STAT3 phosphorylation 

(figure 6.12). Within the TSC2 deficient AML cells, trolox decreased transcriptionally active 

STAT3 by over 50% (FC=0.42 p= 2.69X10-8). As with the level of Y705 pSTAT3, trolox potently 

decreased transcriptionally active STAT3 in the Tsc2 −/− MEF cells (FC=0.23 p= 2.13X10-6). 

These findings reveal that the oxidative status of TSC2 deficient cells influences STAT3 at 

both the level of DNA binding and phospho-markers of activity. 

 

  

Figure 6.13 The antioxidant trolox decreases nuclear accumulation of active STAT3 

within TSC2 deficient AML and MEF cells. TSC2-deficient AML or MEF cells were treated 

with either DMSO, NAC at 2.5 mM or trolox at 2.5 mM for 8 h before either being used to generate 

concentrated nuclear lysates which were assayed for amount of active DNA binding STAT3 present 

using Active Motifs TransAM® STAT3 ELISA (N=3). Amount of nuclear active STAT3 in NAC and 

trolox treated conditions were expressed as fold changes compared to control sample (DMSO). 

Statistical analysis of differences in foldchange of nuclear active STAT3 relative to control was by 

student’s t test and annotated on each graph. Significance denoted by: * = p <0.05, ** = p <0.01, *** 

= p< 0.001, NS = not significant. Bars represent a standard error of the mean. 
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6.2.8 Modulation of the intracellular redox environment by rotenone or trolox treatment 

modulates HIF-1α expression within TSC2 deficient AML cells. 

As described within this chapter’s introduction, the expression and activity of HIF-1α can be 

modulated by oxidative stress in cancer cells. As markers of oxidative stress and elevated 

levels of HIF-1α were observed upon loss of TSC2, markers of HIF-1α and its activity was 

assessed with an inducer and quenchers of ROS in TSC2 deficient AML cells. In this final aim, 

protein levels of HIF-1α and its downstream targets, BNIP3 and ANGPTL4 were examined. 

Within TSC2 deficient AML cells, it was found that HIF-1α protein was greatly enhanced by 

rotenone, while trolox reduced HIF-1α protein expression (figure 6.14). Densitometry analysis 

revealed that HIF-1α protein expression (normalised to β-actin expression) was markedly 

enhanced with all concentrations of rotenone, with the highest induction observed with 5 μM 

rotenone (FC=2.91 p= 0.0341). Decreases in HIF-1α protein levels at 1 and 2.5 mM were 

reported as significant, with the largest decrease in HIF-1α protein levels relative to the DMSO 

control observed at the maximum trolox dose (FC=0.55 p=0.0204). Rotenone did not appear 

to further enhance the protein expression of BNIP3 and ANGPTL4, while trolox was observed 

to decrease their protein expression. Whilst densitometry analysis only found the decreases 

in ANGPTL4 (normalised to β-actin expression) relative to the DMSO control significant. Blots 

from all three independent experiments showed the same trend in decreases in protein 

expression of BNIP3 and ANGPTL4 on trolox treatment. Overall, these results show, HIF-1α 

protein expression in TSC2 deficient cells can be influenced by their oxidative status. With use 

of a ROS quencher, BNIP3 and ANPTL4 protein expression was reduced, that indicates a 

reduction in HIF-1α activity.  
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Figure 6.14. Rotenone increases, whilst trolox decreases protein expression of HIF-

1α and HIF-1α targets, ANGPTL4 and BNIP3, within TSC2 deficient AML cells. 
Representative western blots (N=3 minimum).  TSC2 deficient (−/−) AML cells were cultured for 8 h 

in the presence of either DMSO, rotenone or trolox before lysis. Through western blotting lysates 

were assayed for protein expression, with β-actin acting as a loading control. Densitometry analysis 

of resulting western blots (N=3 minimum) was performed, with HIF-1α being normalised to β-actin 

(ACTB). Resulting ratios HIF-1α/ACTB were then expressed as fold changes compared to control 

sample (DMSO) and plotted on accompanying graphs. Statistical analysis of differences in 

foldchange of normalised HIF-1α relative to control was by student’s t test and annotated above 

bars on graph. Significance denoted by: * = p <0.05, ** = p <0.01, *** = p< 0.001, NS = not significant. 

Bars represent standard error of the mean. Predicted running band size (kDa) of protein targets can 

be found in chapter 2, table 2.6. 
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6.3. Discussion 

Whilst several studies indicate that oxidative stress is elevated in TSC, appreciation for how 

ROS contributes towards TSC pathology is still relatively unknown. The data present within 

this chapter present several novel findings on how TSC model cells respond to oxidative stress 

and highlights the role Nrf2 activity may play in these responses. 

The present work represents a comprehensive analysis of Nrf2 driven transcription in the 

context of TSC, an analysis that has not been previously carried out. Previous studies have 

been limited. It was found that Nrf2 protein expression was independent of Tsc2 in MEFs 

(Zhang et al. 2014 and Lam et al. 2017). The present work finds that Nrf2 activity is elevated 

in TSC cell models and TSC-associated lesions (figure 6.1). The majority of Nrf2 target genes 

assayed were upregulated upon loss of TSC2 within both AML and MEF cell lines and were 

also upregulated in at least one TSC associated lesion. This data highlights that Nrf2 activity 

likely has clinical relevance to TSC pathology. Within the TSC2-deficient AML cells, qPCR 

showed that expression of the Nrf2 gene itself was enhanced upon loss of TSC2. Nrf2 target 

gene products that function through multiple pathways to relieve oxidative stress were also 

markedly enhanced (figures 6.3 and 6.4). Western blotting (figure 6.5) confirmed expression 

of oxidative stress related markers at the protein level within TSC2-deficient AML and MEF 

cells. As previously described in subsection 6.2.2, Nrf2 activity has been shown to be 

modulated by oxygen availability (Cho et al. 2005, Kim et al. 2007 and Syu et al. 2016). 

However, within TSC2 deficient AML cells, DEG analysis showed that hypoxia, by in large, did 

not further elevate Nrf2 target gene expression (figure 6.1). This finding was further confirmed 

by Nrf2 target gene expression assayed via qPCR (figures 6.3 and 6.4), in which hypoxia did 

not significantly elevate the expression of Nrf2 target genes. By in large, expression of protein 

oxidative stress markers was also unaffected by oxygen status (figure 6.5). In TSC2 deficient 

AML cells, the basal protein expression of HIF-1α remains high even during normoxia (21% 

O2), which is of interest. In a normal, untransformed cell, HIF-1α should remain low when 

oxygen is high. It is therefore likely that these AML cells are hardwired into HIF-1α signalling 

irrespective of oxygen status, a term that is referred to as pseudohypoxia. Pseudohypoxia is 

common in renal cancers, where these tumourigenic cells express low oxygen-associated 

proteins regardless of their oxygen status (Hayashi et al. 2019). So while oxygen availability 

is unlikely to be driving Nrf2- mediated transcriptome in these TSC2 deficient AML cells, this 

might be because HIF-1α signalling and other low oxygen-associated factors appear to 

already be pathologically elevated. 

Nrf2 activation within TSC cells has been proposed to be mediated by elevated expression of 

the autophagic substrate p62 (also known as sequestosome-1 (SQSTM1)) (Parkhitko et al. 

2017). p62 sequesters Nrf2 from its negative regulator Keap1 to stabilise Nrf2 (Komatsu et al. 
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2010). In hepatocellular carcinoma, p62 regulation of Nrf2 is a known driving mechanism of 

tumourigenesis (Umemura et al. 2016 and Inami et al. 2011). Surprisingly, Lam et al. (2017) 

found that p62 knockdown with siRNA within Tsc2 −/− MEFs had no effect on the protein 

levels of Nrf2. Instead, p62 knockdown decreased the intracellular pools of glutathione and 

expression of genes related to glutathione synthesis. Previously utilised RNA sequencing data 

showed elevated expression of the p62 gene (SQSTM1) within SEN/SEGA and renal AML 

tumours and within TSC2 deficient AML and MEF cells. Rapamycin treatment also significantly 

upregulated Nrf2 target genes (figure 6.11). This was despite the known effect of rapamycin 

treatment to reduce p62 levels in TSC2 deficient cells, but this is probably due to enhanced 

autophagy by inhibition of mTORC1, which is known to cause autosomal degradation of p62 

(Jung et al. 2009). Evidently, p62 is not the main driver of Nrf2 activity within TSC2-deficient 

cells. Alternatively, increased Nrf2 expression is likely mediated by oxidative stress, a known 

disease facet of TSC (Chen et al. 2008, Suzuki et al. 2008 and Di Nardo et al. 2009). Increased 

oxidative stress inactivates Keap1, a negative regulator of Nrf2 (Tonelli et al. 2018). 

Supporting this hypothesis is the finding that elevating oxidative stress increased the 

expression of Nrf2 targets within AML cells in which TSC2 was re-expressed (figure 6.6). Nrf2 

activity was not found to be promoted by STAT3 (figures 6.10 and 6.11). Interestingly STAT3 

inhibition, through C188-9 treatment, increased Nrf2 target gene expression within these cells. 

The underlying reason for this is unclear. Although within the neuronal GT1-7 cell line, Ferrer 

et al. (2021) found that C188-9 increased intracellular ROS production. Therefore, C188-9 

may be increasing oxidative stress within the TSC2 deficient AML line, which would 

sequentially promote the activity of Nrf2.  

Findings that ROS inducing reagents were selectively cytotoxic for wild-type AML and MEF 

cells relative to the TSC2-deficient cells (figure 6.7) is in conflict with the literature. Previous 

studies indicated that targeting the antioxidant capacity of TSC-diseased cells may have a 

therapeutic benefit. Malik et al. (2015) found that inhibition of GCLC, a rate-limiting enzyme in 

glutathione biosynthesis, increased death of SEGA-derived cells. Whilst a high-throughput 

drug screen by Medvetz et al. (2015) identified chelerythrine as a selective repressor of cell 

proliferation and inducer of cell death in TSC2 deficient cells. An effect mediated by selective 

induction of ROS and depletion of the glutathione pool. Lastly, Li et al. (2015) found drug 

mediated depletion of glutathione and elevation of endoplasmic reticulum stress was 

selectively cytotoxic to Tsc2 −/− MEFs. Increased resistance of TSC2 deficient cells to ROS 

inducing reagents is likely the result of increased mRNA and protein expression of several 

Nrf2 target genes, observed upon loss of TSC2 that protects them against oxidative stress 

(figures 6.3, 6.4 and 6.5). For example, the endogenous inhibitors of the ferroptotic pathway 

GPX4 and AIFM2 act to prevent peroxide mediated cell death (Kerins and Ooi, 2008). 
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Supporting this argument, Nrf2 inhibition through ML385 treatment decreased mRNA 

expression of Nrf2 and Nrf2 gene targets (figure 6.6). Nrf2 inhibitor co-treatment sensitised 

TSC2 deficient cells to DMNQ- and RSL3-mediated cell death (figure 6.8), revealing Nrf2 is 

pivotal for cell survival upon escalating levels of ROS. Within cancer cells, targeting Nrf2 is an 

effective strategy to sensitise these cells to oxidative stressors that increase cellular ROS (Li 

et al. 2002, Niso-Santano et al. 2010 and Arlt et al. 2009).  

Previous studies with TSC lesion derived cells (Malik et al. 2015) or TSC2-deficient cells 

(Medvetz et al. 2015 and Li et al. 2015) showed that there was increased cell death using 

drugs that targeted their antioxidant capacity. This involved depleting the glutathione pool. 

Indeed, levels of active glutathione have been shown to be elevated within Tsc2 −/− MEFs 

(Torrence et al. 2021 and Champion et al. 2022). High glutathione levels may be a contributing 

factor to why TSC2 deficient cells are resistant to ROS inducing agents that induce cell death. 

However, without having the direct measurement of the glutathione levels in cells, it is unclear 

to what degree the treatments of either DMNQ, rotenone or RSL3 could deplete the active 

glutathione pools. It is feasible that drugs that directly target glutathione synthesis, may instead 

selectively promote cytotoxicity in TSC2 deficient cells, promoting even higher oxidative stress 

than is already indicated within these cells. It should be noted, however, that Nrf2 inhibitors 

alone were not cytotoxic to TSC2 at any concentrations used (supplemental figure S.6.6). Nrf2 

drives expression of target genes encoding proteins that promote glutathione biosynthesis, 

such as GCLC, GCLM and SLC7A11 (Tonelli et al. 2018). 

Whilst it has been that found that ROS increased phosphorylation STAT3 at Y705 (pSTAT3 

Y705) within cancer cells (Chen et al. 2016 and Yoon et al. 2010), rotenone did not increase 

pSTAT3 Y705 in the TSC2-deficient AML or MEF cells. This may indicate that the higher levels 

of ROS within the TSC2-deficient cells is already maximally stimulating STAT3. Whilst ROS 

levels within the TSC cell line models used in this study were not successfully quantified in 

this present work, several studies did find elevated ROS upon loss of TSC1/TSC2 (Chen et 

al. 2008, Suzuki et al. 2008 and Di Nardo et al. 2009). There is also elevated expression and 

activity of ROS generating enzymes in TSC. For example, Habib and Abboud (2016) found 

increased expression of several isoforms of NADPH-dependent oxidase (Nox) within TSC2 

deficient mouse and rat cells as well as within TSC renal lesion tissue. With cancer cell lines, 

targeting of Nox was effective at decreasing markers of STAT3 (Souza et al. 2009) and JAK2 

activity (Lee et al. 2007). 

Although, as seen in figure 6.12 and 6.13, within both TSC2 deficient cell lines, treatment with 

the antioxidant trolox decreased phosphorylation of STAT3 at Y705 in addition to the amount 

of nuclear DNA binding STAT3. A novel finding within the context of TSC, showing that 
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oxidative status of the cell alters STAT3 activity. A similar effect of trolox on markers of STAT3 

activity was observed by Ferrer et al. (2022) within neuronal GT1-7 cells. In which pre-

treatment of these cells with trolox before methylmercury (MeHg) treatment (an inducer of 

cellular ROS) decreased MeHg induced STAT3 Y705 phosphorylation. Additionally, the 

antioxidant NAC was found to decrease ROS mediated phosphorylation of STAT3 at Y705 

within cancer cells (Yu et al. 2015b and Yoon et al. 2010). The mechanism of how levels of 

pSTAT3 Y705 are regulated by ROS has not been determined within this work. But may be 

through decreasing STAT3 regulated expression of STAT3 activatory cytokines/growth 

factors. Within the previous chapter, TSC2 deficient AML and MEF cells were found to activate 

their own STAT3 activity in an autocrine manner. With expression of cytokines/growth factors 

known to activate STAT3, including IL6 were upregulated within TSC2 deficient AML cells. As 

trolox treatment decreased levels of nuclear DNA binding STAT3 (figure 6.13), STAT3 driven 

transcription of such self-stimulatory factors may be repressed. Indeed, Yoon et al. (2010) 

found ROS generated by autophagy activated JAK2/STAT3 signalling within HeLa cells, 

enhancing the induction of IL6 mRNA and protein expression, which was blocked by treatment 

with antioxidants. Serine phosphorylation of STAT3 (S727) was unaffected by either rotenone 

or trolox treatment. Within HeLa and HEK293 cells, Mohammed et al. (2020) observed 

rotenone induced STAT3 phosphorylation at the S727 site, but not the Y705 site. Therefore, 

the activity of mTORC1, or other kinases, responsible for S727 phosphorylation of STAT3 

were likely unaffected by the ROS modulating treatments used. As observed by the lack of 

difference in phosphorylation of the mTORC1 substrate at S235/236 with trolox or rotenone. 

Exogenous and endogenous ROS has been found to repress phosphorylation of mTORC1 

substrates 4E-BP1 and rpS6 (Alexander et al. 2010). However oxidative stress, including 

through p53, primarily signals mTORC1 through TSC2 (Feng et al. 2005 and Budanov and 

Karin, 2008). Therefore, within TSC2 deficient AML and Tsc2 −/− Tp53 −/− MEF cells, this 

mode of regulation is not functional. 

Lack of change in Ref-1 protein levels on rotenone or trolox treatment was unexpected. 

However, on ROS insult, Ref-1 protein and mRNA expression has been found to be 

upregulated (Ramana et al. 1998 and Pines et al. 2005) and downregulated (Jiang et al. 2015 

and Hu et al. 2021). Additionally, within this work sub-cellular localisation of Ref-1 was not 

assayed. Which was found to be functionally important to this protein’s activity and responsive 

to ROS insult in non-TSC cells (Tell et al. 2000, Chen et al. 2010 and Li et al. 2010). 

Although brief, the results from assaying the effect of ROS on HIF-1α expression are novel 

within the context of TSC. Within the TSC2 deficient AML cell line the level of HIF-1α protein 

was found to be modulated by rotenone and trolox (figure 6.14). The increase in HIF-1α 

expression that was seen on rotenone treatment is consistent with the effect of ROS on HIF-
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1α observed in non-TSC cells. Rotenone generates ROS at the mitochondria through 

inhibiting complex I of the electron transport chain (Li et al. 2003). Multiple studies have 

reported mitochondrially generated ROS promoting HIF-1α stability and transcriptional activity 

(Chandel et al. 1998 and Chandel et al. 2000 and Mansfield et al. 2005). Sanjuán-Pla et al. 

(2005) demonstrated that a mitochondrially targeted antioxidant, mitoubiquinone, potently 

repressed hypoxia induced HIF-1α protein expression and transcriptional activity within cancer 

cells. The decrease in BNIP3 and ANGPTL4 protein expression with trolox treatment within 

the TSC2 deficient AML cells indicated a decrease in HIF-1α activity. The effect of ROS 

induction/quenching on STAT3 and HIF-1α within TSC2 deficient AML cells suggests that 

increased oxidative stress may contribute to pathogenic activity of these transcription factors 

with the context of TSC. However, the data within this chapter does not allow a mechanism to 

be established. An important consideration is that within chapter 4, a decrease in HIF-1α 

expression was observed on C188-9 treatment within TSC2 deficient cells. Trolox potently 

decreased repressed pSTAT3 Y705 (figure 6.12). The decrease in HIF-1-α protein may 

therefore result from a decrease in STAT3 activity. Alternatively, rotenone and trolox may have 

affected the negative regulators of HIF-1α protein stability. As ROS has been found to 

inactivate prolyl hydroxylases, by oxidising the ferrous iron required for these enzymes’ 

catalytic mechanism (Lu et al. 2005 and Pan et al. 2007), or by promoting dimerization and 

subsequent inactivation of these enzymes (Lee et al. 2016).  
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Chapter 7: General Discussion  

7.1 Normalising tumourigenic outputs of TSC2 deficient cells by Ref-1 and 

STAT3 inhibition 

This study began by comparing the efficacy of inhibitors targeting Ref-1, STAT3 and NF-κB 

against mTORC1 inhibitors in reducing scores of tumorigenesis within TSC model cells in vitro 

(chapter 3). An improved therapeutic strategy for the treatment of TSC would be the use of a 

selectively cytotoxic agent, which induces death in cells with biallelic LoF TSC1/TSC2 

mutations, but not in cells heterozygous for LoF TSC1/TSC2 mutations. Currently no such 

therapy is approved for the treatment of TSC. However in vitro studies have identified 

selectively cytotoxic compounds that target pathways other than mTORC1 signalling which 

are selectively cytotoxic to TSC cells. Such as Chelerythrine chloride which depletes 

glutathione levels/induces ROS production (Medvetz et al. 2015) and the combination of 

nelfinavir and bortezomib which induces endoplasmic reticulum stress while inhibiting 

proteasomal degradation (Johnson et al. 2018a).  At low serum the AO/PI based viability 

assays found that generally concentrations of Ref-1, STAT3 or NF-κB inhibitors used within 

this work were well tolerated by both AML and MEF cells. However, these inhibitors, at the 

concentrations used, were not found to be selectively cytotoxic to either TSC2 deficient AML 

or MEF cells as single agents. Additionally, TSC2 deficient cell spheroids remained viable 

after long term treatment (14 days) with these inhibitors. Additionally, Ref-1, STAT3 or NF-κB 

inhibitors in combination with rapamycin failed to induce selective cell death in either TSC2 

deficient AML or MEF cells. Previous studies have found the combination of rapamycin and 

other compounds, especially autophagy inhibitors, such as chloroquine (Parkhitko et al. 2011) 

and resveratrol (Alayev et al. 2013), induced selective cell death in TSC2 deficient cells. The 

findings of chapter 3 indicate the survival of TSC2 deficient cells is unlikely to be mediated by 

Ref-1/STAT3/NF-κB signalling alone. And any potential therapeutic benefit for TSC patients 

of targeting Ref-1/STAT3/NF-κB signalling alone, or as an adjunct therapy with mTORC1 

inhibition, is unlikely to be through inducing selective cell death.  

 

The present work did however find drug inhibition of the Ref-1/STAT3/NF-κB signalling axis 

was effective at decreasing the growth of TSC2 deficient spheroids and reducing TSC2 

deficient cell anchorage independent growth. Particularly effective inhibitors were APX2009, 

APX2014, and C188-9. Although these Ref-1/STAT3 inhibitors did not outperform the 

mTORC1 inhibitors, the anti-proliferative and anti-growth effect observed in vitro indicates 

these inhibitors may still be of clinical benefit for TSC patients. Especially when considering 

the limitations of current mTORC1 inhibitors. The cytostatic drug action of rapalogues means 
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that TSC symptoms are temporarily stabilised and if treatment with them is discontinued, for 

any reason, TSC lesions will regrow (Bissler 2008 and Franz et al. 2006). Continuous 

treatment with rapalogues is therefore necessary for the management of TSC, which 

exacerbates the adverse effects observed with these drugs (Bissler et al. 2013 and Franz et 

al. 2013). Furthermore, not all patients respond to treatment, as demonstrated in the EXIST 

trials for Everolimus, the most recently developed rapalogue which is clinically approved for 

the treatment of TSC. While several ATP-competitive mTOR inhibitors and mTOR/PI3K dual 

inhibitors have been developed over the years (reviewed in Chen and Zhou 2020) to overcome 

the incomplete inhibition of mTORC1 by rapalogues (Cho et al. 2008 and Thoreen and 

Sabatini, 2009). However, whilst pre-clinical studies within cancer showed great indications 

for these 2nd generation mTOR inhibitors, often these inhibitors showed marginal benefit to 

clinical trial participants and many showed significant toxicity (Naing et al. 2012, Carlo et al. 

2016, Powles et al. 2016 and Graham et al. 2018). Therefore, alternatives to mTOR inhibitors 

are an unmet clinical need of TSC management. Aside from decreasing measures of 

proliferation, all Ref-1 and STAT3 inhibitors used within this work were able to potently block 

the vascular mimicry phenotype adopted by TSC2 deficient cells grown on matrigel under 

hypoxia. Whereas rapamycin was ineffective. The term ‘vasculature mimicry’ typically 

describes a process within cancer by which tumorigenic cells form vascular like networks 

without endothelial cells (Dunleavey and Dudley, 2012). However, the contribution of the 

vasculature mimicry phenotype to TSC pathology currently remains unexplored and whether 

it is independent or dependent of the increased angiogenic signalling observed within TSC. 

Additionally, assays not included within this thesis, but formed part of a paper to which the 

current thesis contributed data, found the Ref-1 inhibitor APX3330 decreased Tsc2 −/− MEF 

cell migration and invasion in vitro (Champion et al. 2022). Whereas rapamycin was 

ineffective. This study further bolsters the efficacy of Ref-1 inhibition in targeting rapamycin 

insensitive tumourigenic behaviour. At least in an in vitro setting. 

 

Currently there are no studies investigating the efficacy of targeting Ref-1 in treating TSC, bar 

the recent paper which this thesis contributed data to (Champion et al. 2022). As for the 

efficacy of targeting STAT3, there is limited information within the literature. Tsc2 −/− MEF cell 

proliferation was found to be repressed by treatment with an IL-6–neutralizing antibody (Wang 

et al. 2021a) or Huaier aqueous extract Yang et al. (2016b). Agents which decreased 

activation of STAT3. The Ref-1 and STAT3 inhibitors used within this work have currently not 

been approved for the management of disease. However, studies indicate they may be well 

tolerated by patients.  The Ref-1 inhibitor APX3330 has been through a phase 1 clinical trial 

for the treatment of advanced solid tumours (Shahda et al. 2019) and phase 2 clinical trial for 
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the treatment of treatment of diabetic eye disease (Boyer et al. 2022). In both trials APX3330 

was well tolerated and participants reported relatively mild adverse events. C188-9 (also called 

TTI-101) has been through several pre-clinical trials (Kettner et al. 2020, Kasembeli et al. 2021 

and Robinson et al. 2022a) and is currently undergoing a phase 1 clinical trial within advanced 

cancers (Tsimberidou et al. 2021). However cautionary consideration for the potential use of 

STAT3 inhibitors for the treatment of TSC is that the efficacy of current drugs to actually inhibit 

STAT3 in vivo is very limited. Despite decades of research developing STAT3 inhibitors there 

is still no FDA approved direct STAT3 inhibitor (Liang et al. 2022 and Beebe et al. 2018).  

 

The input of mTORC2 signalling into TSC2 deficient AML and Tsc2 −/− MEF cell growth, 

proliferation, and survival with the tumourigenic tissue cultures assays in chapter 3 was not 

assayed. mTORC2 activity can upregulate pro-survival and cell growth signalling pathways 

within cells (Szwed et al. 2021). Indeed, in Tsc2 −/− MEF cells and Tsc2 null Eker rat cells, 

Goncharova et al. (2011) found mTORC2 activity modulated cell survival and proliferation 

through RhoA GTPase and Bcl2 proteins. The authors observed siRNA knockdown of 

mTORC2 component Rictor, inhibited cell proliferation. Therefore, the inclusion of foetal 

bovine serum in the growing media of our tissue culture assays could increase growth factor 

PI3K signalling to mTORC2. Enhancing pro-survival and proliferation cell signalling pathways 

in the TSC2 deficient AML and Tsc2 −/− MEF cells. Indeed, in chapter 3, the dual mTORC1 

and mTORC2 inhibitor Ku-0063794 (García-Martínez et al. 2009) was often more effective 

than rapamycin in tissue culture assays measuring cell proliferation and anchorage 

independent growth. However, this drug effect could be due to the greater repression of 

mTORC1 by Ku-0063794. Furthermore, in long term growth assays, such as the spheroid 

growth assay and anchorage independent growth assay, long term rapamycin treatment is 

likely to repress mTORC2 activity anyway. As long term rapamycin treatment can also inhibit 

mTORC2 signalling through decreasing mTORC2 complex assembly (Sarbassov et al. 2006).  

 

Further studies highlight that mTORC2 is unlikely to be active within the TSC model cells 

utilised within this work. While there are conflicting reports on whether mTORC2 activity is 

enhanced or repressed in TSC cells and lesions (see chapter 1, section 1.6), two studies 

which utilised either the AML or MEF cell lines in their research found mTORC2 activity was 

decreased upon loss of TSC2. Dϋvel et al. (2010) observed the Tsc2 −/− MEF cells showed 

depressed expression of the mTORC2 effector SGK1 and decreased mTORC2 dependent 

phosphorylation of Akt1 at S473 relative to the Tsc2 +/+ MEF cells. While Li et al. (2014b) 

observed that phosphorylation of Akt1 at S473 is decreased in the AML 621–102 cell line 
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(TSC2 deficient) relative to the AML 621–103 cell line (TSC2 re-expressed). Therefore, while 

the present work did not assay mTORC2 activity in either the AML or MEF cells, observations 

by Dϋvel et al. (2010) and Li et al. (2014b) in those same cell lines suggest mTORC2 activity 

was likely repressed in TSC2 deficient AML and Tsc2 −/− MEF cells. Furthermore, loss of 

TSC2 itself has been shown to impair mTORC2 signalling and growth factor stimulation of 

mTORC2, outside the role of TSC2 in regulating mTORC1. Huang et al. (2008) found the 

TSC1/TSC2 complex itself can physically associate with mTORC2 and positively regulate 

mTORC2 activity. The authors found endogenous mTORC2 immunoprecipitated from Tsc2 

−/− MEF cells showed decreased mTORC2 kinase activity towards exogenous Akt1 relative 

to mTORC2 immunoprecipitated from Tsc2 +/+ MEF cells. Decreased mTORC2 kinase 

activity of Tsc2 −/− MEF cells could be restored by reconstituting Tsc2. Furthermore, Huang 

et al. (2008) also observed that HeLa cells in which TSC2 was knocked down, insulin 

stimulated increase in mTORC2 kinase activity was significantly blunted relative to that 

observed in control HeLa cells. These findings were substantiated in the Tsc2 –/− MEF cells. 

The authors confirmed these findings were unlikely the result of feedback inhibition of 

mTORC2 by mTORC1 through the use of siRNA targeting of RAPTOR in Tsc2 –/− MEF cells. 

RAPTOR knockdown did not restore the blunted kinase activity of mTORC2 in response to 

insulin stimulation within these cells. Further research by Huang et al. (2009) founds that 

several mTORC2 mediated phosphorylation events are disrupted in both TSC2 deficient cells 

and lesions. Therefore, within both the TSC2 deficient AML and Tsc2 –/− MEF cell lines 

utilised by the present work, loss of TSC2 itself likely hampers growth factor signalling to 

mTORC2 outside of the inhibitory role of mTORC1 hyperactivity to mTORC2. 

 

7.2 Hypoxia and TSC Pathogenesis  

One of the original hypotheses of this thesis was that hypoxia would enhance dysregulated 

signalling pathways within TSC, namely HIF-1α and STAT3 signalling. The rational for such a 

hypothesis was that within cancer cells, hypoxia can promote both HIF-1α and STAT3 

mediated tumourigenesis (Pawlus et al. 2014 and Soleymani Abyaneh et al. 2017). 

Additionally, larger lesions are hypoxic environments by nature (Riffle and Hegde, 2017) and 

the tissues predominantly affected by TSC clinical manifestations have oxygen gradients 

across them (Northrup et al. 2013). Whilst aberrant HIF-1α and STAT3 signalling within TSC 

has been described for two decades (Brugarolas et al. 2003 and Onda et al. 2002). The 

investigation of the input of hypoxia into HIF-1α and STAT3 signalling within TSC model cells 

included within this thesis is a novel analysis in the context of TSC. The partial pressure of 

oxygen use for this work was set at 1% (hypoxia), which is at the lower extreme of oxygen 

tensions observed within tissues i.e. ‘physioxia’ (Carreau et al. 2011 and Carreau et al. 2014).  
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Greater efficacy of Ref-1/NF-κB/STAT3 inhibitors at repressing proliferation of TSC2 deficient 

AML cells was observed under hypoxia (chapter 3). Indicating that, at least in part, Ref-1/NF-

κB/STAT3 signalling mediated enhanced proliferation of TSC2 deficient cells under hypoxia. 

Enhanced HIF-1α protein expression has previously been described within murine Tsc2 −/− 

cells under both normoxia (Düvel et al. 2010) and hypoxia mimetic conditions (Brugarolas et 

al. 2003). Consistent with those studies elevated HIF-1α protein expression was detectable in 

Tsc2 −/− MEFs cultured under normoxia and enhanced further under hypoxia (chapter 4). 

Dysregulated HIF-1α protein expression was only observed under hypoxia for TSC2 deficient 

AMLs. Hypoxia was not found to be essential for driving dysregulated HIF-1α transcription 

with AML cells however. Under normoxia HIF-1α mediated transcription was found to be 

substantially elevated in AML cells upon the loss of TSC2 (DEG analysis of RNA sequencing). 

Despite HIF-1α stabilisation and increased activity being an acute response to hypoxia within 

normal cells, with HIF-2α mediating hypoxic responses under chronic hypoxia (Löfstedt et al. 

2007). Furthermore, the elevated protein expression of VEGFA, HGF and ANGPTL4 observed 

in TSC2 deficient AMLs under normoxia was not induced further by hypoxia. Induction of 

VEGFA, HGF and ANGPTL4 expression by hypoxia has been reported within cancer cells 

(Ferrara et al. 2004, Shi et al. 2022 and Le Jan et al. 2003). In terms of HIF-1α signalling, this 

work further characterises TSC2 deficient cells as ‘psuedohypoxic’, a term describing the 

phenomena of hypoxic-like signalling even under conditions of plentiful oxygen (Hayashi et al. 

2019). The increased activity of other signalling pathways characterised within TSC supports 

the characterisation of TSC model cell lines as ‘pseduohypoxic’. Upregulated expression of 

genes encoding glycolytic enzymes and increased glycolytic flux has been described in MEF 

cells upon the loss of Tsc2 (Düvel et al. 2010). And the inhibition of glycolysis, alongside 

inhibition of mTORC1 or glutaminolysis has been shown to strongly repress the proliferation 

of Tsc2 −/− MEF cells (Wang et al. 2020b and Jones et al. 2019). Despite not being necessary 

for HIF-1α activity, hypoxia was found to promote HIF-1α mediated transcription further in 

TSC2 deficient AMLs. Stimulatory effect of hypoxia was also reflected within the luciferase 

data from the Tsc2 −/− MEFs and the induction of the HIF-1α target BNIP3 (Guo et al. 2001). 

The enhanced expression and activity of HIF-1α within TSC2 deficient cells observed under 

hypoxia, was likely through inhibition of the canonical oxygen sensitive pathways which 

negatively regulate HIF-1α protein stability (Majmundar et al. 2010). The data within this thesis 

therefore indicates that within TSC cells, hypoxia is likely a factor that exacerbates 

dysregulated HIF-1α signalling, but is not a prerequisite for HIF-1α signalling.  

 

Within cells from multiple cancers, STAT3 activity has been found to mediate hypoxia 

dependent tumorigenesis and dysregulated signalling (Gray et al. 2005, Noman et al. 2009, 
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Pawlus et al. 2014 and Soleymani Abyaneh et al. 2017). Data within this thesis found that in 

the context of TSC, hypoxia doesn’t appear to be a strong stimulus for the dysregulated STAT3 

activity  within TSC2 deficient cells. Hypoxia has been found to promote the phosphorylation 

of STAT3 at both the Y705 site within glioma/glioblastoma (Almiron Bonnin et al. 2018 and 

Kang et al. 2010) and ovarian carcinoma cells (Selvendiran et al. 2009), and the S727 site 

within colorectal cancer cells (Li et al. 2017). However, in TSC2 deficient AML and MEF cell, 

hypoxia did not enhance phosphorylation of STAT3 at either site (chapter 5). And while studies 

report that hypoxia increased STAT3 DNA binding (Oh et al. 2011) or transcriptional co-

activator recruitment with STAT3 (Gray et al. 2005 and Pawlus et al. 2014) within cancer cells, 

hypoxia only had a moderate effect on STAT3 mediated transcription in TSC2 deficient AML 

cells (as seen by RNA seq data in chapter 5). Transcription of the STAT3 gene was not found 

to be significantly enhanced by hypoxia. The positive and negative regulators, IL-6 and 

SOCS3 respectively, of the JAK/STAT3 signalling pathway were unaffected by hypoxia. Within 

glioma/glioblastoma cells hypoxia has been found to activate STAT3 through either enhancing 

expression of IL-6 (Xue et al. 2016) or repressing expression of SOCS3 (Yokogami et al. 

2013). mRNA and protein expression of neither IL-6 or SOCS3 was significantly impacted by 

hypoxia within TSC2 deficient cells. While several reports highlight that hypoxia can be a 

strong stimulator of STAT3 activity within cancer cells, the data contained within this thesis 

indicate this is not the case for the TSC2 deficient model cells used within this work.  

 

7.3 Ref-1 signalling in TSC 

Upregulation of Ref-1 expression and/or activity has been reported in multiple cancers (Thakur 

et al. 2014), and has been positively correlated with lower survival and chemo-/radiotherapy 

resistance (Yang et al. 2013, Mahjabeen et al. 2013 and Cao et al. 2020) and tumour grade 

(Bobola et al. 2001 and Al-Attar et al. 2010). Whilst now there is an increasing appreciation 

for the role of Ref-1 signalling in tumorigenesis, research into whether Ref-1 signalling 

contributes to TSC pathogenesis within this thesis is a novel contribution to TSC research. 

Whilst analysis of Ref-1 expression and regulation contained within this thesis was relatively 

basic, some novel observations were made. An obvious increase in the protein expression of 

Ref-1, upon the loss of TSC2, was only observed within the MEF cells not the AML cells 

(chapter 3). Additionally, mRNA expression of the Ref-1 gene (APEX1) was decreased in 

TSC2 deficient cells relative to TSC2 competent cells. Typically, in other human diseases 

where Ref-1 contributes to pathology, such as cancer, Ref-1 expression is elevated 

(Mahjabeen et al. 2013, Wang et al. 2019 and Cao et al. 2020). Typically, Ref-1 is expressed 

in the nucleus (Thakur et al. 2014), where it mediates both its BER and redox signalling 

function. Shuttling between the nucleus and cytoplasm however is an important part of Ref-1s 
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normal regulation (Tell et al. 2000 and Chen et al. 2010). Predominant subcellular localisation 

of Ref-1 at either the cytoplasm (Puglisi et al. 2001 and Di Maso et al. 2007) or nucleus 

(Koukourakis et al. 2001, Sak et al. 2005 and Al-Attar et al. 2010) has been observed for 

multiple cancers. As part of the research for this thesis, assaying the protein expression of 

Ref-1 in cytoplasmic and nuclear fractions of TSC model cell lines was attempted. 

Unfortunately, the repeats were highly variable and inconsistent. Therefore, whether patterns 

of Ref-1 subcellular localisation differ in cells upon the loss of TSC2 or TSC1 is an open 

question. Within chapter 4, expression of members of the thioredoxin system were 

upregulated within TSC2 deficient AML cells. Namely protein expression of TRX1 and mRNA 

expression of TRXND1. Increased TRX1 and TRXND1 expression likely effects Ref-1 

mediated redox signalling in TSC, as Ref-1 needs to be reduced in turn to reduce oxidised 

cysteines of target transcription factors to transactivate them (Karlenius and Tonissen, 2010). 

TRX1 and TRXND1 along with NADPH form a redox relay that regenerates reduced Ref-1. 

Multiple studies in non-TSC show Ref-1’s expression is either enhanced (Ramana et al. 1998 

and Pines et al. 2005) or repressed (Jiang et al. 2015 and Hu et al. 2021) on ROS insult. 

Within Chapter 4 however, Ref-1 protein expression in TSC2 deficient cells was largely 

unaffected by modulation of the cell redox environment. At least by the use of rotenone and 

trolox. Which suggests Ref-1 expression is not regulated by oxidative status in TSC2 deficient 

cell. Further work is needed to confirm these findings however.  

 

Copy number of Ref-1 protein is not a true reflection of its redox signalling activity. As outlined 

in the main introduction (chapter 1, section 1.9), Ref-1 reduces oxidised cysteines within the 

target transcription factor DNA-binding or transactivation domains, typically increasing their 

DNA binding affinity/transcriptional activity (Shah et al. 2017). Ref-1 inhibitors have shown 

good efficacy in decreasing the transcriptional activity of HIF-1α (Fishel et al. 2011 and 

Logsdon et al. 2016) STAT3 (Cardoso et al. 2012 and Caston et al. 2021) and NF-κB (Nishi 

et al. 2002 and Fishel et al. 2011) within cancer cells. The paper this thesis contributed data 

to, analysed the efficacy of the Ref-1 inhibitors in repressing transcriptional activity of HIF-1α, 

STAT3 and NF-κB activity in Tsc2 −/− MEFs by way of luciferase assays. Champion et al. 

(2022) found that the transcriptional activity of HIF-1α, STAT3 and NF-κB was enhanced within 

Tsc2 −/− MEFs, but was repressed by the transfection of a wildtype Tsc2 vector into these 

cells. The elevated transcriptional activity HIF-1α/STAT3/NF-κB was repressed by APX3330 

in a dose-dependent manner. With the more potent Ref-1 inhibitor, APX2009, outperforming 

rapamycin in the repression of HIF-1α transcriptional activity. The findings of this study 

indicates that within Tsc2 −/− MEFs, not only does Ref-1 promote the activity of HIF-

1α/STAT3/NF-κB, but is an effective druggable target to normalise the dysregulated activity of 



272 

 

these transcription factors. As part of the planned research for this thesis, these findings were 

attempted to be recreated within the TSC2 deficient AML cell line. However, AML cells proved 

incredibly resistant to transfection, despite the attempted testing of multiple transfection 

reagents. Furthermore, the Ref-1 inhibitors APX3330, APX2009 and APX2014, at the 

concentrations used within this work, were completely ineffective at decreasing the mRNA 

expression of genes that could be effectively targeted by either mTORC1 or STAT3 inhibitors. 

Such as VEGFA, HGF (chapter 4) and STAT3 (chapter 5). Therefore, whilst Ref-1 drug 

inhibition shows promising therapeutic potential within murine TSC models, more research is 

needed to assess whether Ref-1 activity drives HIF-1α/STAT3/NF-κB transcriptional activity 

within human models of TSC. Or whether this a murine TSC model specific phenomena. As 

extrapolating drug efficacy findings from murine models to human models of disease can be 

famously misleading (Robinson et al. 2019b). 

 

7.4 Targeting HIF-1α and pro-angiogenic signalling in TSC2 deficient cells 

Immunohistochemical analysis has confirmed enhanced protein expression of HIF-1α within 

the renal lesions TSC of Tsc2+/− mice (Dodd et al. 2015 and Yang et al. 2017b) and in both 

brain and renal lesions of TSC patients (Parker et al. 2011 and Mahimainathan et al. 2009). 

And it has previously been demonstrated that HIF-1α mediated transcription is elevated in 

murine TSC cell models. With 4 HIF-1α target genes identified by Brugarolas et al. (2003) and 

26 HIF-1α target genes identified by Düvel et al. (2010) to be upregulated in Tsc2 −/− in MEF 

cells relative to their wildtype Tsc2 counterparts. Where this thesis makes a novel contribution 

to HIF-1α signalling within the context of TSC is through considerably expanding the known 

HIF-1α target genes dysregulated upon the loss of TSC2 in both human and murine mouse 

models (chapter 4). Whilst this thesis does not contain the first reported RNA sequencing of 

the AML cell lines, as can be told from the literature. A considerable number of dysregulated 

HIF-1α target genes were identified within the TSC2 deficient AML cell line. Cross comparison 

of these HIF-1α target genes to those dysregulated in the TSC associated lesions RNA 

sequencing data provided targets that are potentially clinically relevant and could be exploited 

by future therapeutic strategies or investigations into HIF-1α signalling within the context of 

TSC.  

Data gathered from the TSC2 deficient cells within this thesis indicate there may be other 

mechanisms driving elevated HIF-1α protein levels in TSC other than hyperactive mTORC1 

signalling. The C188-9 treatment time courses of TSC2 deficient cells in chapter 4, suggested 

phosphorylated STAT3 may enhance HIF-1α protein stability. A stabilising effect of STAT3 

activity on HIF-1α protein expression has been observed within COS-1 cells, Caki-1 renal cell 
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carcinoma cells (Jung et al. 2005) and MCF-7 breast cancer cells (Xu et al. 2005). With further 

work by Jung et al. (2008) within COS-1 and Caki-1 cells finding phosphorylated STAT3 

inhibited the association of HIF-1α with pVHL, thereby decreasing HIF-1α proteasomal 

degradation. Given the high expression of HIF-1α and constitutively phosphorylated STAT3 

within TSC2 deficient cells, such a mechanism may be relevant to the pathogenesis of TSC. 

However, given the short half-life of HIF-1α, cycloheximide based protein stability assays 

would need to be conducted in the presence of STAT3 inhibitors for any firm conclusions to 

be made. Work within chapter 6 showed HIF-1α protein levels in TSC2 AML cells were induced 

by rotenone, whilst repressed by trolox treatment. With expression of the HIF-1α targets BNIP3 

and ANGPTL4 also decreasing under ROS quenching conditions (Trolox). While oxidative 

status of cells has previously been shown to modulate HIF-1α protein expression in cancer 

cells (Sanjuán-Pla et al. 2005), the work within chapter 6 provides evidence that the redox 

environment of TSC2 deficient cells may be important for the stabilisation of HIF-1α. Whilst 

further research beyond the basic analysis in this thesis is needed, studies within the literature 

show an enhancement of HIF-1α levels and activity by elevated ROS generation at the 

mitochondria (Chandel et al. 1998 and Chandel et al. 2000 and Mansfield et al. 2005). 

Previous studies have observed increased mitochondrial ROS generation upon the loss of 

either TSC1 or TSC2 (Chen et al. 2008 and Di Nardo et al. 2009). Lastly, within the TSC2 

deficient AML cell, enhanced expression of the HIF1A gene was insensitive to inhibitors of 

Ref-1, STAT3 or mTORC1 (chapter 4). Highlighting, that currently undefined dysregulated 

signalling pathways, independent of Ref-1/STAT3/mTORC1, are driving mRNA expression of 

HIF1A within TSC and therefore likely promoting pro-angiogenic signalling.  

The status and function of mTORC2 activity was not evaluated within the current work. 

Therefore, it cannot be ruled out with certainty that increased HIF-1α and pro-angiogenic 

signalling, described in chapter 4, upon TSC2 loss is not, in part, mTORC2 dependent. In 

renal cancer cells, mTORC2 signalling, as well as mTORC1 signalling, has been found to 

mediate HIF-1α expression. With Toschi et al. (2008) finding that siRNA depletion of the 

mTORC2 constituent Rictor decreased HIF-1α expression in RCC4 cells. The authors also 

observed that siRNA targeting of the mTORC2 substrate Akt3 decreased HIF-1α expression 

in RCC4 cells. Suggesting that mTORC2 activity may also be enhancing HIF-1α expression 

in TSC2 deficient cells. In chapter 4, Ku-0063794 treatment did appear to result in modestly 

larger decreases in HIF-1α expression than rapamycin treatment in both TSC2 deficient AML 

and Tsc2 −/− MEF cells. Unlike rapamycin, Ku-0063794 can inhibit both mTORC1 and 

mTORC2 short term (García-Martínez et al. 2009). However, whether the greater capacity of 

Ku-0063794 treatment to repress HIF-1α expression is due to inhibition of both mTOR 

complexes or the more robust inhibition of mTORC1 cannot be concluded. mTORC2 activity 
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could also drive the expression of HIF-2α in the AML and MEF cell lines. HIF-2α expression 

or activity was not assayed as part of this work and studies into the potential role of HIF-2α in 

TSC pathology are severely lacking. Although Liu et al. (2003) observed that renal cell 

carcinoma cells from a Tsc2 null Eker rat showed constitutively high HIF-2α expression. 

mTORC2 rather than mTORC1 appears to be the mTOR complex responsible for regulating 

expression of HIF-2α (Toschi et al. 2008 and Mohlin et al. 2015). And hypothetically, mTORC2 

enhanced HIF-2α expression could contribute to the increased expression of pro-angiogenic 

factors, as those assayed in chapter 4. For instance, VEGFA is a HIF-2α target gene as well 

as a HIF-1α target gene (Holmquist-Mengelbier et al. 2006). However, in chapter 4, Ku-

0063794 treatment by and large did not decrease the expression of pro-angiogenic genes 

further than rapamycin in TSC2 deficient AML cells, including VEGFA. Therefore, given that 

Ku-0063794 has been shown to be an efficacious mTORC2 inhibitor (García-Martínez et al. 

2009), the role of mTORC2 activity in pro-angiogenic gene expression of the TSC2 deficient 

AML cell line appears minimal. At least for the genes assayed. Lastly, as described in section 

7.1 of this chapter, observations by Dϋvel et al. (2010) and Li et al. (2014b) in the TSC2 

deficient AML and Tsc2 −/− MEF cells suggest that mTORC2 activity was likely repressed in 

the same cell lines which were utilised in this work. 

 

Chapter 4 provided new insights into targeting pro-angiogenic signalling within TSC. As can 

be told from the literature, this work is the first to assay the efficacy of Ref-1 and STAT3 

inhibitors at targeting pro-angiogenic signalling within TSC model cells. ELISA assay results 

confirmed elevated expression of VEGFA and HGF within TSC2 deficient AML, as previously 

observed within patient lesions (Parker et al. 2011 and Nguyen‐Vu et al. 2001). Additionally, 

western blotting identified ANGPTL4 as a potentially pro-angiogenic biomarker within TSC.  

As previously observed (Brugarolas et al. 2003 and Dodd et al. 2015), enhanced VEGFA 

expression of TSC2 deficient AML cells was not fully sensitive to repression by rapamycin. 

mRNA expression of the VEGFA gene was by in large insensitive to rapamycin treatment. 

New anti-angiogenic effects of rapamycin were uncovered however.  Within TSC2 deficient 

AML cells rapamycin was effective at decreasing ANGTPL4 expression and potently 

repressed HGF expression. Additionally, expanding on the work of Düvel et al. (2010), but in 

the human TSC cell model, RNA sequencing within the present work identified new rapamycin 

sensitive HIF-1α target genes. These findings in all, not only bolster the anti-angiogenic effects 

of rapamycin within the context of TSC, but may also have relevance to cancers where 

mTORC1 hyperactivity drives tumorigenesis.  
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Within both TSC2 deficient cell lines, Ref-1 inhibitors were able to decrease HIF-1α protein 

expression. However, Ref-1’s redox signalling function modulates transcription factor function 

and the Ref-1 inhibitors used did not decrease HIF1A mRNA in TSC2 deficient AML cells. 

Information on the effect of Ref-1 on HIF-1α protein expression within the literature is currently 

lacking. Therefore, the mechanism of how Ref-1 inhibition downregulates HIF-1α protein 

expression is unclear. Ref-1 activity may be modulating the activity of regulators of HIF-1α 

protein stability and activity. A recent report by Kobayashi et al. (2020) found knock-down of 

Ref-1 within Hep3B, decreased expression of the negative regulators of HIF-1α, PHD2 and 

FIH1. However, the authors proposed Ref-1 regulated PHD2 and FIH1 through its effect on 

HIF-1α. Further work is needed to define the mechanism by which Ref-1 regulates HIF-1α 

within the context of TSC. Drug targeting of Ref-1 was found to decrease protein expression 

of the HIF-1α targets BNIP3 and ANGPTL4 in TSC2 deficient cells. Consistent with the efficacy 

of Ref-1 inhibitors ability to target HIF-1α activity in other settings. Both Logsdon et al. (2016) 

and Fishel et al. (2011) found APX3330 decreased protein expression of the HIF-1α target 

gene carbonic anhydrase IX (CA9). More potent, repression of HIF-1α and BNIP3 was 

achieved when TSC2 deficient cells were co-treated Ref-1 and rapamycin. Highlighting 

greater repression of dysregulated HIF-1α signalling within TSC may be achieved by the 

combination of these inhibitors. 

 

Drug inhibition of STAT3 has been found to be effective at targeting pro-angiogenic signalling 

within cancers (Leong et al. 2009, Laird et al. 2003, Kukawski et al. 2008 and Xu et al. 2005). 

Including those with both hyperactive STAT3 and mTORC1, such as MPNTS cells, were 

STAT3 inhibitors have been shown to potently repress VEGFA expression (Rad et al. 2015). 

STAT3 inhibitors showed more promise than the Ref-1 inhibitors in targeting pro-angiogenic 

signalling within TSC2 deficient cells. The expression of HIF-1α, BNIP3, HGF and VEGFA 

could be targeted by C188-9 treatment. Whilst not analysed on the same blot, C188-9 

appeared to repress HIF-1α to a greater extent than rapamycin relative to untreated cells, 

especially in the TSC2 deficient AML line. The observation that C188-9 repressed 

phosphorylation of downstream mTORC1 targets however, confounded elucidating whether 

individual pro-angiogenic targets expression was primarily driven by STAT3 activity or 

mTORC1 activity. This was illustrated by finding that the lists of HIF-1α target genes whose 

expression was able to be somewhat normalised on either rapamycin treatment or C188-9 

treatment were largely the same. It possible the similar effects of rapamycin and C188-9 in 

repressing HIF-1α target gene expression is mediated more by inhibition of mTORC1. In 

chapter 5, repression of mTORC1 targets in TSC2 deficient AMLs by C188-9 occurred ~1 h 

into treatment, a similar pattern was with rapamycin treatment. However, STAT3 
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phosphorylation at Y705 rebounded under C188-9 treatment for a period before being 

suppressed long term. AML cells used for the RNA sequencing data were treated for 8 h with 

either DMSO, rapamycin or C188-9 and this data set was generated before the C188-9 and 

rapamycin long term treatment time courses. More STAT3 dependent effects on HIF-1α target 

gene expression within the RNA sequencing data may have been observed if AML cells were 

treated for a longer period. 

 

7.5 Dysregulation of STAT3 activity within TSC 

Hyperactive STAT3 signalling within TSC has been described for over two decades with 

constitutive phosphorylation of STAT3 at both the S727 and Y705 sites reported in TSC cell 

models and lesions (Onda et al. 2002, Chan et al. 2004, El-Hashemite et al. 2004, Weichhart 

et al. 2008 and Goncharova et al. 2009). However, relatively little work has been done to 

elucidate the mechanisms within TSC by which STAT3 activity is dysregulated. One of the 

major novel contributions of this work to the field of TSC research is the expansion of how 

constitutive STAT3 activity is promoted and maintained within TSC2 deficient cells. This thesis 

proposes a model by which aberrant STAT3 activation is driven by multiple inputs to establish 

a positive feedforward signalling loop where STAT3 mediated transcription itself drives STAT3 

activity. 

Western blotting analysis within chapter 5 found phosphorylation of the S727 site in STAT3 

was sensitive to mTORC1 inhibition through rapamycin. Consistent with reports identifying 

mTORC1 as a kinase responsible for this PTM (Yokogami et al. 2000 and Dodd et al. 2015). 

Within cells lacking TSC2, this may be the initial point of activation for STAT3. Within acute 

myeloid leukaemia cells, constitutive S727 and Y705 phosphorylation has been found to be 

driven by autocrine secretion IL-6 (Schuringa et al. 2000). IL-6 stimulation did not increase 

levels of pSTAT3 (S727) in TSC2 deficient cells. Therefore, as TSC2 deficient AML cells were 

found to secret high levels of IL-6, this work indicates either IL-6 mediated phosphorylation of 

STAT3 at S727 is already maximal within TSC2 deficient AML cells or autocrine IL-6 signalling 

does not stimulate phosphorylation of STAT3 at S727. Elevated IL-6 expression has already 

been described within murine and human TSC model cells and lesions (Shu et al. 2010 and 

Wang et al. 2021a). Whilst autocrine activation and maintenance of constitutive STAT3 activity 

is a well-defined mechanism of tumorigenesis within cancer (Chang et al. 2013), the 

conditioned media experiments within chapter 5 provide evidence that such an autocrine 

mechanism is present within TSC2 deficient cells. Likely mediated in part through IL-6 

secretion, as both AML and MEF cells lines could be stimulated with exogenous IL-6. This 

conclusion was supported by the observation that JAK2 phosphorylation was already high 
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within unstimulated TSC2 deficient cells, indicating enhanced growth factor/cytokine 

signalling. Total STAT3 is elevated in both TSC2 deficient cell lines. This thesis shows this is 

likely in part mediated by the action of STAT3 itself, given C188-9 treatment downregulated 

STAT3 mRNA expression. Consistent with STAT3 autoregulating its own expression (Ichiba 

et al. 1998 and Narimatsu et al. 2001). Data within this thesis also suggests that 

unphosphorylated STAT3 (U-STAT3) transcriptional activity contributes towards the 

constitutive activation of STAT3 within TSC2 deficient cells. C188-9 enhanced the expression 

of both CCL5 and IL6 (chapter 4 and 5), two genes strongly induced by U-STAT3 (Yang et al. 

2007), likely through dephosphorylation of the large pool phosphorylated STAT3. Whilst the 

functional consequences of U-STAT3 within TSC are unknown, higher levels of nuclear U-

STAT3 have been positively correlated with poor prognosis in glioblastoma patients 

(Rodrigues et al. 2016).  

Within TSC2 deficient cells, mRNA and protein expression of SOCS3, a negative regulator of 

STAT3 appears decoupled from STAT3 activity. SOCS3 expression is strongly induced by 

STAT3 activity (Starr et al. 1997 and Brender et al. 2001). mRNA expression of SOCS3 was 

far higher in AML cells upon the loss of TSC2, but was not downregulated on STAT3 inhibition 

by C188-9 treatment. Furthermore, in chapter 6, trolox treatment repressed phosphorylation 

of STAT3 at Y705, but SOCS3 protein expression remained unchanged. In contrast, 

upregulation of SOCS3 mRNA was concomitant with the increase in phosphorylation of 

STAT3 at Y705 in the non-TSC HEK cells on stimulation with conditioned media from TSC2 

deficient AML cells. Suppression of SOCS3 has been reported as a mechanism by which 

cancer cells maintain constitutive STAT3 activity (Pierconti et al. 2011 and Yu et al. 2015a). 

Lastly, data in chapter 6 implicates the cells redox environment as a regulator of STAT3 

activity in TSC2 deficient cells. Quenching ROS through trolox treatments decreased 

phosphorylation of STAT3 at Y705 but also the pool of nuclear STAT3 able to bind canonical 

GAS sequences within TSC deficient cells. Whilst ROS induction of STAT3 activity within 

cancer cell lines has been described (Yoon et al. 2010 and Chen et al. 2016), as far as can 

be told, the present work is the first to assess modulation of STAT3 activity by ROS within 

TSC model cells. Enhanced Nrf2 mediated transcription was observed within TSC2 deficient 

cells and TSC associated lesions. Indicating that TSC cells are under increased oxidative 

stress, which may contribute to increased STAT3 activity observed within TSC. Further work 

is needed to conclude this hypothesis however and elucidate a potential mechanism. 

The present work did not assess whether mTORC2 activity affected STAT3 signalling in the 

TSC model cell lines. Studies investigating the interplay between mTORC2 and STAT3 

signalling have largely focused on the relationship between the two pathways in mediating 

immunity (Saleiro and Platanias, 2015) and pro-survival/drug resistance in cancer (Yadav et 
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al. 2013, Brown et al. 2016 and Chawsheen and Dash, 2021). One study did examine the 

relationship between mTORC2 activity and STAT3 activity in a TSC model cell. Ma et al. 

(2010) found that mTOR upregulated STAT3/p63/Notch signalling in Tsc2 −/− MEF cells in a 

rapamycin sensitive manner. The authors found in Tsc2 −/− MEFs, Mtor knockdown ablated 

STAT3/p63/Notch signalling, whereas Rictor knockdown did not affect phosphorylation of 

STAT3 at Y705 or downstream p63 or Notch signalling. Additionally, as previously described 

in this chapter, observations by Dϋvel et al. (2010) and Li et al. (2014b) indicate mTORC2 

activity is likely repressed TSC2 deficient AML and Tsc2 −/− MEF cells. Whilst the present 

work did not assay mTORC2 activity, it is expected mTORC2 activity is by and large not driving 

constitutively active STAT3 signalling observed in chapter 5. 

 

7.6 Drug inhibition of STAT3 within TSC 

Often targeting phosphorylation of STAT3 at Y705 is the primary rational for STAT3 inhibitor 

design and is typically used as the metric within studies to assess inhibition of STAT3. The 

present work however indicates the S727 phosphorylation site may be more important a factor 

for the dysregulated STAT3 transcription observed in TSC2 deficient cells than the Y705 site. 

And by extension, therefore the better target for therapeutic interventions within TSC. C188-9 

and rapamycin treatment courses within TSC2 deficient cells showed rapamycin and C188-9 

having opposing effects on phosphorylation of STAT3 at Y705. While within the TransAM 

ELISA assays, rapamycin and C188-9 also had opposing effects on the amount of nuclear 

DNA binding STAT3. Treatment with either rapamycin or C188-9 however, resulted in similar 

effects on STAT3 and HIF-1α mediated transcription (chapters 5 and 4 respectively). One 

effect both inhibitors had in common is that they repressed phosphorylation of STAT3 at S727. 

Whilst S727 phosphorylation, in addition to Y705 phosphorylation, is thought to be necessary 

for maximal transcriptional activity of STAT3 (Wen et al. 1995 and Schuringa et al. 2001), 

constitutive phosphorylation of the serine site alone can drive the pathogenic activity of 

STAT3. As highlighted by several studies in cancer cells, in which constitutive phosphorylation 

of the S727 primarily promotes STAT3 mediated tumourigenesis (Qin et al. 2008, Aziz et al. 

2010, Sakaguchi et al. 2012 and Tkach et al. 2013). Phosphorylation of the S727 site is has 

been shown to be key for p300/CBP recruitment to STAT3 target genes (Schuringa et al. 

2001). Within the TSC2 deficient cells, inhibition of p300/CBP recruitment by repressing 

phosphorylation of STAT3 at S727 may be how rapamycin and C188-9 primarily mediate their 

inhibitory effect on STAT3 transcription. As previously described the decrease in the 

phosphorylation of surrogate markers of mTORC1 activity by C188-9 does confound exact 

conclusions about the differing effects of rapamycin and C188-9. 
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The present work also informs on the strategy of targeting STAT3 within TSC. The other 

candidate STAT3 inhibitor, FLLL31, targets the SH2 domains of STAT3 and JAK2 (Lin et al. 

2010). However, while in TSC2 deficient cells FLLL31 treatment repressed phosphorylation of 

JAK2, repression of STAT3 phosphorylation at Y705 was short term only. Long term 

repression of JAK2 and STAT3 phosphorylation was observed with C188-9. Therefore, 

targeting single JAK family adaptor kinases only, may not be an appropriate strategy for 

targeting STAT3 activity within TSC. As more than one JAK family member can transduce 

signals from individual cytokine and growth factors, such as TYK2 and JAK1 in addition to 

JAK2, mediating IL-6 bound receptor activation of STAT3 (Jiang et al. 2017 and Song et al. 

2011). Supporting this argument, was the observation that drug effects of FLLL31 were 

typically smaller in impact than those observed with C188-9 treatment in chapters 4 and 5. 

Given, autocrine activation of STAT3 observed within TSC2 deficient cells, targeting STAT3 

upstream, through the use of a cytokine receptor antagonist/cytokine blocking antibody may 

provide more robust repression of STAT3. This strategy has been found to be effective within 

multiple cancers (Garbers et al. 2015) and a recent report by Wang et al. (2021a) found 

treatment of Tsc2 −/− MEFs with an IL-6 blocking antibody decreased phosphorylation of 

STAT3 at Y705. 

 

7.7 Cross talk between STAT3 and mTORC1 signalling 

In TSC2 deficient cells, a decrease in phosphorylation markers of STAT3 activity were 

concomitant with a decrease in phosphorylation markers of mTORC1 activity on C188-9 

treatment (chapter 5). Indicating that STAT3 inhibition decreased mTORC1 activity. However, 

as the other candidate STAT3 inhibitor, FLLL31, was ineffective at decreasing STAT3 

phosphorylation longer term, it cannot be concluded that STAT3 activity drives mTORC1 

activity within TSC cells. As C188-9’s effect on mTORC1 activity may be an off target effect. 

A novel finding pertinent to the repression of hyperactive mTORC1 signalling in TSC, is that 

both rapamycin and C188-9 normalised, in part, the expression of some genes encoding 

constituents of the mTORC1 complex found to be dysregulated upon the loss of TSC2 in AML 

cells. There is little literature on the effect of mTORC1/STAT3 inhibition on mTORC1 complex 

encoding genes, one study in cancer cells did however find inhibition of STAT3 downregulated 

expression of MLST8 (Lee et al. 2020a). Other than the dual inhibitory effect of C188-9, a 

recent study found convallatoxin was able to repress both STAT3 phosphorylation and 

PI3K/AKT/mTOR activity within colorectal cancer cell lines, leading to decreased cell 

proliferation and markers of angiogenesis (Zhang et al. 2020). Autocrine signalling of IL-6 
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within TSC cells may also contribute to mTORC1 hyperactivity, as in non-TSC cells IL-6 has 

been found to stimulate PI3K/AKT signalling (Shi et al. 2002) and decrease expression of the 

mTORC1 inhibitor REDD1 (Pinno et al. 2016). These previous studies and the work within this 

thesis highlight that cross-talk between mTORC1 and STAT3 signalling is likely more 

extensive than appreciated within TSC. And targeting both mTORC1 and STAT3 is likely to 

show improved therapeutic advantages for TSC patients. In this vein, this thesis identifies 

C188-9 as a potential therapy for TSC patients, as dual inhibition of mTORC1 and STAT3 by 

this drug would be of clear clinical benefit if it was shown to be safe and efficacious within 

clinical trials. 

 

7.8 Oxidative Stress in TSC2 Deficient Cells 

Briefly, data in chapter 6 expands on observations that oxidative stress is elevated with TSC 

(Chen et al. 2008, Suzuki et al. 2008 and Di Nardo et al. 2009). This thesis provides a novel 

and comprehensive analysis of Nrf2 mediated transcription within models of TSC, which 

further indicated loss of TSC2 enhances oxidative stress within cells. Nrf2, but not mTORC1 

activity, was also identified as a mediator of TSC2 deficient cell survival in conditions of 

enhanced oxidative stress. Whilst Nrf2 inhibition alone was not cytotoxic to TSC2 deficient 

cells, elevating oxidative stress further through inhibition of Nrf2 alongside inducing other 

forms of cell stress may provide selectivity to TSC cells. Selective cell death has been 

observed in Tsc2 −/− deficient cells on enhancing metabolic stress (Johnson et al. 2018a) and 

also endoplasmic reticulum/protein homeostatic stress (Jones et al. 2019). 
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7.9 Limitations 

Aside from the limitations already discussed, there are important limitations to this research 

that should be considered when interpreting the findings of this thesis. 

The use of an AML line in which TSC2 has been re-expressed as a control presents with some 

disadvantages. Firstly, these cells are not a true ‘healthy’ control, nor are they heterozygous 

for functional TSC2, as would typically be the case for cells from non-lesion tissue in TSC 

patients. Secondly, TSC2 was over-expressed within these AML cells, and therefore 

expression of TSC2 protein likely does not reflect what would be expected in TSC2 competent 

cells.  

Whilst the FBS concentrations used for cell culture in the growth assays described in chapter 

3 were deemed necessary for proliferation and growth of those cells, there are issues with 

including FBS in the experimental design. General problems with FBS include that FBS 

concentrations for optimal cell growth do not necessarily reflect the normal function or 

signalling environment for a given cell line. Additionally, the constituent signalling factors 

present in FBS, represent a black box, in that for example which growth factor and cytokines 

are present in the FBS and ay what concentrations is unknown. And therefore, it is very likely 

many signalling pathways are activated in the TSC model cell lines by the presence of FBS. 

Compounding this issue, is that given the animal origin of FBS, it is highly likely there was 

batch variability between FBS lots used for cell culture over the course of research for this 

thesis. Another problem with using FBS in regard to studying mTOR signalling, is there will be 

enhanced growth factor signalling to both mTORC1 and mTORC2 complexes and inhibition 

of the TSC1/TSC2 complex in TSC2 competent cells. Activation of mTORC2 would likely 

enhance pro-survival and proliferation signalling pathways, which could have affected the 

findings through out the research for this thesis.  

 

Another important limitation of the present work concerns the concentrations of drugs that 

were used. Drug titrations for the inhibitors used to target proteins in the specific cell lines 

used within this thesis, under the specific culture conditions, were not performed. The 

concentrations of rapamycin and Ku-0063794 that are effective in inhibiting mTORC1 in TSC 

model cell lines are well documented. This is not the case for the other inhibitors used. For 

example, while the concentrations of the STAT3 inhibitors FLLL31 and C188-9 chosen were 

informed by the IC50 values and inhibitor constants determined by the papers that initially 

characterised their efficacy in inhibiting STAT3. This characterisation was not undertaken in 

the TSC model cell lines, nor under the same culture conditions that were utilised within the 

present work. Therefore, for the specific cell lines used within this thesis, the concentration of 
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inhibitors that maximally inhibit their target protein is unknown, nor whether that target protein 

is actually being maximally inhibited.  

Within the present work mTORC2 activity was not assayed within the TSC cell lines. Inclusion 

of FBS in cell culture media likely would promote enhanced growth factor signalling, which 

could activate mTORC2, especially through the PI3K signalling pathway. mTORC2 therefore 

could be affecting cell signalling readouts and phenotypes within the AML and MEF cell lines. 

As described previously within this chapter, mTORC2 activity is likely repressed, and growth 

factor signalling to mTORC2 impaired, within the TSC2 deficient AML and Tsc2 −/− MEF cells. 

However, without downstream markers of mTORC2 activity, such as mTORC2 specific Akt1 

and PKCα phosphorylation, the status of mTORC2 and therefore its impact on potential 

findings cannot be concluded with any degree of certainty.  

There are issues with the compilation of the STAT3 target gene set. STAT3 is a highly 

pleotropic transcription factor, regulating many hundreds of genes under different contexts. 

The selection of STAT3 target genes bases on ChIP sequencing and microarray analysis in 

other cells lines, may not be entirely valid or appropriate. However, no such analysis of STAT3 

target genes within TSC cells has been reported at the time of submission of this thesis. 

Furthermore, this thesis did not take into account cross talk between STAT3 and NF-κB 

signalling. Within cancer, STAT3 and NF-κB signalling have been found to reciprocally affect 

one another in both a positive and inhibitory manner. Given indications NF-κB activity may be 

elevated within TSC cells, some observations may result from induction or inhibition of NF-κB 

within TSC2 deficient cells. 

C188-9 appeared to be the much more effective STAT3 inhibitor, relative to FLLL31. 

Therefore, conclusions drawn based on the action of C188-9 are limited in their scope. As 

without a second effective STAT3 inhibitor, off-target effects of C188-9 being responsible for 

some findings cannot be ruled out. Potential off-target effects of C188-9 include the decrease 

in mTORC1 activity in TSC2 deficient cells, as already discussed. Additionally, without 

experiments such as a cycloheximide based protein synthesis inhibition assay, conclusions 

about STAT3 and redox modulation of HIF-1α protein stability cannot be conclusively made.  

Lastly, ROS species could not be successively measured within this work. Two different 

fluorescent dye based assays were attempted to quantify ROS in unstimulated TSC cell 

models and TSC2 deficient cells treated with the ROS inducing drugs (DMNQ, rotenone and 

RSL3) and ROS quenching compounds (Trolox, NAC and glutathione monoethyl ester). 

Without actually quantifying ROS, treatment of TSC2 deficient cells with the aforementioned 

compounds was assumed to modulate the redox environment of these cells, but was not firmly 

proven.  
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7.10 Future Directions 

The work presented within this thesis provides a better understanding of Ref-1, HIF-1α and 

STAT3 signalling within TSC cell models and the potential efficacy of targeting Ref-1 and 

STAT3 as a therapeutic strategy for the treatment of TSC. This thesis is one of many steps 

taken towards elucidating mechanisms that drive the aetiology of TSC in the hope of providing 

better treatments for patients. As the causes and consequences of STAT3 dysregulation within 

TSC models are less studied, this thesis proposes future work should focus on elucidating 

more aspects of STAT3 signalling in TSC. 

Selection of more effective candidate STAT3 inhibitors within TSC2 deficient cells could be 

undertaken. This would allow key findings from this thesis dependent on the action of C188-9 

to be supported or rejected. Additionally, assaying surrogate markers of mTORC1 activity 

within TSC2 deficient cells, treated with effective STAT3 inhibitors, would allow a clearer and 

more definite understanding of whether STAT3 activity promotes mTORC1 activity within TSC.  

To address the limitation regarding selecting STAT3 driven target genes to study within TSC, 

chromatin immunoprecipitation sequencing could be undertaken in unstimulated human 

and/or murine TSC cell models. This would allow for validation of which genes expression is 

dysregulated by the action of hyperactive STAT3 activity upon the loss of either TSC1 or 

TSC2.  

Majority of studies into STAT3 within diseases, such as cancers, focus on the S727 and Y705 

phosphorylation sites of STAT3. However, as outlined within the main introduction there is a 

greater appreciation of how other STAT3 PTMs regulate this transcription factor’s activity. As 

can be told form the literature, there is a complete lack of knowledge regarding other STAT3 

PTMs within TSC models. Future work could first define whether activatory PTMs, aside from 

S727 and Y705, are constitutively present, or inhibitory PTMs repressed, within TSC models. 

Similarly, while SOCS3 and PIAS3 were explored within this thesis, the expression, activity 

and effect of protein tyrosine phosphatases on STAT3 signalling within TSC remains 

unexplored. 

While this thesis indicated U-STAT3 may play a pathogenic role within TSC. This has not been 

conclusively proven, nor the consequences of U-STAT3 fully explored. In TSC models in which 

STAT3 has been silenced/knocked-out, constitutively phosphorylated or phosphorylation dead 

STAT3 mutants could be overexpressed. Sequencing of these cells would define which genes 

sub-sets are induced by phosphorylated STAT3 or U-STAT3. 
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7.11 Research Impact  

It is the opinion of the author of this thesis that biomedical research into disease should not 

aim solely to elucidate how a disease arises mechanistically for its own sake. But should strive 

to improve treatment options and the lives of sufferers of that disease. This statement is 

especially true for TSC sufferers and their families, who currently have limited therapeutic 

options for managing this disease. Patients’ lives have certainly been improved by the 

approval of mTOR inhibitors for the management of TSC symptoms. Similarly, the recent 

approval of cannabidiol for the management of TSC associated seizures has provided another 

avenue of treatment for TSC patients. However, these drugs do just that, manage the disease, 

they are not curative therapies. In addition, as can be told from the clinical trials, not all patients 

respond to mTOR inhibitors or cannabidiol. Therefore, curative drugs or better and alternative 

treatment options represent the core unmet clinical need for TSC patients. Aiming to help meet 

that unmet clinical need, the research presented by this thesis is one of many studies aiming 

to better elucidate the mechanisms which drive TSC pathology in the hope of identifying new 

candidate drugs.  

Novel and impactful findings of this thesis on the field of TSC research include the appraisal 

of the efficacy of inhibitors of the Ref-1 and STAT3 signalling pathways on tumourigenic 

outputs and pro-angiogenic signalling of TSC2 deficient cells in vitro. In this regard, both Ref-

1 inhibition and STAT3 inhibition were effective, to different extents. Looking at the bigger 

picture, whilst not likely curative, agents that target Ref-1 or STAT3 could be beneficial in 

treating the angiogenic lesions of TSC patients. Which remain a high cause of morbidity and 

mortality for TSC patients, especially those not responsive to the currently approved mTOR 

inhibitors. Currently the Ref-1 inhibitors and the STAT3 inhibitor C188-9 are undergoing 

clinical trials. Whilst not for TSC, these trials will provide useful information on the efficacy of 

targeting these proteins in vivo and the safety profiles of these drugs. Which could inform their 

potential future use in TSC trials.  

Additionally, whilst observations of increased STAT3 and HIF-1α signalling upon loss of TSC2 

are not novel contributions to the field of TSC research. The comprehensive bioinformatic 

analyses of STAT3 and HIF-1α target genes contained within this thesis expands the potential 

biomarkers and druggable targets of TSC. A useful tool for future work building on the 

presented research or in the area STAT3 and HIF-1α signalling. Additionally this research 

advanced the known mechanisms by which STAT3 activity is dysregulated and maintained 

within TSC2 deficient cells. And built on the existing studies which examined the relationship 

between STAT3 and mTORC1 signalling in two TSC model cell lines. For example identifying 

autocrine signalling as a mechanism which potently enhances STAT3 activity in TSC2 

deficient cells, and an appreciation of the role, or lack of, that hypoxia plays in STAT3 activity. 
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Greater knowledge of such mechanisms and signalling interplay provides future research with 

signalling readouts that any novel therapy targeting the pathways in question should aim to 

be normalise. In this vein, the present work identifies C188-9 as a promising potential 

therapeutic agent which decreases TSC2 deficient cell proliferation in vitro and hypothetically 

could target the enhanced activity of both mTORC1 and STAT3 in TSC patients. If safe and 

efficacious, C188-9 could represent a novel alternative for the treatment of lesions in patients 

which currently do not respond to mTORC1 inhibitors. Lastly, this thesis expands the known 

therapeutic effects of rapamycin, and by extension rapalogues, in targeting HIF-1α, STAT3 

and pro-angiogenic signalling within TSC. Which in the future may be of use in the designing 

of more effective mTORC1 inhibitors, and importantly, defining what rapalogue based 

therapies cannot achieve in TSC model cells and by extension patients.  

In conclusion, it is hoped that the research presented within this thesis will help expedite the 

search for better and alternate treatments for TSC, which meaningfully improve the lives of 

both TSC sufferers and the people that care for them. 
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Supplemental Figure S.3.1. Cell seeding density calibration for determining seeding cell 

number for optimal growth of TSC2 deficient (−/−) AML spheroids. AML cell seeding density 

per well is noted to the right on the graph. Spheroids were cultured as detailed in the 

materials and methods section (2.3.2.2) 
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Supplemental Figure S.3.2. Cell seeding density calibration for determining seeding 

cell number for optimal growth of Tsc2 −/− MEF spheroids. MEF cell seeding density per 

well is noted to the right on the graph. Spheroids were cultured as detailed in the 

materials and methods section (2.3.2.2) 
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Supplemental Figure S.3.3. Panel shows representative images from anchorage 

independent growth assay of TSC2 deficient (−/−) AML cells treated with the Ref-1 

inhibitors APX3330, APX2009 and APX2014. 

Supplemental Figure S.3.4. Panel shows representative images from anchorage 

independent growth assay of TSC2 deficient (−/−) AML cells treated with the 

mTORC1 inhibitors rapamycin and Ku-0063794, the STAT3 inhibitors C188-9 and 

FLLL31, and the NF-κB inhibitor JSH23. 
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Supplemental figure S.3.5. Panel shows representative images from anchorage 

independent growth assay of Tsc2 (−/−) MEF cells treated with the Ref-1 inhibitors 

APX3330, APX2009 and APX2014. 

Supplemental figure S.3.6. Panel shows representative images from anchorage 

independent growth assay of Tsc2 −/− MEF cells treated with the mTORC1 

inhibitors rapamycin and Ku0063794, the STAT3 inhibitors C188-9 and FLLL31, and 

the NF-κB inhibitor JSH23. 
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Supplemental figure S.3.7. Panel shows representative images from scratch wound healing 

assay of TSC2 RE and TSC2 deficient (−/−) AML cells under normoxia or hypoxia. 
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Supplemental Figure S.4.1. HIF-1α target gene expression between renal angiomyolipomas 

and normal kidney or cortical tuber and normal brain. Differential gene expression (DEG) 

comparison is annotated above each plot. The volcano plots were generated from previously published RNA 

sequencing data which Prof. Jeffrey MacKeigan kindly gave us access to. This data set compares gene 

expression of donated TSC patient tumours samples versus non-TSC healthy tissue samples. In this case 

TUB (cortical tubers) (N=15) versus normal brain (N=8) or renal AML (N=11) versus normal kidney (N=3). 

See Martin et al. (2017) for methods on sample collection, data collection and DEG analysis. For both 

volcano plots Log2 transformed fold change in expression of genes was plotted against their -log10 

transformed FDR adjusted p-values. Dotted lines at x axis represent increase or decrease in foldchange of 

2 or -2 respectively. Dotted line at y axis represents significance threshold of 0.05. Genes annotated had a 

Log2 fold change in expression greater or lower than 2 or -2 (i.e. four fold higher or lower in expression) 

respectively and an -log10 adjusted p-value greater than 3 (i.e. below 0.001 significance threshold). 
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Supplemental Figure S.4.2. Effect of Ref-1 inhibitors alone on Y705 STAT3 phosphorylation. 
Representative western blots (N=3 minimum).  TSC2 deficient AML cells or Tsc2 −/− MEF cells were cultured 

under hypoxia (1% O2) for 18 h in the presence of either DMSO, rapamycin (RAP) at 50 nM, Ku-0063794 (KU) 

at 1 µM, APX3330 at 50 μM or 100 µM, APX2009 at 5 μM or 10 µM or APX2014 at 5 μM or 10 µM. Through 

western blotting lysates were assayed for protein expression, with β-actin acting as a loading control. 

Densitometry analysis of resulting western blots (N=3 minimum) was performed, with STAT3 being normalised 

to β-actin and p-STAT3 (Y705) being normalised to STAT3. Resulting ratios were then expressed as fold 

changes compared to control sample (DMSO) and plotted on graphs. Statistical analysis of differences in 

foldchange of normalised protein relative to control was by student’s t test. Significance denoted by: * = p <0.05, 

** = p <0.01, *** = p< 0.001, NS = not significant. Bars represent standard error of the mean. 
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Supplemental Figure S.4.2. Effect of Ref-1 inhibitors in combination with rapamycin on Y705 

STAT3 phosphorylation. Representative western blots (N=3 minimum).  TSC2 deficient AML cells or Tsc2 

−/− MEF cells were cultured under hypoxia (1% O2) for 18 h in the presence of either DMSO, rapamycin (RAP) 

at 50 nM and APX3330 at 50 μM or 100 µM, APX2009 at 5 μM or 10 µM or APX2014 at 5 μM or 10 μM alone 

or in combination. Through western blotting lysates were assayed for protein expression, with β-actin acting as 

a loading control. Densitometry analysis of resulting western blots (N=3 minimum) was performed, with STAT3 

being normalised to β-actin and p-STAT3 (Y705) being normalised to STAT3. Resulting ratios were then 

expressed as fold changes compared to control sample (DMSO) and plotted on graphs. Statistical analysis of 

differences in foldchange of normalised protein relative to control was by student’s t test. Significance denoted 

by: * = p <0.05, ** = p <0.01, *** = p< 0.001, NS = not significant. Bars represent standard error of the mean. 
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Supplemental Figure S.5.1. STAT3 target gene expression within TSC associated lesions, 

renal AML and cortical tubers. Differential gene expression (DEG) comparison is annotated above 

each plot. The volcano plots were generated from previously published RNA sequencing data which Prof. 

Jeffrey MacKeigan kindly gave us access to. This data set compares gene expression of donated TSC 

patient tumours samples versus non-TSC healthy tissue samples. In this case TUB (cortical tubers) 

(N=15) versus normal brain (N=8) or renal AML (N=11) versus normal kidney (N=3). See Martin et al. 

(2017) for methods on sample collection, data collection and DEG analysis. For both volcano plots Log2 

transformed fold change in expression of genes was plotted against their -log10 transformed FDR 

adjusted p-values. Dotted lines at x axis represent increase or decrease in foldchange of 2 or -2 

respectively. Dotted line at y axis represents significance threshold of 0.05. Genes annotated had a Log2 

fold change in expression greater or lower than 2 or -2 (i.e. four fold higher or lower in expression) 

respectively and an -log10 adjusted p-value greater than 3 (i.e. below 0.001 significance threshold). 
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Supplemental Figure S.6.1. Endogenous antioxidant and Nrf2 target gene set expression within 

TSC associated lesions, renal AML and cortical tubers. Differential gene expression (DEG) comparison 

is annotated above each plot. The top-left volcano plot was generated from previously published RNA sequencing 

data which Prof. Jeffrey MacKeigan kindly gave us access to. This data set compares gene expression of donated 

TSC patient tumours samples versus non-TSC healthy tissue samples. In this case SEN/SEGA (Subependymal 

nodules/ Subependymal giant cell astrocytomas) (N=15) versus normal brain (N=8). See Martin et al. (2017) for 

methods on sample collection, data collection and DEG analysis. The top right and bottom left volcano plots were 

generated from RNA sequencing data, comparing either AML TSC2 −/− and TSC2 RE (re-expressed) cells 

cultured under either normoxia (21% O2) or hypoxia (1% O2) (N=6). The bottom right volcano plot was generated 

from RNA sequencing data comparing MEF TSC2 −/− and TSC2 +/+ (N=3) cells. RNA sequencing of AML and 

MEF cell lines was conducted through Wales Gene Park and expression levels were calculated and normalised 

from raw read counts as RPKM (Reads per Kilobase exon Model per million mapped reads) with DEG analysis 

generated through DEseq2 analysis and resulting p-values were corrected for multiple testing and false discovery 

by FDR method. For all volcano plots Log2 transformed fold change in expression of genes was plotted against 

their -log10 transformed FDR adjusted p-values. Dotted lines at x axis represent increase or decrease in 

foldchange of 2 or -2 respectively. Dotted line at y axis represents significance threshold of 0.05. Genes annotated 

had a Log2 fold change in expression greater or lower than 2 or -2 (i.e. four fold higher or lower in expression) 

respectively and an -log10 adjusted p-value greater than 3 (i.e. below 0.001 significance threshold). 
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Supplemental Figure S.6.2. Genes encoding endogenous antioxidants are dysregulated upon 

loss of TSC2 within patient tumours, and AML and MEF cell lines. Differential gene expression (DEG) 

comparison is annotated above each plot. The top-left volcano plot was generated from previously published RNA 

sequencing data which Prof. Jeffrey MacKeigan kindly gave us access to. This data set compares gene expression 

of donated TSC patient tumours samples versus non-TSC healthy tissue samples. In this case SEN/SEGA 

(Subependymal nodules/ Subependymal giant cell astrocytomas) (N=15) versus normal brain (N=8). See Martin et 

al. (2017) for methods on sample collection, data collection and DEG analysis. The top right and bottom left volcano 

plots were generated from RNA sequencing data, comparing either AML TSC2 −/− and TSC2 RE (re-expressed) 

cells cultured under either normoxia (21% O2) or hypoxia (1% O2) (N=6). The bottom right volcano plot was 

generated from RNA sequencing data comparing MEF TSC2 −/− and TSC2 +/+ (N=3) cells. RNA sequencing of 

AML and MEF cell lines was conducted through Wales Gene Park and expression levels were calculated and 

normalised from raw read counts as RPKM (Reads per Kilobase exon Model per million mapped reads) with DEG 

analysis generated through DEseq2 analysis and resulting p-values were corrected for multiple testing and false 

discovery by FDR method. For all volcano plots Log2 transformed fold change in expression of genes was plotted 

against their -log10 transformed FDR adjusted p-values. Dotted lines at x axis represent increase or decrease in 

foldchange of 2 or -2 respectively. Dotted line at y axis represents significance threshold of 0.05. Genes annotated 

had a Log2 fold change in expression greater or lower than 2 or -2 (i.e. four fold higher or lower in expression) 

respectively and an -log10 adjusted p-value greater than 3 (i.e. below 0.001 significance threshold). 
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Supplemental Figure S.6.3. Endogenous antioxidant genes are differentially expressed 

between TSC tumour types, human and murine cell models lines of TSC. The above heatmap 

compares the fold change in expression of endogenous antioxidant genes between either a TSC lesion and 

healthy tissue or a TSC2 −/− cell line with a TSC2 re-expressed (RE) (AML) or Tsc2 +/+ (MEF) cell line. Genes 

selected for the heatmaps are those which are significantly differentially expressed between the TSC2 −/− and 

TSC2 RE cell lines (under either oxygen conditions) and between at least one TSC lesion and healthy tissue. 

Differential gene expression (DEG) comparison is annotated above each column and the oxygen conditions, 

21% O2 (normoxia) or 1% O2 (hypoxia), cell lines were cultured under is also denoted. White spaces within 

columns indicate that gene’s expression was not detectable in that data set. Gene names are shown on the right 

of the heatmap. It should be noted these data sets are distinct, generated differently from one another (see 

methods and materials section). SEN/SEGA = subependymal nodule/Subependymal giant cell astrocytomas, 

NB = normal brain, TUB = TSC tuber, RA = renal angiomyolipoma, NK = normal kidney. 
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Supplemental Figure S.6.4. Loss of TSC2 in angiomyolipoma cells results in elevation of 

NFE2L2 (NRF2) and NRF2 target genes, with hypoxia not significantly effecting mRNA 

expression. Either under normoxia (N, 21% O2) or hypoxia (H, 1% O2), AML cells lacking TSC2 (TSC2 – 

) or with TSC2 re-expressed (TSC2 +) were cultured overnight before being lysed. mRNA was purified from 

these lysates, converted to cDNA, and through qPCR the expression of target genes was quantified. Fold 

change in expression was calculated compared to a designated control sample, in this case TSC2 re-

expressed under normoxia. Fold changes of target genes in samples were normalised to the housekeeping 

gene HMBS. Statistical analysis of differences in foldchange (N=3 minimum) was by student’s t test. 

Significance denoted by: * = p <0.05, ** = p <0.01, *** = p< 0.001, NS = not significant. Bars represent 

standard error of the mean. 
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Supplemental Figure S.6.5. Probing AML and MEF cell lines for Nrf2 expression by 

western blotting results in multiple bands of differing molecular weights are 

observed. AML cells lacking TSC2 (TSC2−/−) or with TSC2 re-expressed (TSC2 RE) and MEF 

cells lacking Tsc2 (TSC2−/−) or with wild type Tsc2 (TSC2+/+), were cultured overnight under 

normoxia (N, 21% O2) or hypoxia (H, 1% O2) before being lysed. Through western blotting lysates 

were assayed for protein expression, with β-actin acting as a loading control. Ladder band kDa is 

noted to the left of each blot panel. Individual blot images are from separate exposure times. 
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Supplemental Figure S.6.6. The Nrf2 inhibitor is not cytotoxic to TSC2 deficient 

AML and MEF cells between 1.25 µM and 20 µM. TSC2 deficient AML or MEF cells were 

grown to ~80% confluency, before being treated with ML385 at the specified concentration for 

24 h. Cells were then trypsinised and collected as were non-adherent cells within original 

drugged media and trypsin washes. Cells were spun down and fractions of cell suspensions 

were mixed with AO/PI stain. Viable/non-viable cells were then assayed on a dual-fluorescence 

cell counter. Average percentage of viable cells per condition (N=3 minimum) are plotted on the 

above graphs. Statistical analysis was by student’s t test. Significance denoted by: * = p <0.05, 

** = p <0.01, *** = p< 0.001, NS = not significant. Bars represent standard error of the mean. 
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Appendix 
Appendix Table 1. Human specific qPCR primer information. Custom designed primers were 
ordered from either Merck or Eurofins. Pre-designed kiqstart primers were purchased from Merck, then 
validated for annealing temperature (Ann. Temp.) and primer efficiency. 

 
Target 
gene 

Forward 
or 

Reverse 
Primer 

 
 
Primer sequence (5' -> 3') 

Ann. 
Temp. 

(oC) 

Primer 
Efficiency 

% 

Pre-
designed 

or 
custom 

Source 

AIFM2 
Forward AAGAGGTCACTCTCATTCAC 

53.1 82 
Pre-

designed 
Merck 

Reverse CTGCACTTTGATGTACTCTC 

ANGPTL4 
Forward AGGCAGAGTGGACTATTTG 

56.4 
Not 

calculated 

Pre-
designed 

Merck 
Reverse CCTCCATCTGAGGTCATC 

APEX1 
Forward GGATTAGATTGGGTAAAGGAAG 

56.4 
Not 

calculated 

Pre-
designed 

Merck 
Reverse TATTGATGAGAGAGTCCAGG 

CCL5 
Forward CCTGCTGCTTTGCCTACATT 

56.4 89 Custom Eurofins 
Reverse GACAAAGACGACTGCTGGGT 

DNAJA3 
Forward GGCCTGTACGAGACGATCAA 

56.4 87 Custom Eurofins 
Reverse TGTGGATGTAGTGGTCTCCG 

FTH1 
Forward CAGGATATCAAGAAACCAGAC 

53.1 90 
Pre-

designed 
Merck 

Reverse AGTTCCAGTAGTGACTGATTC 

GPX4 
Forward CTTCACCAAGTTCCTCATCGAC 

58.4 87 Custom Merck 
Reverse AGAAATAGTGGGGCAGGTCC 

GPX8 
Forward ACTGAACCTCTTAGATCAC 

51.7 100 
Pre-

designed 
Merck 

Reverse TACATTTTTGGCCATCTTCC 

HGF 
Forward ACCACACGAACACAGCTTTT 

54.5 80 Custom Eurofins 
Reverse ACTTCGTAGCGTACCTCTGG 

HIF1A 
Forward CATAAAGTCTGCAACATGGAAGGT 

56.4 89 Custom Eurofins 
Reverse ATTTGATGGGTGAGGAATGGGTT 

HMBS 
Forward ATGGGCAACTGTACCTGACT 

58.4 96 Custom Eurofins 
Reverse TCCTCAGGGCCATCTTCATG 

HMOX1 
Forward CTTCAAGCTGGTGATGGCCT 

53.1 120 Custom Merck 
Reverse GGAAGTAGACAGGGGCGAAG 

HSPE1 
Forward GTTGAAAGGAGTGCTGCTGA 

56.4 84 Custom Eurofins 
Reverse CCAACTTTCACGCTAACTGGT 

IL6 
Forward CAGCCACTCACCTCTTCAGA 

56.4 100 Custom Eurofins 
Reverse GCCTCTTTGCTGCTTTCACA 

IL6R 
Forward AAGCCTCCCAGTGCAAGATT 

53.1 92 Custom Merck 
Reverse GTCTTGCCTTCCTTCAGAGC 

IPO8 
Forward ACTGTTGCACATTGTTAGAG 

51.7 85 
Pre-

designed 
Merck 

Reverse ACTTTGCCAAATATCTCAGC 

LONP1 
Forward AGTGGAGAAGGTGTTACGGA 

56.4 71 Custom Eurofins 
Reverse CGGTGTCACGTCATACATGC 

MGST1 
Forward CGAACAGATGACAGAGTAGAACG 

54.5 94 Custom Eurofins 
Reverse GTCGGGACCACTCAAGGAAT 

NFE2L2 Forward GGTTGCCCACATTCCCAAAT 56.4 102 Custom Eurofins 
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Reverse GCCGAAGAAACCTCATTGTCA 

 

PIAS3 
Forward CAAGGAGAAATTGACTGCTG 

53.1 86 
Pre-

designed 
Merck 

Reverse GCTTCTTCTCATTCATCTGTAG 

PPARGC1A 
Forward ACAGAACTGAGGGACCGTTT 

54.5 81 Custom Eurofins 
Reverse TGCGTCCACAAAAGTACAGC 

RELA 
Forward GCTTGTAGGAAAGGACTGCC 

54.5 84 Custom Eurofins 
Reverse GGAAGGGGTTGTTGTTGGTC 

SLC7A11 
Forward GGTTATTCTATGTTGCGTCTC 

51.7 86 
Pre-

designed 
Merck 

Reverse AATAACAGCTGGTAGAGGAG 

SOCS3 
Forward CCTATTACATCTACTCCGGG 

51.7 98 
Pre-

designed 
Merck 

Reverse ACTTTCTCATAGGAGTCCAG 

SOD3 
Forward CTCCATTTGTACCGAAACAC 

53.1 102 
Pre-

designed 
Merck 

Reverse AAGATCGTCAGGTCAAAGG 

STAT3 
Forward TTCTACAGACTGCAGCCACT 

56.4 94 Custom Eurofins 
Reverse AGATCCTGCACTCTCTTCCG 

TNFRSF1A 
Forward AGGAAATGGGTCAGGTGGAG 

56.4 83 Custom Eurofins 
Reverse GGTGTTCTGTTTCTCCTGGC 

TXNRD1 
Forward AGACAGTTAAGCATGATTGG 

51.7 84 
Pre-

designed 
Merck 

Reverse AATTGCCCATAAGCATTCTC 

VEGFA 
Forward TCTACCTCCACCATGCCAAG 

56.4 85 Custom Eurofins 
Reverse GGTCTCGATTGGATGGCAGT 
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Appendix Table 2. Murine specific qPCR primer information. Custom designed primers were 
ordered from either Merck or Eurofins. Pre-designed kiqstart primers were purchased from Merck, 
then validated for annealing temperature (Ann. Temp.) and primer efficiency. 

 
Target 
gene 

Forward 
or 
Reverse 
Primer 

 
 
Primer sequence (5' -> 3') 

Ann. 
Temp. (oC) 

Primer 
Efficiency 
% 

Pre-
designed 
or 
custom 

Source 

Apex1 
Forward CAAAGAAAACCGAGAAGGAG 

61.0 
Not 

calculated 

Pre-
designed 

Merck 
Reverse GCTTCTTCCTTTACCCAATC 

Hif1a 
Forward CTGATCATCTGACCAAAACTC 

58.4 
Not 

calculated 

Pre-
designed 

Merck 
Reverse CGTGCTGAATAATACCACTTAC 

Hmbs 
Forward TCTAAGATTGGAGAGAAGAGC 

58.4 
Not 

calculated 

Pre-
designed 

Merck 
Reverse AAAGACAACAGCATCACAAG 

Rela 
Forward TGCAGAAAGAAGACATTGAG 

61.0 
Not 

calculated 

Pre-
designed 

Merck 
Reverse CATCAGCTTGAGAAAAGGAG 

Stat3 
Forward CGTCTGGAAAACTGGATAAC 

58.4 
Not 

calculated 

Pre-
designed 

Merck 
Reverse TTAAGTTTCTGAACAGCTCC 
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Appendix Table 3. Genes included within the “HIF-1α target gene set” 

ABCB1 CAV1 FURIN NARF SERPINE1 

ABCG2 CBR1 GAPDH NCOA7 SLC2A1 

ACAN CCNG2 GBE1 NOS2 SLC2A2 

ACE CD274 GCK NOS3 SLC2A3 

ACE2 CD99 GPI NPM1 SMEK2 

ADAMTS1 CDC42 GPX3 NPPA SOS1 

ADM CDKN1A HIG2 NR4A1 SOX9 

ADRA1B CDKN1B HIST1H2AM NT5E TERT 

AGER CDKN1C HK1 P4HA1 TF 

AK3 CITED2 HK2 PCK1 TFF3 

ALDOA COL10A1 HMGCL PDGFB TFRC 

ALDOC COL1A1 HMOX1 PDLIM2 TGFB3 

ALKBH5 COL1A2 HOXA13 PFKFB3 TGM2 

ANGPT1 COL2A1 HSP90B1 PFKFB4 TMEM45A 

ANGPT2 COL3A1 ID2 PFKL TP53 

ANGPTL4 COL5A1 IGFBP1 PFKM TPI1 

ANK1 COX4I2 IGFBP3 PFKP UGP2 

ANKRD37 CP INHA PGAM1 VEGFA 

ANKZF1 CTGF INSIG2 PGF WSB1 

ANXA1 CXCL12 IRF2BP2 PGK1 WT1 

AQP1 CXCR4 ITGB2 PKM ZNF395 

ARNT CYP2C11 JARID1B PKM2  

ATG9A DARS JMJD1A PLOD2  

ATRIP DDIT4 KDM3A PLOD3  

AURKA DELEC1 KIAA0195 PMAIP1  

BCKDHA DSP KIAA1715 PNRC1  

BCL2 EDN1 L1CAM PPFIA4  

BCL2L1 EDN2 LDHA PPP1R3C  

BCL2L2 EGLN1 LEP PPP5C  

BHLHE40 EGLN3 LOC401152 PSMA1  

BHLHE41 ENG LONP1 PSMC6  

BIK ENO1 LRP1 RAB20  

BNIP3 ENPEP MCL1 RAC1  

BNIP3L EPO MET RAPGEF1  

BSG ETS1 MIF RAPGEF6  

C3ORF28 FAM162A MT1A RASSF1  

C6ORF170 FECH MT-CO3 RIT1  

CA9 FLK1 MT-ND1 RORA  

CAD FLT1 MTP18 RSBN1  

CAPG FOS NA S100A4  
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Appendix Table 4. Genes included within the “STAT3 Signalling component, STAT3 
stimulatory cytokine/growth factor and their cognate receptors gene set” 

ATR IFNGR1 IL27 MPL SRC 

CCL2 IFNGR2 IL27RA NDUFA13 STAT3 

CCL3 IFNLR1 IL3RA OSM TGFA 

CCL5 IGF1 IL5 OSMR TNF 

CNTF IL10 IL5RA PDGFA TRIM28 

CNTFR IL10RA IL6 PDGFB TYK2 

CSF1 IL10RB IL6R PDGFRA  

CSF2 IL11RA IL6R PDGFRB  

CSF2RA IL12A IL6ST PIAS3  

CSF3 IL12B IL7R PTPN1  

CSF3R IL15RA IL9 PTPN2  

EGF IL20RA IL9R PTPN9  

EGFR IL20RB JAK1 PTPRC  

F2R IL21 JAK2 PTPRD  

F2RL3 IL21R JAK3 PTPRK  

GHR IL22 KITLG SETD7  

IFNAR1 IL22RA1 LIF SIRT1  

IFNG IL22RA2 LIFR SOCS3  
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Appendix Table 5. Genes included within the “STAT3 target gene set” 

ADAM15 CLN6 HSPA1A NCAM2 SIAH2 

ADAM23 CREB1 ICAM1 NDN SIN3B 

ADAM8 CRP IFNG NDRG3 SMAD1 
AKT1 CRTAM IFNLR1 NF1 SMAD5 

ANGPT2 CRX IFRD1 NFKB1 SMAD7 

ANGPTL2 CSF1 IGF2R NFKB2 SMAD9 

ANXA2 CTNNA2 IGFBP4 NOS2 SOCS3 

API5 CTNND2 IGHMBP2 NOTCH2 SOX11 

ARHGEF1 CTSC IL10 NOTCH4 SOX13 

ATF1 DNMT1 IL17A NPY2R SOX2 

ATF2 DNMT3A IL17F PAWR SOX6 

BAG4 DZIP1 IL1B PAX1 SPTBN2 

BATF ECT2 IL23A PAX4 SRFBP1 

BCL2 EPHB2 IL23R PAXIP1 STAT1 

BCL2L1 ESR1 IL6 PCNT STAT3 

BCL3 FADD IL6R PDAP1 STMN1 

BIRC5 FAS INSM1 PDGFA SUPT5H 

BMP4 FGF1 IRF4 PDIK1L TCF12 

BMP8A FGF2 IRF6 PEG10 TEK 

BRCA1 FGF7 ITGA11 PEG3 TENM1 

BRCA2 FGFR1 ITGB4 PIAS3 TENM3 

CADM4 FGL2 ITGB6 PIK3R1 TGFB1 

CALM3 FLT3 JAK2 PIM1 TGFB2 

CAMK2D FOS JUN PIM2 TGFBR3 

CASP7 FOSL2 JUNB POMC TIMP1 

CASP9 FOXD2 LCN2 PORCN TLR6 

CCL5 FOXO1 LRMP POU2F1 TNC 

CCNA1 FOXO3 LTB PRKACA TNF 

CCNB1 FOXP3 LTBP1 PRKCE TNFRSF1A 

CCND1 FSCN1 MCL1 PTGS2 TNFRSF1B 

CCND2 GABRA5 MCM2 PTK2 TNFSF11 

CCND3 GATA4 MCM6 RAG1 TNXB 

CD22 GATA6 MCM7 RAMP3 TP53 

CDC25A GBP1 MDM2 RASA3 TSG101 

CDH1 GIGYF1 MMP2 RB1 TWIST1 

CDH10 GRB10 MMP3 RBFOX2 TXK 

CDH2 GTF2H2 MMP9 RHOU USP9X 

CDH22 GTF2H4 MOBP RORA VAV2 
CDK1 HDAC4 MUC1 RORC VEGFA 

CDKN1A HGF MYC ROS1 VIM 

CDON HIF1A MYO5A S1PR1 XBP1 

CEBPA HSP90AA1 NANOG SAA1 ZEB1 

CEBPG HSP90AB1 NAV1 SEMA3G  
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Appendix Table 6. Genes included within the “Nrf2 target gene set” 

ABCB6 ESD GSTM2 NRF1 SOD3 

ABCC1 FECH GSTM3 OSGIN1 SQSTM1 
ABCC2 FTH1 GSTP1 PARK7 SRXN1 

ABCG2 FTL GSTT1 PGD TALDO1 

ADH4 G6PD HK2 PIR TKT 

AKR1A1 GCLC HMOX1 PRDX1 TXN 

AKR1B10 GCLM HTATIP2 PRDX6 TXNIP 

AKR1C1 GPX2 IDH1 PTPMT1 TXNRD1 

AKR1C3 GPX3 ME1 PTPRB  

ALDH3A1 GPX8 MGST1 SLC40A1  

BCL2 GSR MT1A SLC7A11  

BLVRA GSTA1 MT1G SLPI  

BLVRB GSTA2 MT2A SOD1  

EPHX1 GSTM1 NQO1 SOD2  
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Appendix Table 7. Genes included within the “Endogenous Antioxidant gene set” 

CAT GSS GSTZ1 PRDX1 TXN2 

GCLC GSTA1 MGST1 PRDX2 TXNDC11 

GCLM GSTA2 MGST2 PRDX3 TXNDC12 

GDA GSTA4 MGST3 PRDX4 TXNDC15 

GLRX GSTK1 MT1A PRDX5 TXNDC16 

GLRX2 GSTM1 MT1E PRDX6 TXNDC17 

GLRX3 GSTM2 MT1F SOD1 TXNDC5 

GLRX5 GSTM3 MT1G SOD2 TXNDC9 

GPX1 GSTM4 MT1H SOD3 TXNIP 
GPX2 GSTM5 MT1L SRXN1 TXNRD1 

GPX3 GSTO1 MT1M TMX1 TXNRD2 

GPX4 GSTO2 MT1X TMX2 TXNRD3 

GPX7 GSTP1 MT3 TMX3  

GPX8 GSTT1 NME9 TMX4  

GSR GSTT2 PDIA6 TXN  

 

 


