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Abstract 

Tuberous sclerosis complex (TSC) is a rare genetic disease that results in the system-wide 

growth of benign lesions. TSC patients often present with brain tumours and TSC-associated 

neuropsychiatric disorders (TANDs) including epilepsy and autism. Pharmaceutical 

intervention for TSC involves the use of mTORC1 inhibitors. Growing evidence suggests that 

chronic inflammation is a feature of TSC. Inflammatory processes arising in TSC-derived 

brain tumours are also implicated in the development of TANDs. There is limited research on 

inflammation in the context of TSC-derived brain tumours and TANDs, and models to 

explore this are limited. Furthermore, mTORC1 inhibitors are often unsuitable for total 

tumour clearance and reducing the severity of TANDs. Therefore, this project aims to 

investigate inflammation in TSC-derived brain tumours and identify new treatments to target 

this. Inflammatory signalling mechanisms were investigated within in vitro models of TSC 

and compared to TSC patient-derived brain tumour transcriptomic data. A TSC2-deficient 

iPSC model was developed, which was used to generate TSC2-deficient neural cells for 

inflammatory pathway analysis. Results showed that inflammatory pathways were 

dysregulated in TSC2-deficient cell models. NF-κB was identified as an anti-inflammatory 

drug target in TSC. mTORC1 inhibition was found to be insufficient to target dysregulated 

NF-κB signalling. The activation of TBK1 was also dysregulated, which may be a central 

mechanism that drives inflammation in TSC. TSC2-deficient neurons also showed 

dysregulated neurodevelopment, coinciding with dysregulated inflammatory activation of the 

NF-κB and STAT3 pathways. Lastly, targeting of the IL-1β pathway with a rheumatoid 

arthritis drug, diacerein, was shown to be efficacious at reducing inflammatory signals in 

TSC. Diacerein also reduced mTORC1 activation in TSC2-deficient neurons. Overall, this 

study showed that NF-κB and other inflammatory pathways are hyperactive in TSC. These 

may contribute to the development of TANDs and TSC disease pathology and may be 

targeted with drugs that inhibit NF-κB signalling. 
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Chapter 1: Introduction 

1.1 TSC and the mTOR complexes 

1.1.1 Tuberous Sclerosis Complex 

Tuberous sclerosis complex was first described in 1835 as a manifestation of facial 

angiofibromas. However, a description of the most prominent neurological manifestation 

(cortical tubers) coined the name “Tuberous Sclerosis”, which was made by Désiré-Magloire 

Bourneville in the 1880s (1). As such, the condition has sometimes been referred to as 

Bourneville’s disease. Research on the disease was slow to progress due to the rarity of TSC, 

which is now known to manifest at around 1 in 6,000 to 10,000 live births (2). TSC does not 

affect any particular race or sex at different frequencies (3,4).  Alongside Bourneville, John 

James Pringle is also one of the earlier describers of the disease, drawing a correlation 

between several patients sharing similar traits in 1890, and (incorrectly) identifying the facial 

lesions as adenoma sebaceum (5). As such, by the early 1900s, correlations between the 

clinical manifestations of TSC were identified, meaning that TSC could now be diagnosed as 

a clinical triad of intellectual disability, epilepsy, and adenoma sebaceum (now known as 

angiofibromas) (6). The final name of “Tuberous Sclerosis Complex” was proposed by 

Sylvan E. Moolten in 1942, highlighting the multi-organ nature of the disease (7). Moolten 

also labelled the lesions as hamartomas (non-cancerous tumours).  

In the late 20th century, the mutated proteins responsible for TSC were identified as hamartin 

and tuberin, encoded by the TSC1 and TSC2 genes, respectively (8,9). It was postulated that 

these proteins functioned as tumour suppressors. It is now known that hamartin and tuberin 

form a complex to function as a GTPase-activating protein (GAP). Here, hamartin stabilises 

tuberin, preventing degradation (10). In turn, the TSC1/TSC2 protein complex is then able to 

act as a GAP towards Ras homolog enriched in brain (RHEB), a small G-protein, thus 

inactivating it. Without the inhibitory activity of the TSC complex, RHEB functions as a 

positive regulator of mechanistic Target of Rapamycin Complex 1 (mTORC1) activation. 

Therefore, loss of either TSC proteins means that mTORC1 is hyperactive. RHEB is typically 

associated with the lysosome, where two molecules of RHEB interact with mTORC1, 

inducing a conformational change in mTOR, leading to mTORC1 activation (11). This leads 

to the excessive cell growth and subsequent formation of the hamartomas which are 

characteristic of TSC. TSC has been identified as an autosomal dominant negative disorder, 

wherein patients are heterozygous for either TSC1 or TSC2 since birth. The phenotypic 
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abnormality and tumour growth within TSC derives from a somatic second-hit mutation, as 

described in the Knudson’s two-hit hypothesis (12). A germline mutation first occurs within 

either TSC1 or TSC2, and tumour formation follows a somatic “second-hit” later in life. 

However, second-hit mutations to the TSC1 or TSC2 genes are not always required for 

tumour growth in TSC, as discussed in later sections.  

An interesting characteristic of TSC is that it is both phenotypically and genetically 

heterogeneous. Mutations can occur within either the TSC1 or TSC2 genes, where TSC2 

mutations are more common and manifest more severely. Even within this subset of TSC2-

deficient patients, there is heterogeneity, with varying severities of neurological and other 

symptoms (13,14). Of over 2000 known pathogenic variants within the TSC1 and TSC2 genes, 

69-72% of these affect the TSC2 gene versus 21-26% in TSC1 (15), involving a range of 

mutation types on nearly all exons of the genes (16). 

Tireless effort and research on TSC have now granted a more in-depth understanding of the 

genetic basis of the disease as well as elucidating effective treatments. A basic summary of 

the TSC disease and current treatments will now be described:  

A loss of function mutation occurs de novo within either the TSC1 or TSC2 genes, or more 

rarely can be passed from the parent. This results in patients who are heterozygous for either 

TSC1 or TSC2. During early development and subsequent life, somatic second-hit mutations 

occur on the remaining functional gene, conferring a loss of heterozygosity and thus resulting 

in TSC1 or TSC2 deficient cells. A loss of one protein effectively results in a loss of the other 

since each protein is required to stabilise the other within a TSC1/TSC2 complex, alongside a 

third protein known as TBC1D7 (17). Functionally, this heterotrimer complex serves to 

inhibit mTORC1 activity by reverting RHEB to an inactive GDP-bound form. Notably, the 

RHEB GAP domain of the TSC tumour suppressor complex is located on TSC2, while TSC1 

typically functions to stabilise TSC2 (18). Under normal non-stimulated conditions, TSC1 

and TSC2 form a complex to exert their inhibitory function. However, after growth factor 

stimulation through a receptor tyrosine kinase, or energy stimulation, or amino acid sensing, 

the TSC complex is inactivated. This occurs typically through either the AKT or Extracellular 

signal-Regulated Kinase (ERK) pathways, but also the Wnt and Tumour Necrosis Factor 

(TNF) pathway (19–21). For example, AKT can phosphorylate TSC2 on multiple residues, 

leading to sequestering of the protein away from RHEB and allowing subsequent mTORC1 

activation (22,23). 
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This aberrant mTORC1 activity leads to systemic growth of hamartomas across every organ 

in the body, most notably the skin, central nervous system (CNS), heart lungs, eyes, and 

kidneys (24). As expected, these tumours cause complications within the resident organs,  

leading to complications such as renal disease, cardiac failure (although typically only in 

newborns), and disrupted lung function (particularly for predominantly female patients who 

also develop lymphangioleiomyomatosis (LAM)) (25). However, the leading cause of fatality 

within TSC, excluding LAM, is tumours of the CNS. These typically exist as three types: 

cortical tubers, subependymal nodules (SEN), and subependymal giant cell astrocytoma 

(SEGA). It is naturally assumed that the presence of these lesions is causative of the 

neurological symptoms of TSC, including autism, epilepsy, sleep disorders, and intellectual 

disability (26). TSC-related brain tumours arise early in development or shortly after birth, 

with infantile spasms arising at a mean age of 0.4 years, which will often progress to epilepsy 

at a rate of over 80% in TSC patients. Unfortunately, up to two-thirds of TSC patients present 

with refractory-epilepsy. A higher prevalence of seizures in TSC patients is often correlated 

with more severe TANDs (27). 

LAM is a notable co-occurrent condition, presenting in between 29-49% of female patients, 

although it can also occur sporadically in a TSC-independent manner (28). The condition is 

characterised predominantly by the infiltration of smooth muscle-like cells to the lungs, 

leading to neoplastic growth and the destruction of lung tissue by newly formed cystic 

structures. As age increases, the occurrence of LAM in TSC patients also greatly increases by 

up to 81% (29). While the basic understanding of LAM has increased over the last few 

decades, the rate of mortality in TSC patients due to LAM is still significant (30). The origin 

of the tumour-forming LAM cells is still not understood, nor are the differences in prevalence 

between male and female patients. However, LAM cells express high levels of hormone 

(oestrogen and progesterone) receptors, hinting that female sex hormones play a significant 

role in the pathology of LAM (31,32). This is further supported by the fact that LAM 

symptoms increase during menopause, the menstrual cycle, pregnancy, or following the usage 

of the contraceptive pill (33). 

The first line of treatment for TSC (and LAM) is rapamycin (Sirolimus) or Everolimus, 

which is prescribed upon diagnosis with either SEGAs, renal angiomyolipomas (AMLs), or 

epilepsy (34). Rapamycin is a naturally derived inhibitor of mTOR (35). As such, rapamycin 

specifically targets the dysregulated pathway within TSC and is effective in managing 

symptoms in the disease by shrinking tumours and reducing the prevalence of seizures 
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(although notably, seizures are not controlled in all cases of TSC treatment with rapamycin) 

(36,37). Furthermore, rapamycin tends to only shrink the tumours of TSC patients, not remove 

them completely (35). Due to the cytostatic nature of rapamycin on TSC cells, TSC-derived 

tumours will regrow upon discontinuation of the treatment. Further detail on the mTOR 

pathway as well as rapamycin and its analogues, commonly known as rapalogues (or 

rapalogs) will be described in later sections. Aside from rapamycin, other symptoms of TSC 

can be treated on a symptom-based basis. Vigabatrin, an anti-seizure medication, has proven 

to be effective in the treatment of seizures in TSC and is as such recommended as the primary 

means of seizure control for infantile spasms and epileptic seizures (38).  

Seizures associated with TSC are just one of many neurological manifestations. TSC patients 

present with TANDs which include psychosocial, neuropsychological, intellectual, and 

behavioural manifestations (39,40). TSC2 mutations result in worse neuropsychiatric 

manifestations than TSC1 mutations (41). TANDs represent the greatest burden of disease in 

TSC patients, and while TANDs are experienced by over 90% of patients until recently, only 

20% of patients received appropriate treatment. Accordingly, a TAND checklist was 

developed in 2015 that consolidates the different terms used to identify TANDs, while also 

providing a basis for tracking and evaluation of TANDs annually by professionals and 

caregivers (39).  

While the discovery of the genetic basis of TSC has yielded significant progress in the 

treatment of the disease, predominantly with the identification of mTORC1 inhibitors as an 

effective treatment strategy, much is still unknown about the true pathology of TSC.   

1.1.2 Additional TSC or mTORC1-regulated pathways 

As discussed in the previous section, the pathology of TSC typically is ascribed to 

dysregulation of the mTORC1 pathway. i.e., dysfunctional TSC1 or TSC2 leads to a lack of 

functional TSC complex, meaning that hyperactive mTORC1 subsequently drives cell growth 

and inhibits autophagy.  

While mTORC1 is likely a key signalling pathway that drives TSC pathology, studies 

increasingly show that other signalling pathways may be involved. It is likely that 

TSC2/mTORC1 acts as a signalling nexus to various divergent cellular pathways that then 

contributes to the diverse patient phenotype exhibited in TSC. It is generally unclear how loss 

of TSC1 or TSC2 function may guide these phenotypes. We do not know if further pathway 

dysregulation is propagated through mTORC1 hyperactivity or rather non-characterised 
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functions of the TSC proteins. Furthermore, we do not know whether loss of heterozygosity 

is explicitly required for many of the symptoms experienced by TSC patients. Despite this 

lack of context, TSC research is continually identifying new potential therapeutic targets for 

the treatment of TSC. For example, a 2020 study identified that TSC-deficient neural cells 

exhibit a lower degree of ciliation which was mTORC1 inhibition insensitive. Inhibition of 

the heat shock pathway, specifically Hsp90, was able to restore cilia within these TSC-

deficient cells, highlighting the heat-shock response as a druggable target in TSC (42).  

Furthermore, TSC deficiency is known to influence inflammatory pathways. The Signal 

Transducer and Activator of Transcription (STAT) signalling pathways may be directly 

influenced by mTOR. Typically, the STAT pathways are activated in response to the detection 

of cytokines such as interleukins. As both the mTOR and STAT pathways are involved in 

immune responses and cellular growth/proliferation, it is unsurprising that the two pathways 

may exhibit signalling crosstalk. Specifically, a loss of either the TSC1 or TSC2 protein can 

lead to an increase in STAT3 phosphorylation (conferring activation), at both the tyrosine-705 

and serine-727 phosphorylation sites (43,44). Furthermore, total STAT3 also appears to be 

upregulated by mTORC1 hyperactivity. While it is thought that the serine-727 site of STAT3 

can be directly phosphorylated by mTORC1 (as a serine kinase), the mechanism behind the 

phosphorylation of STAT3 at tyrosine-705 by mTORC1 is not understood (45). Studies have 

shown that STAT3 and mTORC1 are intricately linked, however this linkage is cell-line 

dependent. In a rapamycin-sensitive bone cancer cell line, mTORC1 inhibition decreased 

Y705-STAT3 phosphorylation but not at serine-727. In a rapamycin insensitive cell line the 

opposite was true (46). Furthermore, the knockdown of STAT3 reversed the state of 

rapamycin insensitivity, suggesting that mTORC1 and STAT3 signalling crosstalk is relevant 

in maintaining cell viability. If this were applied to the context of TSC, we may postulate that 

the cytostatic nature of rapamycin may be derived from inflammatory pathway activation.  

mTORC1 activity has also been shown to have links to the Nuclear Factor Kappa-light-chain-

enhancer of activated B cells (NF-κB) pathway, with rapamycin treatment inhibiting IKK 

activation in prostate cancer cells (47). Typically, NF-κB activation in TSC is variable and 

poorly understood. One study found that siRNA targeting TSC2 led to an increase in NF-κB 

activity (48), increasing the phosphorylation of IκB Kinase (IKK)α/β and the NF-κB subunit 

RelA. This increase in NF-κB activity was likely propagated through mTORC1 hyperactivity. 

However, the study noted that the effect of TSC2 loss on NF-κB activity was also likely 

dependent on the state of AKT activity, meaning that NF-κB activation in TSC would likely 
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be variable across cell types. Most notably, Phosphatase and tensin homolog (PTEN) 

deficiency and subsequent AKT hyperactivation alongside TSC2 loss were required for an 

increase in NF-κB activation. When PTEN was not lost in this model, TSC2 loss caused a 

reduction in NF-κB activity instead. Another study also identified that increased NF-κB 

activity was mediated by AKT hyperactivation by mTORC1 (47), with further research 

identifying an interesting link between mTORC1 inhibition and the impact on NF-κB and 

STAT3 activation within TSC2-deficient immune cells (49). Notably, TSC2 mutation resulted 

in a decrease of NF-κB activity via mTORC1-dependent modulation of the transactivation 

domain in the NF-κB subunit phospho-RelA. Inhibiting mTORC1 reversed this reduction in 

NF-κB activity and caused subsequent NF-κB hyperactivation. The ties to NF-κB and TSC 

are further complicated by the identification that IKKβ could phosphorylate TSC1, resulting 

in suppression of the TSC tumour suppressor complex and subsequent mTORC1 activation 

(21). Aside from these studies, research on direct links between NF-κB and TSC is limited, 

and warrants further investigation. 

Heterogeneity within the symptoms experienced by TSC patients may be explained through 

alternative or unknown functions of TSC protein. This could in part be evidenced by the vast 

difference in the severity of disease experienced by patients with mutations in TSC1 

compared to those with mutations in TSC2, wherein TSC2 mutation is more common and 

typically presents with more severe symptoms (34). The classical explanation of TSC 

pathology may suggest that since TSC1 expression is required primarily for the stability of 

TSC2 protein stability and activity, a loss of either gene would confer a highly similar 

phenotype, but this is not the case. The heterogeneity of TSC symptom expression will 

additionally be defined by which organs are affected, but also by the type of mutation. For 

example, while TSC1 is typically inactivated through frame shift or nonsense mutations (and 

therefore the mutation generates a totally inactivated protein), TSC2 mutations are typically 

frame-shift, missense, and splice-site mutations (50). It is currently unclear how these 

different mutations may confer the broad range of symptom severity experienced by TSC 

patients.  

The role of loss of heterozygosity as a confounding factor in the disease phenotype may have 

been overstated. While the loss of heterozygosity is generally associated with the formation 

of the larger, more obvious lesions within TSC-derived brain tumours, in vitro studies have 

identified that mono-allelic mutations to TSC1/TSC2 are also capable of inducing brain 

abnormalities.  
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A study by Martin et al. detailed how TSC-linked brain lesions tend to demonstrate a lesser 

degree of biallelic inactivation (when compared to the lesions within other organs) (51). 

Specifically, less than 35% of cortical tubers appear to possess a loss of heterozygosity. As 

the presence of brain lesions correlates with increased severity of TANDs, this information 

suggests that mono-allelic inactivation is sufficient for the development of the neurological 

manifestations of TSC (52). However, mouse studies suggest that neurological manifestations 

of TSC are not dependent on the presence of cortical tubers (53). Rather, TANDs may instead 

manifest from microstructural changes in the brain, such as decreased myelination 

complexity, or astrocytic changes (54). 

Another study found that mono-allelic mutations to TSC2 within a human induced pluripotent 

stem cell (iPSC) model were sufficient to promote dysregulation of a variety of pathways 

within Purkinje cells, including modification to differentiation status, activation of autophagy, 

oxidative stress, and cell death (55). Alongside this, mTORC1 activation was increased within 

TSC2(+/-) neuronal cells, with mTORC1 inhibition seeming to partially reverse the 

dysregulated neuronal phenotype. Interestingly, differences in mTORC1 activation within 

TSC2(+/−) cells and wild-type only seem to occur slightly later in neurodifferentiation, 

demonstrating the importance of the stage of neural development in TSC pathology. 

mTORC1 hyperactivation within Tsc2(+/−) mice also demonstrated variations in brain regions, 

showing the importance of cell type in the neuropathology of TSC (54). It has been known 

since relatively early in TSC research that a loss of heterozygosity is not altogether necessary 

for tumour growth and brain abnormalities within TSC (56–58). While not explicitly 

highlighting a specific alternative pathway in which TSC1 or TSC2 proteins might play a role 

in, these studies do highlight that the neurological manifestations of TSC are not dependent 

entirely on loss of heterozygosity, with a study in 1996 suggesting that only 6% of TSC-

derived brain tumours exhibited biallelic inactivation of TSC1 or TSC2 (59). A later, broader 

study identified that biallelic mutation was only present in roughly one-third of cortical tubers 

(51).  

Another study identified that heterozygosity is capable of inducing the formation of abnormal 

retinogeniculate projections within Tsc2(+/−) mice, likely caused by TSC2-linkage to the 

function of erythropoietin-producing human hepatocellular-A (EphA) receptors (60). This was 

further validified by in vitro data which demonstrated that Tsc2(+/−) neuronal cells exhibited 

less sensitivity to EphA receptor signalling, thus desensitizing Tsc2 haploinsufficient cells to 

EphA mediated cytoskeletal rearrangements, and therefore neuron axonal guidance.  
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Interestingly, TSC2 may also regulate transcription directly, and has been shown to bind to 

the promoter of epiregulin (61). Therefore, loss of TSC2 promotes heightened levels of 

epiregulin in TSC patients which promotes cell proliferation. 

Overall, TSC2 is involved in more pathways than the typically ascribed activation of 

mTORC1. The broad range of symptom severity that TSC patients experience may be 

indicative of this and could be dependent on the poorly understood role of monoallelic 

inactivation of TSC2.  

1.1.3 The mTOR complexes 

Both mTORC1 and mTORC2 possess the mTOR catalytic subunit; a serine/threonine kinase 

of the Phosphoinositide 3-Kinase (PI3K)-related kinase family. Despite this similarity, their 

activation and cell signalling outcomes are distinct. TSC research primarily focuses on 

mTORC1 signalling, and as such, it is far better understood. The reasoning for this is 

relatively clear; the TSC tumour suppressor complex (and the resultant downstream effects 

on RHEB) govern mTORC1, but not mTORC2 activity.  

1.1.3.1 mTORC1  

The outcomes of mTORC1 signalling have been briefly described in section 1.1.1, however, 

this was mainly described in the context of TSC2 or TSC1 loss. A more detailed summary of 

mTORC1 and mTORC1 signalling outcomes will be provided here.  

mTORC1 and mTORC2 both possess mTOR, DEP domain containing mTOR interacting 

protein (DEPTOR) and mammalian Lethal with SEC13 protein 8 (mLST8). Aside from their 

cell signalling outcomes, mTORC1 and mTORC2 can be distinguished by their 

responsiveness to rapamycin; mTORC1 is rapamycin sensitive, whereas mTORC2 requires 

long-term rapamycin treatment to reduce activity (62). 

mTORC1 is composed of mTOR, mLST8, DEPTOR, and Regulatory-Associated Protein of 

mTOR (RAPTOR). While mTOR is the catalytic core of the mTORC1 complex, additional 

components are necessary for proper kinase activity (63). mTORC1 substrates possess a TOR 

signalling motif that is recognised by RAPTOR and allows the association of the mTORC1 

complex to promote kinase activity (64). mLST8 is believed to associate with the complex to 

stabilise the active substrate-binding domain of mTORC1 (65). Conversely, Proline-Rich Akt 

Substrate of 40 kDa (PRAS40) is believed to be an endogenous inhibitor of mTORC1 

activity, and associates with mTORC1 via RAPTOR to inhibit substrate binding (66). 
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DEPTOR is also a negative regulator of mTORC1 (67). mTORC1 functions to integrate 

growth factors, amino acids, and energy levels into pro-growth signalling. The overall 

outcome of activation of the mTORC1 pathway is typically regarded as an increase in cellular 

metabolism, inhibition of autophagy, and an increase in cellular growth (68). 

Since mTORC1 possesses serine/threonine kinase activity (69), mTORC1 activation results in 

the phosphorylation of various downstream regulators that ultimately result in the known 

effects of mTORC1 pathway activation. Two of the key targets of mTORC1 are Ribosomal 

Protein S6 Kinase beta-1 (S6K1) and 4E-Binding Protein 1 (4E-BP1). Protein synthesis is 

initiated by the phosphorylation of 4E-BP1 by mTORC1. 4E-BP1 suppresses mRNA 

translation by binding to eukaryotic Translation Initiation Factor 4E (eIF4E) at the 5′-ends of 

mRNA awaiting translation and possesses 7 phosphorylation sites in humans (70). Four of 

these are regarded as key for activity, with phosphorylation of Thr37/Thr46 priming the 

protein for further phosphorylation at Ser65/Thr70 (71). Phosphorylation of 4E-BP1 leads to 

the dissociation of 4E-BP1 from eIF4E, allowing the recruitment of eIF4G and the ribosomal 

40s subunit to progress with protein translation (68). Another mTORC1 substrate is S6K1. 

S6K1 is a serine/threonine kinase, and upon activation by mTORC1 can phosphorylate a 

variety of translation-promoting proteins (72). This includes the ribosomal protein S6 (rpS6) 

on the Ser235/Ser236 sites. Phosphorylation of rpS6, while regarded as a key marker of 

mTORC1 activity, is relatively poorly understood. However, as a component of the 40s 

ribosomal subunit, rpS6 phosphorylation is believed to enhance the translation of proteins 

with AU-rich proximal untranslated region sequences, such as IL-8 and TNFAIP6 (73). S6K1 

can also phosphorylate eIF4B to promote the helicase activity of eIF4A, allowing the 

translation of mRNA secondary structures that which would otherwise inhibit translation (74). 

To further enhance protein translation, mTORC1 and S6K1 can phosphorylate the recently 

discovered protein La-Related Protein 1 (LARP1), causing the dissociation of LARP1 from 

the translation initiation complex (75). Dissociation of LARP1 allows the recruitment of 

eIF4F, and this promotes the translation of mRNAs containing a 5′-terminal oligopyrimidine 

sequence (76). These sequences are typically associated with mRNAs encoding ribosomal 

proteins, meaning that LARP1 inhibition by mTORC1 promotes the generation of protein 

assembly cellular machinery.  

mTORC1 also promotes nucleic acid synthesis via poorly understood positive regulation of 

RNA polymerases. It has been shown that mTORC1 can regulate RNA-polymerase-I, II, and 

III (Pol1, Pol2, and Pol3, respectively). mTORC1 can phosphorylate TIF1A, which is 
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responsible for the co-activation of Pol1 (77). This would promote Pol1-dependent production 

of rDNA, leading to ribosomal biogenesis. Strangely, while mTORC1 is characteristically 

believed to associate with the lysosome, mTORC1 may also be found within other sub-

cellular compartments, including the nucleus (78). While all components of mTORC1 can be 

found within the nucleus, it is generally believed that they do not associate to form the full 

mTORC1 complex (79), and instead, nuclear mTOR may be responsible for much of the 

poorly characterised nuclear mTOR activity. It is believed that in this case, nuclear mTOR 

plays a role in transcriptional regulation via promoter binding (78). Nuclear mTOR may play 

a role in Pol2 activity in this way by enhancement of Pol2-regulated transcription (80). Within 

the nucleus, mTOR has also been shown to bind to the promoters of rDNA and tRNA genes 

in a rapamycin-sensitive manner, suggesting that mTOR may be able to promote RNA 

polymerase-I and RNA polymerase-III-mediated transcription by a poorly defined 

mechanism (81). This may occur by phosphorylating other recruited factors to the 

transcriptional machinery of the RNA polymerases. Altogether, mTORC1/mTOR-dependent 

upregulation RNA polymerase activity would assist in the generation of building blocks for 

cellular growth. 

mTORC1 can also modulate the activity of various transcription factors. Most relevant to the 

following thesis is the phosphorylation of STAT3 on the S727 residue. mTORC1-dependent 

phosphorylation of S727-STAT3 likely contributes to the overall activity of STAT3, working 

in tandem with the inflammatory-associate Y705 phosphorylation site of STAT3 (82). The 

review by Giguère (2018) (83) effectively outlines a broad range of transcription factors that 

are regulated by mTORC1, including HIF1α, NRF1, STAT3, and UBF. mTORC1-dependent 

regulation of these transcription factors directs a variety of cellular processes including 

angiogenesis, metabolism, and cell growth/proliferation. mTORC1 activity also can guide 

inflammatory processes. mTORC1 inhibition has been shown to dampen immune responses 

and reduce IL-8 and IL-1β levels, highlighting the importance of this pathway in propagating 

inflammatory signalling (84). As such, rapamycin is a potent immune inhibitor, functioning to 

inhibit cytokine-stimulated differentiation and activation of various immune cells (85,86). 

1.1.3.2 mTORC2 

As previously described, mTORC2 shares the mTOR, DEPTOR and mLST8 subunits, but is 

functionally distinct from mTORC1. As in mTORC1, mLST8 is essential for proper 

mTORC2 function,  mTOR is the central catalytic component (87), and DEPTOR functions as 
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an endogenous inhibitor (67). mTORC2 is also composed of Rapamycin Insensitive 

Companion of mTOR (RICTOR), mammalian stress-activated protein kinase-interacting 

protein 1 (mSIN1), and protein observed with RICTOR (Protor-1) (88). RICTOR functions as 

a scaffolding protein and promotes mTORC2 function, and is believed to be the reason for 

the insensitivity of mTORC2 to rapamycin; rapamycin binding is mediated through the 

interaction of RAPTOR to mTOR, preventing mTORC1-substrate binding (89). mSIN1 

stabilises RICTOR, and together are essential for the kinase activity of mTORC2 on AKT 

(90,91). The function of Protor-1 is poorly understood and not believed to be essential for 

mTORC2 activity. However, it is believed to assist in the phosphorylation of SGK1 (92).  

The functional role of mTORC2 is less well-characterised than that of mTORC1. mTORC2 is 

typically localised to the ribosome, and mTORC2 activity is stimulated through growth 

factors and is activated downstream of PI3K/AKT (93). One role that mTORC2 plays is 

within the AKT pathway, wherein mTORC2 can phosphorylate AKT (alongside PDK1) for 

the activation of AKT (94). mTORC2 can stabilise the structure and enhance the function of 

AKT by phosphorylating an additional distinct residue at synthesis of AKT (95). mTORC2 

also phosphorylates SGK1 and PKC, with the ultimate cell signalling outcome conferring 

actin cytoskeletal reorganisation, cell migration, and an increase in protein synthesis and 

metabolism (96). As mTORC2 is capable of altering cell metabolism, mTORC2 dysregulation 

could be implicated in various cancers (97). 

mTORC2 is typically regarded as rapamycin insensitive. The activity of mTORC2 is not 

directly regulated by rapamycin. However, prolonged rapamycin treatment can reduce 

mTORC2 activity. This process is not entirely understood, and not all mTORC2 hyperactive 

cells can be targeted with rapamycin (98). It is believed that rapamycin may interfere with 

mTORC2 complex assembly (62), but this is dependent on a high FK506 Binding Protein 12 

(FKBP12) expression (98).  
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Figure 1.1. Diagram of mTORC1 and mTORC2 signalling. mTORC1 signalling (left) is activated by 

growth factors, amino acids, and energy levels. TSC1/TSC2 act as a tumour suppressor complex via 

the GTPase activating domain of TSC2. Pathway activation results in the phosphorylation and 

dissociation of TSC2. Growth factor stimulation also activates mTORC2 downstream of PI3K (right). 

The mTORC1 complex is composed of mTOR, mLST8, and RAPTOR. PRAS40 functions as an 

endogenous inhibitor of mTORC1. mTORCS2 is composed of mTOR, RICTOR, mLST8, mSIN, and 

Protor-1. Both mTORC1 and mTORC2 share DEPTOR as an endogenous inhibitor. Rapamycin 

inhibits mTORC1 via association with FKBP12. mTORC1 and mTORC2 activity result in distinct 

cell signalling outcomes. Illustration produced in BioRender. 

1.1.4 Current drug treatments of TSC 

While earlier treatments may be beneficial in reducing the severity of neurological 

manifestations (99), TSC is typically treated symptomatically. This is typically done with a 

range of licensed drugs or surgery.  Non-pharmacological or non-surgical treatments can be 

taken too, including a ketogenic diet (which is believed to reduce seizures via a reduction in 

mTORC1 activity (100)) and vagus nerve stimulation (101). 
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1.1.4.1 Rapamycin (Sirolimus) and rapalogues 

In 1964, in an attempt to identify new antimicrobial compounds, Georges Nogrady obtained 

soil samples from Rapa Nui, also known as Easter Island. Streptomyces hydroscopicus was 

discovered within this soil and found to be producing a molecule with antifungal properties. 

This macrolide molecule named after the island was called rapamycin (102). In 1999, 

rapamycin, renamed as Sirolimus, was approved for use as an immunosuppressant (FDA 

application 021083). Following the identification of the genetic pathology of TSC, 

Everolimus, a rapamycin analogue with an attached ethyl ester group, was approved for the 

treatment of TSC-associated SEGA in 2010 (103). Sirolimus and Everolimus have also been 

demonstrated to have limited applicability for the treatment of seizures in TSC (103,104). The 

benefit of rapamycin in LAM was also investigated and was shown to have potential benefit 

in the treatment of the TSC-associated disease (105). Following a clinical trial, rapamycin was 

also approved for the treatment of LAM in 2015 (NCT02432560). Rapamycin was also 

effective at reducing the size of TSC-derived kidney AMLs (106). Despite being one of the 

primary methods of treatment for TSC, Everolimus and Sirolimus are not without drawbacks. 

Rapamycin is relatively safe but known to present with mild side effects such as an increased 

likelihood of infection (107) due to immunosuppressive properties. Perhaps unsurprisingly, 

Everolimus has proved ineffective at improving neurocognitive function in children with TSC 

over 6 or 12 months (108,109). An ongoing study is attempting to assess the impact of 

Everolimus on neurocognitive function and autism (NCT01730209). Refractory epilepsy 

occurs in roughly 45% of TSC patients, and Everolimus is effective at reducing epilepsy in 

around half of these cases (110). Of course, Everolimus is highly beneficial in this regard but 

demonstrates that mTORC1 inhibition alone cannot effectively manage neuropsychiatric 

disorders in TSC. This is especially prudent when epilepsy is highlighted as such a high cause 

of mortality in TSC (111), whilst also being highly treatment-resistant (112). Additionally, 

despite the apparent benefits of rapamycin and Everolimus, tumour regrowth occurs after 

discontinuation of treatment, highlighting the cytostatic nature of these treatments (113). 

Further analogues of rapamycin, dubbed ‘rapalogues’, are in the process of investigation for 

clinical use in TSC and various cancers (114). However, Everolimus is the only approved 

drug for the management of SEGA and AML (115). Second-generation mTOR inhibitors, 

which bind directly to the mTOR catalytic site, are also in development (115). It could be 

argued that these may lack enhanced efficacy in TSC compared to conventional rapalogues, 

as mTORC2 activity may be downregulated in TSC (116). Recently, a topical gel of 



14 
 

Sirolimus demonstrated applicability for use on facial skin lesions in TSC (117) 

(NCT02635789). 

In terms of biological activity, Everolimus is more effective than rapamycin but also more 

expensive (118). The difference in biological activity may be attributed to the greater efficacy 

in reducing mTORC2 signalling by Everolimus (119). However, some differences in 

biological activity may also be attributed to overall differences between the two compounds 

in bioavailability and pharmacokinetics (119). Rapamycin and Everolimus function by 

initially binding to FKBP12. FKBP12 then binds to mTOR by the FKBP-Rapamycin Binding 

(FKB) domain. Interaction of FKBP12-Rapamycin with the FKB domain results in the 

dissociation of RAPTOR, thus inhibiting mTORC1 activity (89). 

1.1.4.2 Vigabatrin  

Infantile spasms typically occur as a precursor to epilepsy in TSC, and Vigabatrin is currently 

recommended for the treatment of infantile spasms in TSC (13,38). Vigabatrin functions by 

mimicking the inhibitory neurotransmitter Gamma-Aminobutyric Acid (GABA). By doing 

this, Vigabatrin competes with the GABA breakdown enzyme, GABA transaminase, resulting 

in increased levels of GABA in the synaptic cleft (120). Vigabatrin is not able to reduce 

epilepsy in all TSC patients, with one study reporting a reduction in seizures with 13 patients, 

and a lack of efficacy leading to treatment discontinuation in 21 patients (121). Additionally, 

Vigabatrin demonstrates retinal toxicity, leading to a loss of peripheral visual field over 

prolonged treatment periods. This means that visual ability must be continuously assessed 

during treatment (122). Other side effects of Vigabatrin include memory loss, depression, 

drowsiness, confusion, and diarrhoea. Vigabatrin side effects are prevalent in up to 50% of 

adults, and 15-31% in infants/children (123). Therefore, while Vigabatrin shows excellent 

efficacy in the management of TSC-associated seizures, side effects of the drug must be 

considered. Patients will often discontinue Vigabatrin treatment, and this is believed to be due 

to the development of tolerance to Vigabatrin, reducing the efficacy of the drug (124). Similar 

to tumour regrowth after cessation of mTORC1 inhibitors, seizures will often reoccur after a 

discontinuation of Vigabatrin (125). Despite these setbacks, Vigabatrin is effective in reducing 

seizures in many cases, and as such, is the first-line treatment for TSC-associated infantile 

spasms. Data are mixed on the need to continue Vigabatrin treatment after seizure reduction. 

In some cases, Vigabatrin can be withdrawn after a seizure-free period of 6 months, while 

other data suggests that seizures can reoccur if treatment is rescinded (126). 
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1.1.4.3 Surgery  

In the case of TSC-associated brain tumours, surgery can be employed as a treatment option. 

It is typically relatively effective in the reduction of seizures, providing that there is correct 

identification and resection of the epileptogenic region of the brain. One analysis reported 

seizure freedom in patients with refractory epilepsy between 48-57 % over a follow-up period 

(127), while another reported a reduction in 51 % of surgery-treated patients (128). While 

surgery can be highly effective in achieving seizure freedom in TSC patients, it is a highly 

invasive procedure, and it therefore could be argued that the roughly 51 % seizure freedom 

rate makes surgery a last-resort option in the treatment of epilepsy in TSC. Many patients are 

also unable to undergo surgery due to deeply residing epileptogenic regions in TSC patients. 

However, new surgery techniques such as MRI-guided laser therapy may offer highly 

effective means of therapy in the future (129,130). 

1.1.4.4 Cannabidiol 

The mechanism of cannabidiol (CBD) on seizure reduction and the anti-inflammatory 

properties of CBD are, in general, poorly understood. GPR55 is a cannabinoid-sensitive 

receptor which typically increases neurotransmitter and calcium release during 

neurotransmission (131). The broadest understanding of CBD action appears to be that CBD 

can reduce neuronal excitability by antagonizing GPR55 at excitatory synapses, as well as 

lowering calcium and adenosine uptake, thus reducing neurotransmission (132,133). CBD also 

has anti-inflammatory and anti-oxidative properties, able to reduce the production of TNFα 

and other cytokines (134). The anti-cancer effects of CBD have had an increase in research 

recently (135). CBD induces damaging oxidative stress in glioma cells but not healthy control 

cells (136). CBD increases oxidative stress in breast cancer and also inhibits mTORC1 

signalling (137). CBD has shown benefits in the treatment of various cancers, including 

melanoma, glioblastoma, and breast, prostate, lung, and colon cancer (138,139).  

When CBD is employed in combination with rapamycin or Everolimus, there appear to be 

drug interactions between the two in TSC, demonstrating that care needs to be taken when 

prescribing both medications for TSC patients. Specifically, CBD appeared to increase the 

overall concentration of Everolimus within the blood of one patient when both treatments 

were taken (140). This was demonstrated to be more significant when 25 patients were tested, 

wherein CBD increased the blood trough concentrations of either rapamycin or Everolimus to 

dangerous levels (141). Because of this, mTOR inhibitor therapies need to be adjusted 
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accordingly when taken in combination with CBD. CBD has also shown drug interactions 

with other medications in the treatment of seizures, including clobazam (an epilepsy drug). 

wherein clobazam was elevated in patients who were also taking CBD (142). Another study 

reported increases in serum levels of topiramate, rufinamide, and N-desmethylclobazam (all 

common antiepileptic drugs) when administered alongside CBD (143). It is possible that these 

interactions occur due to competition between CBD and other drugs for metabolism in the 

cytochrome P450 pathway. Overall, CBD has proven to be highly effective at reducing the 

prevalence of treatment-resistant seizures (144–146). Following a clinical trial by Jazz 

Pharmaceuticals (NCT02544763) wherein CBD was shown to be effective and well-

tolerated, CBD has been approved for the treatment of seizures in TSC (147). 

1.1.4.5 Future Therapies 

As outlined in the review by Schubert-Bast and Strzelczyk (2021), a range of therapies are 

currently being explored for the treatment of epilepsy in TSC (148). A phase III trial recently 

concluded for Ganaxolone (NCT03572933), demonstrating applicability in refractory 

epilepsy in TSC. The 2021 review outlines multiple potential therapies which are being 

typically researched for usage in other seizure-causing conditions but suggests that many of 

these treatments could have impacts on TSC. These include the CH24H inhibitor, Soticlestat, 

and the serotonergic drug, Fenfluramine. A novel formulation of Sirolimus is also being 

investigated for the treatment of epilepsy in infants with TSC (NCT04595513). 

1.1.5 mTOR in Brain Tumours  

mTOR acts as the central catalytic component within two distinct protein complexes, 

mTORC1 and mTORC2, and possesses serine/threonine kinase activity (149,150). mTORC1 

activity is induced by cellular energy, oxygen, nutrient levels, and growth factors, and 

transduces these signals into cellular growth and metabolism via increased ribosomal 

biogenesis, protein synthesis, and the inhibition of autophagy (151,152).  

As such a central component of cellular growth, it is unsurprising that cancer will often hijack 

mTOR to guide its growth, with mutations in upstream signalling pathways often converging 

on mTORC1 to guide oncogenesis (153). As a disease, TSC demonstrates the profound 

impact of TSC1/TSC2 mutations on tumour formation, and therefore the key role that 

mTORC1 dysregulation may play in cancer progression.  
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Loss of TSC2 is implicated in various brain tumours. One study reported that loss of 

heterozygosity of TSC2 was found in 1/16 astrocytomas, 3/15 ependymomas, 5/16 

gangliogliomas, 0/7 oligodendrogliomas (OG), and 2/14 glioblastoma multiforme (GBM) 

(154). While mTOR activity can drive the development and pathology of cancerous brain 

tumours, TSC2 is rarely the causative mutation. Regardless, it can be beneficial to look at the 

role of mTORC1 activity within malignant brain tumours to hopefully identify parallels 

between cancer and TSC. Despite a clear profile of TSC2 mutations in malignant brain 

tumours, TSC2 mutations (or otherwise lowered expression of TSC2) has been observed in 

various other cancer types, including breast cancer, oral squamous cell carcinoma, and renal 

cell carcinoma (155,156). Cancer patients with mutations of TSC1, TSC2, or MTOR seem to 

show greater response rates to rapalogues (156).  

1.1.5.1 Glioma and Glioblastoma Multiforme 

While playing an important role in normal brain development and neurogenesis, aberrant 

mTORC1 activation has a correspondence with various brain tumours and is involved in 

multiple facets of cancer progression (157). Gliomas are brain tumours of the supportive glial 

cells that can progress to GBM which is among the deadliest types of cancer (158); the 5-year 

survival rate of GBM is below 5%. Furthermore, the survival of GBM has shown little 

increase over the past few decades of research (159). GBM usually arises from a primary 

glioma. It is generally believed that they are astrocytic in origin, but newer research points 

towards mutations in neural epithelial cells (NECs) and glial-committed precursor cells, 

which then become dysregulated astrocytes (160). GBM often have a high activation of 

mTORC1 (161), resulting in greater unc-51 like autophagy activating kinase 1 (ULK1) 

inhibition and protein translation via 4E-BP1 (162). Notably, inhibition of mTORC1 in this 

scenario does not always produce the desired therapeutic goal, as mTORC1 inhibition can 

lead to resistance to hypoxia-induced cell death (162,163). It is believed that this is due to the 

activation of autophagy which serves to protect the cells in nutrient and oxygen-starved 

conditions. High mTORC1/mTORC2 activity has also been observed in low-grade glioma, 

including pilocytic astrocytoma (164). 

mTORC1 activity in GBM is often conferred through loss of PTEN, leading to increased 

AKT activity and consequently high mTORC1 activity (150). The levels of S6K1 and AKT 

phosphorylation are clinically correlated with radiation resistance in treatment (165). There is 

also a correlation between AKT, Nuclear Factor Kappa-light-chain-enhancer of activated B 
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cells (NF-κB) activity, and tumour grade in GBM (166). Overall, high-grade gliomas tend to 

demonstrate higher AKT, mTOR, and S6K1 phosphorylation when compared to low-grade 

non-invasive gliomas, demonstrating the disease-progressing nature of mTORC1 signalling 

(167,168). mTORC1 can also be activated within tumour-associated microglia via secreted 

signals from glioblastoma; mTORC1 activity in microglia reduces T-cell infiltration and 

reduces reactivity, aiding in tumour immune evasion (169). Within this context, mTORC1 

activity promotes STAT3-mediated secretion of anti-inflammatory factors also, limiting T-cell 

infiltration. mTORC1/mTORC2 activity is also shown to progress GBM by activating the 

Wnt pathway, leading to the promoted transcription of pro-invasive factors and guiding 

Epithelial to Mesenchymal Transition (EMT) (170). 

Similarly, mTORC2 activity is upregulated within glioma (171). mTORC2 has been shown to 

play a role in glioma formation, where heightened protein and mRNA levels of the mTORC2 

complex component, RICTOR, have been found. RICTOR overexpression leads to increased 

mTORC2 activity, and consequently higher AKT phosphorylation (171). mTORC2 guides 

GBM towards aerobic glycolysis by increasing the expression of glucose transporter 4, and 

activating hexokinase 2 and phosphofructokinase-1 (150), thus promoting a Warburg effect. 

mTORC2 activity also has implications with chemoresistance, and treatment with a mTOR 

inhibitor (called PP242) sensitized chemo-resistant GBM to cisplatin-induced cell death 

(172). 

Overall, first-generation mTORC1 inhibitors were ineffectual in the treatment of GBM, 

largely due to limited pharmacodynamics and an inability to suitably target mTORC2 (150). 

Newer therapies with dual mTOR kinase inhibitory activity such as Ku-0063794 may prove 

more effective by more potently inhibiting AKT activity (173). The immunosuppressive 

properties of first-generation mTOR inhibitors are a concern in the treatment of GBM. 

However, newer dual kinase inhibitors such as PP242 appear more effective at suppressing 

mTOR activity with reduced inhibition on the immune system (174). These studies generally 

highlight the prevalent role of mTORC2 in GBM, as well as mTORC1. It is generally 

accepted that sirolimus (and other rapalogues such as everolimus and temsirolimus) can cross 

the blood brain barrier (BBB) (175,176). While first generation mTOR inhibitors showed 

limited penetration of the BBB, second generation mTOR inhibitors (such as Ku-0063794) 

appear to penetrate the brain more effectively (177). 
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OG are a type of glioma brain tumour which were initially believed to arise from mature 

oligodendrocytes; the myelin-producing supportive cells of the brain. However, recent 

research indicates that OGs are more likely to develop from glial precursors which then 

differentiate to oligodendrocyte-like cells with non-functional myelination capability 

(178,179). Compared to GBM, OGs are far less common, making up roughly 5% of CNS 

tumours (180). OGs are also far less deadly, with a 5-year survival rate of roughly 50.2% for 

high-grade OG (181). Research of mTOR signalling within OG is relatively low, likely due to 

the relative infrequency of the condition, and the comparatively favourable prognosis 

compared to other brain tumours. The role of mTOR signalling in OG was revealed by the 

finding that PI3K/AKT/mTOR activity was necessary for the successful engrafting of OG 

xenografts in mice (182). A lack of PI3K/AKT/mTOR activity prevented xenograft formation. 

Implanted xenografts were also sensitive to mTOR inhibition with Everolimus. Overall, this 

demonstrated that PI3K/AKT/mTOR was able to promote oncogenesis. 

Ependymomas are a rare type of glioma which typically occurs in the ependymal lining of the 

ventricular system. Due to their often subependymal nature, ependymomas can obstruct the 

flow of cerebrospinal fluid (CSF), leading to hydrocephalus (183); a feature shared by TSC-

derived SEGA, discussed later. While ependymomas affect children more frequently than 

adults, children aged 10 to 14 years have a 5-year survival rate of 81.4% (184,185). A study 

found that a patient with a childhood ependymoma demonstrated high activation of mTORC1 

(186). In this study, the patient’s tumour was highly susceptible to Sirolimus for 18 months. 

mTORC1 inhibition also suppressed ependymoma xenograft growth in mouse studies (187). 

mTORC1 inhibitors have been evaluated for the treatment of ependymomas. However, a 

recent clinical trial (NCT02155920) (188) showed that Everolimus for up to 2 years did not 

appear to be effective in treating recurrent or highly progressive subtypes of ependymoma in 

children. Notably, this study was carried out in the most aggressive and treatment-resistant 

subtype of ependymoma, meaning that mTORC1 inhibition may prove beneficial in other, 

less aggressive subtypes. It has also been suggested that ganglioglioma can gain enhanced 

growth from mTORC1 activation (189). Epilepsy is a common symptom of gangliogliomas 

(190), demonstrating parallels between this low-grade rare brain tumour and TSC. Generally, 

gangliogliomas do not usually possess mutations within components of the mTORC1 

pathway. A sequencing experiment of 40 gangliogliomas revealed no mutations to TSC1, 

TSC2, AKT3, MTOR, PI3KCA, or PTEN, except for one PTEN mutation (190).  mTORC1 
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activity is also present in neuroblastoma, with potential cytostatic and cytotoxic benefits 

shown via inhibition of the AKT/mTORC1 signalling nexus (191). 

1.1.5.2 Malignancy in TSC 

It might be expected that due to a large number of benign tumours in TSC patients, there 

would be an increased risk of the development of cancerous tumours. However, this does not 

appear to be the case. In terms of renal tumours, the lifetime risk of the development of 

malignant renal tumours is only around 2-3 % (192). This is not different from the risk of 

renal cancer in non-TSC patients, according to Cancer Research UK (193). Despite this, cases 

of malignancy in TSC have been observed. One example of this was the development of 

GBM in a 58-year-old male TSC patient. However, it should be noted that this tumour did not 

appear to arise from any previous TSC-derived tumours (194). The same case report by Azriel 

et al. (2019) details how malignant brain tumours in TSC have only been reported within six 

patients, none of which presented with a SEGA at the previous site of glioma/GBM 

development. TSC contrasts with cancerous tumour development in the sense that most 

malignant tumours are believed to initiate follow mutations to TP53  

1.2 Inflammation and the Immune System in Brain Tumours 

1.2.1 Neuroinflammation and the immune system of the CNS 

The inflammatory response is an essential mechanism which is triggered by various stimuli, 

including infection, trauma, toxins, or cell damage/stress. An acute inflammatory response is 

necessary to reduce damage and begin healing and repair, and will self-regulate to switch 

itself off (195). However, loss of control over an acute inflammatory signal leads to chronic 

inflammation. Chronic inflammation is implicated in a wide array of diseases, including 

cancer (196). Inflammation involves the activation of signalling pathways which result in the 

recruitment and accumulation of immune cells, as well as increased blood flow to the affected 

area.  

The CNS is an immune privileged site. Typically, cells of the immune system which are 

present within the rest of the body are not permitted within the CNS. As outlined in the 

review by Muldoon et al., (2013) (197), the Blood Brain Barrier was identified following the 

observation that immune responses in the peripheral immune system were not apparent 

within the CNS. Overall, the blood brain barrier can be most broadly defined as a tight 

network of endothelial cells with tight junctions lining the capillaries, with a selection of 
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highly specific transport channels (198). The result is a protective layer which separates 

circulating blood from the highly regulated CSF to maintain homeostasis. Antibodies and 

circulating immune cells have limited penetration of the BBB (199).  

Typically, leukocytes will not cross the BBB and instead will reside near the BBB to capture 

antigens. Certain inflammatory cytokines are known to cross the BBB, stimulating 

inflammation and immune responses within the CNS, such as IL-6 and TNFα. Cytokines can 

also damage the BBB, increasing their permeability to immune cells and other molecules 

(200). Therefore, under conditions of injury, infection, or otherwise inflammation, the BBB 

can be compromised to allow the influx of non-typically residing cells and molecules to the 

CNS.  

Under normal conditions the microglia are the primary immune mediators of the CNS. Rather 

than just fighting infection and mediating inflammatory signals, microglia interact with 

neurons and other CNS-resident cells to regulate synaptic plasticity, synapse maturation, 

myelination, neuron survival, and differentiation of supporting cells (201). As outlined in the 

review by Li & Barres (2018) (202), microglia play a variety of roles during 

neurodevelopment, and also maintain homeostasis in later life. It is thought that microglia can 

attenuate the activity of highly-active neurons via contact (203).  

Microglia go through a range of activation states. During normal, non-stimulated/non-

inflammatory conditions they are involved in the maintenance of synapses and neurons 

through the secretion of factors such as Brain Derived Neurotrophic Factor (BDNF) 

(204,205). When stimulated by injury, inflammation, or infection, microglia are activated. 

This is mainly characterised by an increase in proliferation, a larger cell body, and the 

secretion of pro-inflammatory cytokines and chemokines (206,207). Neuroinflammation is 

often damaging to neural function, and is associated with neurodegenerative diseases such as 

Alzheimer’s and Parkinson’s disease (208). Neuroinflammation is also heavily associated 

with epilepsy (209–211). It is believed that microglia play significant roles in the propagation 

of these conditions, however microglia can also be anti-epileptic (211). Neuroinflammation 

and lesion-associated activated microglia are also believed to play a role in the development 

of epilepsy in TSC, and are also activated by epilepsy (212,213).  

1.2.2 The NF-κB and STAT3 signalling axes: disease and crosstalk 

The NF-κB and STAT3 signalling pathways are regarded as key drivers of epilepsy-linked 

neuroinflammation. Both pathways play a prominent role in the activity of microglia and 
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surrounding glial cells in the CNS (214,215). TNFα is a known mediator of epilepsy with both 

epilepsy promoting and epilepsy suppressing mechanisms (216). IL-1β also plays significant 

roles in the development of epilepsy, and has been demonstrated to contribute to neural 

hyperexcitability states (217). IL-6 is also believed to contribute to neural hyperexcitability 

and enhance the production of glial cells (210). As discussed later, these pathways also 

demonstrate significant crosstalk with one another. As activators of NF-κB, the inflammatory 

stimulating mechanisms of TNFα and IL-1β will be summarised below. Similarly, STAT3 

activation will be summarised in the context of IL-6.   

 

1.2.2.1 TNFα and NF-κB 

As a key modulator of inflammation, TNFα plays a relevant role in cancers, infection, and 

various inflammatory diseases. TNFα is released from the cell membrane by proteases, 

followed by trimerization and subsequent binding to either TNFR1 or TNFR2 (218). TNFα is 

highly pleiotropic and thus is a key player in the regulation of many important processes 

including embryo development, defence from pathogens, wound repair, and fever. However, 

unregulated, or aberrant TNFα signalling can cause disease states, and is implicated in 

depression, cancer, and other inflammatory diseases. While it is possible for some tumours to 

be sensitive to TNFα stimulation, causing their death, others may be bolstered by it, by 

driving the inflammatory phenotype that can be associated with malignant processes. As 

such, there are various reviews on TNFα discussing its dual nature as both a pro- and anti-

cancer cytokine (218). TNFα binding to its receptors can present with contrasting effects 

depending on the cellular context and relative abundance of complex assembly proteins. 

Formation of complex I is typically associated with inflammation and pro-survival via NF-κB 

and Mitogen-Activated Protein Kinase (MAPK) activation, whereas complex II formation 

leads to apoptosis or necrosis (219). The pathway undergone after complex I formation 

depends on an intricate set of cellular conditions and is generally integrated into complex 

formation via ubiquitination of RIPK1. Activation of complex I is determined by recruitment 

of TRADD to the TNF receptor followed by precise ubiquitination of RIPK1 by cIAP1 and 

cIAP2. RIPK1 is recruited to NEMO, leading to recruitment and ubiquitination of the TAK1 

complex (TAK1-TAB1-3) (219–221). This complex is capable of phosphorylating and 

triggering the MAPK pathway. This means that complex I formation and activation promotes 

survival through the MAPK pathway, mainly via activation of JNK, but also ERK 
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(219,222,223). The canonical NF-κB pathway is also triggered by complex I. TNF-receptor 

associated factor (TRAF) adaptor proteins are responsible for the recruitment of the IKK 

complex, and IKK is phosphorylated by a variety of other recruited factors, notably RIPK1, 

TAK1, and MAP3K3 (224).  

The canonical NF-κB pathway is a cell signalling pathway which results in the transcription 

of pro-inflammatory genes, and the activation of NF-κB is laid out in the review by Yu et al., 

(2020) (225). The NF-κB family contains five members which interact with each other 

through the REL homology domain. However, the most important of these in canonical 

signalling are regarded to be RelA and p50. Phosphorylation of the IKK complex is crucial 

for initiation of the canonical NF-κB pathway, and is followed by IKK complex-mediated 

phosphorylation of the inhibitor of κB (IκB). This is followed by ubiquitin-mediated 

degradation of IκB (225). IκBα is the most well defined IκB protein and typically associates 

with p50/RelA heterodimers. Rapid degradation of IκBα via IKK-mediated phosphorylation 

is essential for the nuclear translocation and activity of p50/RelA (226). The IKK complex 

(composed of IKKα, IKKβ, and NEMO) also phosphorylates S536 of RelA, which is the NF-

κB subunit with transcriptional activity. IKK also phosphorylates p105, leading to p105 

cleavage to generate mature p50 (227). p50 is phosphorylated by PKA to allow DNA binding 

(228). Phospho-RelA and p50 form the most well characterised heterodimer with NF-κB 

transcriptional activity, and DNA binding results in the transcription of genes corresponding 

to the immune response, cell growth, and survival (229,230). The less characterized RelA 

homodimer can also bind to DNA, and likely has differential transcriptional activity (231). 

Conversely, p50 homodimers are inhibitory as they compete for NF-κB binding motifs with 

transcriptionally active NF-κB dimers (228).  

1.2.2.2 IL-1β 

NF-κB is stimulated by a variety of cytokine and crosstalk between other signalling 

pathways. IL-1β also stimulates NF-κB (232,233). IL-1β is processed by caspase-1 after 

inflammasome activation, and after secretion is able to bind to the IL-1R1/IL-1RAcP receptor 

complex. After receptor binding, MYD88 and IRAK4 are recruited, the latter of which 

autophosphorylates and phosphorylates IRAK1 and IRAK2. TRAF6 is then recruited. The 

IRAK1-IRAK2-TRAF6 complex then dissociates from the IL-1β receptor complex and 

results in the recruitment and ubiquitination of TAK3. TAK3 activation and recruitment of 

TAB1, TAB2, and TAB3 leads to the phosphorylation of IKK and subsequent stimulation of 
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NF-κB in a similar mechanism as described above. In this way, both TNFα and IL-1β 

mediated activation of NF-κB is propagated through the TAK3-TAB complex. 

1.2.2.3 cGAS/STING/TBK1 

The cyclic GMP-AMP synthase (cGAS)/Stimulator of Interferon Genes (STING) pathway 

functions to activate inflammatory mechanisms in response to cytosolic foreign DNA (234). 

As foreign cytosolic DNA is indicative of bacterial or viral infection, the predominant 

purpose of the cGAS/STING pathway is immunity, and helps to guide inflammation in order 

to neutralise invading pathogens (235). Cytosolic DNA can also be indicative of cellular 

stress, resulting from leakage of nuclear or mitochondrial DNA (236). As a strong stimulator 

of inflammation, it is unsurprising that in certain contexts the cGAS/STING pathway can be 

aberrantly activated, thus guiding oncogenic processes, as well as other immune-related 

disorders (237). cGAS exists within the cytosol and serves as a DNA sensing molecule. The 

surface of cGAS is positively charged, and it possesses a zinc thumb binding site which 

allows it to interface with the sugar-phosphate backbone of DNA (238). This allows binding 

to dsDNA which induces a conformational change to activate the nucleotidyl transferase 

catalytic core of cGAS (239). This is followed by binding of GTP and ATP, resulting in the 

formation of the secondary messenger, cyclic GMP-AMP (cGAMP). cGAMP then binds to 

STING which is located on the endoplasmic reticulum, activating STING and inducing 

oligomerization and translocation to the golgi (234,240). At the golgi, STING recruits various 

kinases. This includes Tank-Binding Kinase 1 (TBK1), which phosphorylates interferon 

regulatory factor 3 (IRF3) and in turn stimulates the expression of genes that are dependent 

on type I interferon signalling (241). STING recruits and activates the IKK complex (242). 

TBK1 can also phosphorylate IKK, leading to NF-κB activity (243). 

1.2.3 IL-6/STAT3 signalling 

IL-6, like TNFα, is a key pleiotropic cytokine that plays significant roles in the immune 

response. Initially IL-6 was identified under various pathways and circumstances, and thus 

garnered a selection of names such as B-cell stimulatory factor 2, or hepatocyte-stimulatory 

factor. However, eventually it was realised that these functions were all incurred by a singular 

molecule, now known as IL-6 (244). IL-6 is involved in the mediation of multiple immune 

responses to both endogenous and exogenous stimuli and may be regarded as one of the 

strongest cytokines in inducing large pro-inflammatory processes. Under normal conditions, 

IL-6 would be produced transiently in response to injury or infection. As such a powerful key 
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regulator of inflammation, IL-6 is also implicated in many inflammatory diseases including 

cancer (245). IL-6 is a member of the IL-6 family of cytokines, which includes 9 other 

cytokines. This family of cytokines all require the ubiquitously expressed cell-surface gp130 

anchor as a co-receptor in order to transduce their inflammatory signal (246). 

In the initial stages of infection or tissue damage, IL-6 is rapidly and transiently produced to 

send out a warning message to the entire body. For example, upregulation of IL-6 can be 

induced via pathogen associated molecular patterns (PAMPs), toll-like receptors (TLRs), or 

damage associated molecular patterns (DAMPs) (244,247). The IL-6 receptor, IL6R is 

expressed on monocytes, hepatocytes, B-cells, and neutrophils, but this does not mean that 

IL-6 signalling effects are restricted to these cell types. This is because IL-6 signalling can 

occur through the trans pathway, wherein IL-6 receptors can be secreted by neutrophils or 

cleaved from their surfaces, following neutrophil attraction by a chemoattractant like IL-8 

(248). This allows soluble receptor binding, followed by binding to the membrane-bound 

gp130 receptor in order to facilitate the signal (249). Perhaps counterintuitively, binding of 

IL-6 to a  membrane bound IL-6R is associated with an anti-inflammatory signal, whereas 

soluble IL-6 interactions instead mediates a pro-inflammatory signal (250). The capability of 

IL-6 for trans signalling is not a shared property among IL-6 family members, and this may 

be why IL-6 signalling is so dominant (251). While expression of soluble IL-6 or soluble IL-

6R promotes the trans pathway, soluble gp130 inhibits trans-signalling and can be used as a 

treatment for inflammatory diseases (252). 

Upon IL-6R binding through either the cis or trans pathway, gp130 receptor dimerisation 

occurs. The major pathways activated by IL-6 signalling are the STAT3 pathway, the 

MEK/ERK pathway, and the PI3K/AKT pathway (246,250,253). The STAT3 pathway is better 

understood and occurs by recruitment and phosphorylation of JAK to the active dimerized 

gp130, leading to subsequent recruitment of the SH2-domain containing STAT3. STAT3 is 

then phosphorylated at tyrosine 705, leading to p-STAT3 dimerisation and p-STAT3 dimer 

translocation to the nucleus where it can act as a transcription factor. As a transcription factor, 

Y705 p-STAT3 is heavily implicated in governing a wide array of tumorigenic processes, 

including invasion/metastasis, transformation, proliferation, survival, migration, and 

angiogenesis (254). Furthermore, p-STAT3 activity can upregulate unphosphorylated STAT3, 

enhancing available STAT3 levels for phosphorylation or the non-transcription factor 

functions of STAT3 (255). STAT3 phosphorylation occurs in a biphasic pattern during 

constant IL-6 stimulation, likely due to the repetitive action of the STAT3 induced suppressor 
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of cytokine signalling 3 (SOCS3) (256). One cytokine which may be upregulated by STAT3 

nuclear activity is IL-1β (257), which could then stimulate NF-κB activity. 

1.2.4 Crosstalk between the NF-κB and STAT3 pathways 

As two of the most important and pleiotropic cytokines, TNFα and IL-6 will often be 

implicated in similar pathways, and therefore may exhibit crosstalk and regulatory functions 

upon each other. For example, 55% of the genes that are upregulated greater than 2-fold by 

trans IL-6 signalling are also upregulated by TNFα signalling in fibroblast-like synoviocytes 

(258).  

It is thought that TNFα may be able to induce IL-6 mRNA levels and protein secretion (259). 

TNFα-dependent IL-6 expression may be due in part to the fact that the IL6 promoter 

possesses binding sites for NF-κB (260). Thus, if TNFα upregulates NF-κB, then IL-6 

transcription may be enhanced. This has been confirmed as far back as 1990, wherein the 

promoter binding site for NF-κB on the IL6 gene was shown as essential for TNFα-induce IL-

6 expression (261). This carries on to disease contexts, where head and neck squamous cell 

carcinoma displays increase IL-6 activity, which is dependent on an intact NF-κB promoter 

site (262). As TNFα can induce NF-κB, and IL-6 can induce STAT3 phosphorylation, 

crosstalk between TNFα and IL-6 could be also thought of as like crosstalk between NF-κB 

and STAT3. This is further supported by the fact that a blockade at NF-κB activity leads to 

significantly lowered STAT3 phosphorylation in both head and neck squamous cell 

carcinoma cells, and associated healthy epithelial cells (262).  TNFα induced MAPK or AKT 

pathways may also upregulate other key transcription factors that induce IL-6 signalling 

(263). For instance, MAPK inhibition causes a decrease in IL-6 protein and mRNA levels 

(264). Curiously, inhibition of PPARγ is also capable of inhibiting TNFα-induced IL-6 

activity (265).  

TNFα induced IL-6 signalling may be dependent on cell type, as human embryonic kidney 

cells did not demonstrate heightened IL-6 secretion following TNFα stimulation. 

Alternatively, TNFα might aid in sensitising a cell to IL-6 activity (266). This idea is 

supported by a study which demonstrated that IL-6 was able to stimulate skeletal myoblast 

proliferation, when pre-treated with TNFα for 24 h (267). This led to enhanced cell growth 

through the ERK/MAPK and insulin-like growth factor signalling pathways. Interestingly, as 

well as increased mRNA of growth factors, gp130 levels were also increased 3.5-fold, but 

only after combined TNFα and IL-6 treatment. 
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NF-κB activation and the MAPK pathway appear to enhance microRNA-365 (among other 

microRNAs), which lowers IL-6 mRNA stability (268). As detailed prior, these the NF-κB 

pathway is activated by TNFα, suggesting signalling interplay between TNFα expression and 

IL-6 regulation at a post transcriptional level. Additionally, another study demonstrated that 

TNFα stimulation exerted negative regulation on IL-6 levels in macrophages (269). This 

mechanism requires suppressor of cytokine signalling 3 (SOCS3) and SHP2, likely because 

both SOCS3 and SHP2 can be recruited to the Y757-phosphorylated gp130. SOCS3 is known 

to inhibit gp130 activity (270). As TNFα can upregulate SOCS3 and recruitment of SHP2 

protein, this provides a clear rationale for how TNFα may negatively regulate IL-6 signalling 

(270,271). Another component of this regulatory system functions by a reduction in the levels 

of gp130 following NF-κB signalling, thus also inhibiting IL-6 signalling (269).  

Overall, signalling crosstalk between the IL-6 and TNFα pathways is complex and varied. 

This complexity is likely due to differential activity and expression of the various receptors, 

meaning that some cell types will exhibit negative feedback regulation upon the expression of 

one pathway, while other cells will demonstrate positive feedback. A potential mechanism for 

a positive inflammatory feedback mechanism between NF-κB and STAT3 is shown here 

(Figure 1.2). 
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Figure 1.2. Positive feedback activity between NF-κB and STAT3 pathways. NF-κB stimulation 

initially occurs through TNFα or IL-1β-receptor binding, leading to downstream activation of 

RelA/p50 heterodimers. This results in the upregulation of NF-κB target genes, including cytokines 

such as IL-6. IL-6 production and secretion leads to autocrine stimulation of the STAT3 pathway, 

resulting in STAT3-target gene transcription. This can include cytokines such as IL-1β, which then 

feed back into a positive inflammatory loop. Illustration produced in BioRender. 

 

1.3 TSC-derived brain tumours 

As detailed prior, brain tumours and their associated neuropsychiatric conditions are among 

the lead causes of mortality in TSC patients. Brain tumours are also the leading cause of 

cancer-related death in people under the age of 40 (272). TSC-derived brain tumours include 

SENs, SEGAs, and cortical/subcortical tubers.  

1.3.1 Normal neuronal development 

To understand the abnormal neuronal development of TSC-associated brain tumours, it is 

necessary to understand normal neuronal development. Neurogenesis is the process by which 

neurons are formed. This process relies on complex and precise signal interplay in order to 

direct progenitor cells to terminal differentiation states in the correct locations. Accordingly, 

gliogenesis is the development of the glial (non-neuronal, supporting) cells of the CNS.  

Neurulation is a process of neural development that begins prenatally and results in formation 

of the neural tube after four distinct steps: formation of the neural plate, neural plate shaping, 

neural plate bending, and finally closure of the neural plate to generate the neural tube. 

Neurulation initiates with a rapid proliferation event within the ectoderm to develop a high 

number of NECs, resulting in a structure known as the neural plate. High rates of cell division 

force this plate to bend inwards, known as the neural groove, before pinching into the neural 

tube: a folded structure of NECs which appears after around 4 weeks of prenatal development 

(273). The neural tube will go on to form the brain, spinal cord, meninges, and bones. 

Incidentally, 2-dimensional neural cultures (described in Chapter 5) attempt to mimic the 

neural tube via the development of neural rosettes, which serve as an in vitro cross-section of 

the neural tube (274). The neural tube is accompanied by neural crest stem cells, which 

migrate and differentiate to become a variety of cell types including peripheral neuron types, 

glia, melanocytes, and skeletal/connective cells (275). The fluid filled lumen of the neural 

tube will become the cerebral ventricles of the brain. The neural tube may be regarded as the 
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key neurogenerative structure of the cortex. From around the 40th day of gestation, the 

process of neuronal development from the neural tube begins (276). This process moves 

outwards from the lumen (ventricle) to the outer (pial) regions. Layers of cells are formed 

from the ventricular zone, and sequentially through the subventricular zone (SVZ), the 

intermediate zone, the cortical plate, and finally the marginal zone which is lined with 

laminin. A description of these processes is summarised in the article by Bystron et al. (2008)  

(277). Within the subventricular zone, NECs form radial glia cells (RGCs). The apical side of 

RGCs contact the luminal side of the neural tube. RGCs extend and divide, reaching long 

processes up to form the edge of the marginal zone. The intermediate zone coalesces in the 

middle and is generally composed of the long processes of radial glia. Symmetrical cell 

division dominates the earlier stages of neurogenesis, increasing the levels of RGCs. 

Conversely, from around week 7 of development, asymmetrical division of RGCs occurs, 

leading to the generation of early neuroblasts. These migrate to the marginal zone to become 

the very first immature neurons. Following from this, asymmetrical division of RGCs 

produces TBR2-expressing intermediate progenitor cells (IPCs) (278). The SVZ is typically 

populated by IPCs which divide and migrate up the processes of RGCs to the marginal zone 

before differentiating into neurons. Each subsequent progeny of IPCs must migrate past the 

original layering of neurons, constructing the brain outwards in a layered fashion. An 

exception of this is the first population of migrating neurons that remain in the marginal zone 

and secrete reelin to guide the migration of IPCs, and generally assist with guiding the 

structural development of the cortex (279). Later in development, a new subset of RGCs arise. 

The apical side of these RGCs resides in the SVZ, and these continue to provide IPCs which 

migrate and develop into neurons. Sub-ventricular RGCs can also differentiate to generate 

glia such as astrocytes and oligodendrocytes, whereas RGCs can become the ependymal cells 

that line the BBB. Overall, the above described process is responsible for the generation of 

excitatory glutamatergic neurons of the cerebral cortex (280), whereas inhibitory neurons 

(GABAergic) are produced in the ganglionic eminences and migrate into the cortex (281).  

Following corticogenesis, the relative regions within the cortex become demarcated as layers: 

layer 1 corresponds to the marginal zone, and layer 2 houses the last born neurons, with the 

earliest neurons forming layer 6 in what was once the ventricular zone (277). These layers 

contain varying mixes of neuronal cell types as well as glia. Postnatally, RGC retract their 

processes from the pia, and proliferation slows (282). Accordingly, the rate of neurogenesis 

slows. 
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Microglia are not explicitly developed within the brain. The most commonly accepted theory 

of microglial derivation is that microglia originate early in development, in the yolk sac, then 

migrate to the developing brain prior to the closure of the BBB. Here, microglia proliferate 

and maintain their own population (283). Microglial proliferation can be induced by injury or 

cytokines such as IL-1β, and high proliferation of microglia are associated with 

neuroinflammatory neurodegenerative diseases (284,285). 

As described by Tee et al. (2016) (286), mTOR signalling is a crucial aspect of neurogenesis 

and helps to direct progenitor migration as well as influences progression through 

differentiation states. Specifically, mTORC1 signalling guides the generation of RGCs from 

NECs as well as NEC proliferation. mTORC1 also influences the migration and proliferation 

of IPCs.  

The review by Zimmer et al. (2020) (287) provides an excellent view of the mechanisms by 

which mTOR hyperactivation impacts the various glial cell types in the TSC brain. In 

summary, astrocytes in the TSC brain can be a mixed population of poorly differentiated 

mTORC1 hyperactive astrocytes, and reactive (pro-inflammatory) astrocytes. Giant cells are 

formed also as poorly differentiated intermediate cell types with a mix of glial and neuronal 

markers, and these are believed to arise from mTORC1 hyperactive RGCs. mTORC1 also 

guides oligodendrocyte maturation, cytoskeletal remodeling, oligodendroglial branching, and 

myelination. Dysregulation of mTORC1 in TSC leads to hypomyelination in and around 

cortical tubers. Defective myelination may contribute to epilepsy and TANDs in TSC (288). 

Microglia are also heavily impacted by mTORC1 hyperactivation. Microglia localise to 

mTORC1 hyperactive neurons and are typically upregulated in TSC-derived brain lesions. 

Microglia in TSC are generally shown to be more active, and mTORC1 activity in microglia 

also promotes the production of pro-inflammatory cytokines. Microglia can be activated 

through heightened neural activity such as epilepsy (289). Pro-inflammatory cytokines 

released from microglia like IL-1β can promote neuron hyperexcitability, leading to epilepsy 

(290).  

A study by Wildonger et al. (2008) (291) provided an interesting perspective on the role of 

mTORC1 in regulating neural polarity. Normally in the developing cortex, dendrites extend 

from neurons in an mTORC1-regulated process, and the longest of these (which trails behind 

during migration) will become the axon. Hyperactive mTORC1 may lead to a loss of 
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neuronal polarity and lead to the presence of multiple axons. The presence of multiple axons 

in non-polarised neurons may lead to dysregulated signalling in the TSC brain. 

Overall, the current literature suggests that mTORC1 hyperactivity likely leads to the 

dysregulated neural phenotype in TSC in two primary ways. Migration of neural precursors is 

disrupted by mTORC1 hyperactivity. Also, mTORC1 hyperactivity causes 

neuroinflammation, and this results in enhanced recruitment and activation of immune cells 

and glial cells. 

1.3.2 SEN/SEGAs  

SENs are small, non-cancerous growths that normally arise near the foramen of Monro at the 

caudothalamic groove (292). They are typically highly calcified, making them easy to identify 

in brain imaging (293). SENs are believed to occur in between 70-84% of TSC patients (294), 

although one study identified SENs in up to 95 % of TSC patients (295). They are mostly 

composed of abnormally formed, enlarged glial cells. Histologically, SENs and SEGAs are 

believed to be mostly identical, but are differentiated based on their size and growth rate. 

Generally, the differentiation between SENs and SEGAs occurs when nodules have exceeded 

1 cm in size, at which point they are regarded as SEGAs (296). Usually patients have more 

than one SEN (297). 

SEGAs occur in roughly 20 % of TSC patients, are symptomatic in roughly 42% of these 

patients, and typically develop at a young age (298). SEGA can also rarely occur in non-TSC 

patients (299). SEGAs typically demonstrate a loss of heterozygosity of TSC2, or less 

commonly, TSC1 (56,300). While SEGAs are often non-symptomatic, their proximity to the 

lateral and third ventricles means that they can obstruct CSF flow and cause obstructive 

hydrocephalus, coinciding with a substantial increase in neuropsychiatric symptoms and 

mortality (301). Symptoms associated with this are an increase in intracranial pressure, 

headaches, diplopia, photophobia, and ataxia. Seizures typically worsen with increased SEGA 

size and obstructed CSF flow, as well as an increased severity in cognitive deficits (302). 

SEGA are usually non-invasive, and unlike malignant GBM, have well contained borders 

(303). It is hypothesised that SEGAs (and by extension, SENs) develop from progenitor cell 

types in the early development of the brain, wherein mTORC1 hyperactivation confers 

altered differentiation states. While the histological cell basis is not fully known, three 

separate cell types are believed to composite the main mass of SEN/SEGAs. These are 

spindle cells (likely glial), enlarged (gemistocytic) astrocytes, and enlarged pyramidal 
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neuron-like cells (304). However, astrocytes are believed to be the main component of this 

based on glial fibrillary acidic protein (GFAP) and S100b expression (299). Studies 

attempting to investigate models of SEGAs have previously employed mTORC1 hyperactive 

astrocyte cultures (305). However, this scenario may not fully mimic the situation of TSC-

derived SEGA, since a Tsc1 mutation was used (rather than the more pathogenic Tsc2 

mutation). Additionally, murine astrocytes were employed rather than human astrocytes, 

which differ notably in complexity. Interestingly, however, the astrocytes employed in this 

study seemed to partially revert to earlier differentiation states, with a decrease in GFAP 

expression and an increase in SRY-box transcription factor 2 (SOX2) expression.  

TSC patients are routinely screened with computed tomography (CT) or magnetic resonance 

imaging (MRI) to detect the presence of growing SEGAs (306). Following detection, the 

primary treatment for SEGA is surgical resection, although if SEGA are underneath a certain 

size and do not appear to be actively growing, surgery may be delayed (307,308). Conversely, 

rapid worsening of symptoms ascribed to hydrocephalus/intracranial pressure warrants 

emergency surgery. CSF shunts can also be applied before or after surgery to help CSF flow, 

although shunts are typically avoided due to the risk of infection and need for revisions. 

Surgery can be highly effective at removal of SEGAs and can also help alleviate epilepsy in 

some cases. However, surgical mortality can also occur, with one literature review citing the 

SEGA surgery mortality rate to be 4.9 % (307). Surgery can also result in memory problems, 

infections, and hemiparesis, among other postoperative adverse events. Regardless, surgery 

results in complete removal of the SEGA in approximately 80 % of cases. While severe 

SEGAs that results in obstructive hydrocephalus are normally treated with surgery, a study 

demonstrated that Everolimus or Sirolimus were capable of reducing hydrocephalus by 

shrinkage of the SEGA (309). Furthermore, clinical trials have demonstrated the efficacy of 

mTORC1 inhibitors to shrink SEGAs, with long-term usage (>5 years) proving to be safe and 

effective (NCT00411619 (310), NCT00789828 (311)) with between 50-60% of patients 

experiencing shrinkage of SEGAs. 

1.3.3 Cortical tubers 

Cortical tubers develop in the cortex, arise early in development, and are apparent in 

approximately 90% of TSC patients (312). They are believed to be non-functioning since 

tubers can be resected with little apparent induction of mental deficiency (313). Like 

SEN/SEGAs, cortical tubers are generally composed of a mix of malformed neurons and glial 
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cells, demonstrating an upregulation in the number of astrocytes (2,314). They can also 

demonstrate calcification, but this is less common than in SEN/SEGAs (315). Over time, 

cortical tubers can develop into cyst-like structures, and these are correlated with worse 

epilepsy (316). Tubers can be separated into three subtypes, based on their relative levels of 

calcification and the prevalence of giant cells, and dysmorphic neurons (317). Martin et al. 

(2017) (51) highlighted some key differences between the SEN/SEGAs and cortical tubers. 

Unlike SEN/SEGAs, the majority of cortical tubers do not demonstrate loss of heterozygosity 

of TSC2 (or TSC1). Another key difference between cortical tubers and SEN/SEGAs is that 

the latter tends to display more angiogenesis. Tubers also do not typically grow over time, 

and instead form prenatally and then persist through development. However, larger tubers can 

exist and are typically correlated with more severe TANDs (318). Cortical tubers as well as 

the perilesional cortex display enhanced mTORC1 activity, and lower mTORC2 activity 

(319). The same study showed that neurons in these areas are hyperconnective, 

hyperexcitable, and hypomyelinated.  

A study by Mühlebner et al. (2016) (320) provides an interesting look at the presence of 

cortical layer markers within cortical tubers. The neurons in cortical tubers are dysmorphic 

and demonstrate dysregulated migration; TBR1-expressing neurons are increased throughout 

the white matter and upper cortical layers, and this dysregulated structuring may contribute to 

epileptogenic signalling. Overall, the precisely ordered cortical layers required for normal 

neural development appear highly dysregulated within cortical tubers. Consequently, this 

leads to an abundance of dysmorphic and incorrectly spaced neurons. A high number of 

TBR1-expressing neurons are also present within the perilesional cortex, which likely also 

promotes epilepsy. CUX2 expression was also dysregulated. While CUX2 expression should 

normally be confined to neurons in L2-3, CUX2-expressing cells were found in deeper layers 

in cortical tubers. SATB2 is also typically found in L2, 3, and 5, however cortical tubers 

demonstrate a reduction in SATB2-expressing cells within layer 5, suggesting that earlier 

developmental cues are being lost. Further research has shown that abnormal neurons within 

cortical tubers have higher levels of excitatory neurotransmitter receptors, demonstrating a 

mechanism of their epileptic origin (321). These neurons also possess reduced GABA 

receptors which could confer heightened excitability (322). 

Cortical tubers are highly associated with epilepsy. In the case where cortical tubers are 

known to be the epileptogenic focus, they are referred to as “hot tubers” (323). If epilepsy 

proves pharmacologically resistant, these tubers must be resected via surgery (324). Surgery 
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must also target the perituberal area, as it has been demonstrated that this tissue is also 

epileptogenic (319).  A difficulty in targeting tubers with surgery for the relief of epilepsy is 

that TSC patients often present with multiple tubers. This means that correct identification of 

the epileptic focal point must be determined for effective surgical targeting. Singular tubers 

can be often identified as focal points of epilepsy (41). According to meta-analysis, surgical 

excision of epileptogenic tubers results in seizure freedom in 59 % of TSC patients (325). 

Cortical tubers are primarily targeted through surgery as a means of alleviating epilepsy. 

However, mTORC1 inhibition with Everolimus may prove especially useful if used at the 

appropriate time, as reduction in hyperactive mTORC1 activity may help to relieve the 

aberrant neuronal development and maturation that is observed within these lesions (322). 

As an aside, white matter abnormalities are typically also present in the brains of around 80% 

of TSC patients (314). TSC patients normally possess heterotopia. Similar to cortical tubers, 

heterotopia is associated with treatment-resistant epilepsy (315). Heterotopia is believed to 

arise from a failure of neuronal migration from the subependymal area to the cortex, leading 

to abnormal organisation of neurons (326). General white matter abnormalities with no 

apparent well defined lesion may be a significant cause of epilepsy and TANDs in the TSC 

brain (319). 

1.3.4 TSC-associated neuropsychiatric disorders 

As previously described, TSC patients typically present with various neuropsychiatric 

disorders known as TANDs. Around 90% of TSC patients will present with these conditions 

throughout their lives (39). Healthcare professionals use the TAND checklist to identify 

TANDs and assess the need for further treatment and management in TSC patients. As 

outlined in the paper by de Vries et al., (2014) (39) the TAND checklist was delineated. 

TANDs can be broadly described in five separate categories. Behavioral elements refer to the 

typically caregiver-reported trends such as anxiety, issues in temper control, eating and sleep 

difficulties, and general social issues. Psychiatric disorders refer more closely to patterned 

behavioral observations which can be grouped into broader conditions, including autism 

spectrum disorder, attention deficit hyperactivity disorder, and depressive and anxiety 

disorders. The intellectual aspects of the checklist focus on intellectual disabilities or an 

overall lowering in cognitive ability. The academic level of the checklist is distinct from the 

intellectual level; some children with TSC have apparently normal intellectual capability, but 

still perform worse in an academic setting. Neuropsychological aspects of the checklist 
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observe neuropsychological deficits in executive, attention, language, memory, and 

visuospatial skills. Notably, TSC patients may exhibit very specific deficiencies in some of 

these abilities. For example, one patient may present with normal language and visuospatial 

skills, but struggle with memory and attention. The psychosocial area of the checklist focuses 

on the quality of life and relationship aspects. Overall, the TAND checklist aims to facilitate 

conversation between healthcare professionals and caregivers in order to more effectively 

identify causes for concern in TSC patients. 

While epilepsy is not directly assessed through the checklist, epilepsy is another key TAND. 

Epilepsy occurs in over 80% of TSC patients (27), and is refractory in 62.5% of these cases 

(327). Generally, seizures present in infants with TSC in the form of infantile spasms. 

Infantile spasms occur within the first year of life, and TSC patients account for 10-20% of 

infantile spasm cases (328). Higher severity and earlier occurrence of infantile spasms 

correlates with more severe epilepsy in later life, and more severe cognitive impairment. 

While it has been shown that the overall tuber load (the proportion of brain occupied by 

tuber) has a stronger correlation to the severity of epilepsy and cognitive dysfunction than the 

number of tubers, the key determining factor in worsened TANDs is the age of seizure onset 

(329). It is likely that the best control measure in TSC to target TANDs would be to control 

seizures (27). TSC may exhibit some differences in the pathogenicity of epilepsy when 

compared to other epileptic disorders. Most cases of non-TSC-linked epilepsy originate in the 

temporal lobes (330). Conversely, cortical tubers are regarded as the epileptogenic foci in 

TSC, and are more often located in the frontal and parietal lobes, with one study reporting 

only 8% of tubers being found in the temporal lobes (331). 

1.3.5 Neuroinflammation in TSC  

While both cortical tubers and SEN/SEGA seem to present inflammatory signalling and 

immune recruitment, inflammatory signalling appears to be more abundant in SEN/SEGAs 

(51). Martin et al (2017) postulated that 20% of the mRNA within SEN/SEGAs corresponded 

to leukocytes. It is believed that mTORC1 activation and inflammation can develop 

prenatally, and this may contribute to the development of brain lesions and TANDs (332). A 

mouse model demonstrated that IL-1β and CXCL10 in particular were enhanced in the brains 

of Tsc1-deficient mice, and this likely contributes to epilepsy (333). These cytokines were 

shown to be downstream of mTORC1, as observed by their sensitivity to mTORC1 

inhibitors. Mouse models also revealed that pro-inflammatory signalling appeared to develop 
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prior to epilepsy onset (333). Another study reported high levels of IL-1β and IL-1RI within 

cortical tubers and SEN/SEGAs of the TSC brain. This was particularly within giant cells, 

activated microglia, and reactive astrocytes (290). IL-1β activity likely contributes to neural 

hyperexcitability and seizures (334). TSC-derived brain tumours also exhibit a high degree of 

immune invasion, as observed by the heightened expression of major histocompatibility 

complex (MHC) class II-antigen positive immune cells around mTORC1-hyperactive brain 

cells (290,335). It is likely that seizures trigger the activation of invading immune cells that 

then engage in further pro-inflammatory signals, leading to more seizures. This may provide 

the rationale for why early presentation of infantile spasms correlates with worsened TANDs 

in later life. The complement cascade is also highly active in TSC-derived brain tumours 

(336), providing further evidence for immune infiltration and inflammatory activation in TSC 

brain lesions. The complement system is also likely implicated in epilepsy (337). Anti-

inflammatory treatments in other seizure disorders seem to have efficacy. For example, 

inhibition of IL-1β production (via inhibition of Interleukin-1β converting enzyme (ICE)) has 

shown to reduce chronic epileptic activity in a mouse model (338). 

Neuroinflammation is also believed to contribute to permeability of the BBB, although 

research on this in the context of TSC is relatively limited. A study has implicated BBB 

leakage in TSC via enhanced uptake of serum albumin by astrocytes, and this is known to 

impact neural hyperexcitability (290). Another study found enhanced blood vessel length and 

branching in cortical samples of TSC patients, suggesting disruption of the BBB in TSC 

(339). Pro-inflammatory cytokines result in migration of leukocytes across the BBB (340), 

and these would likely upregulate inflammatory processes in TSC-derived brain lesions. 

Vascular endothelial growth factor (VEGF) production also likely disrupts the carefully 

organized vasculature of the BBB, further driving this process (341). Disruption of the BBB is 

associated with epilepsy, wherein it is believed that BBB permeability can be influenced by 

seizures (342), but may also contribute to the development of seizures (343). Through the 

above-described research, epileptic seizures seem to follow a mechanism of positive 

feedback; inflammatory mechanisms can trigger epilepsy, leading to the generation of further 

inflammatory and immune signals. This process is mediated by cytokine/chemokine 

production, immune cell invasion/activation, activated/dysregulated glial cells, and disruption 

to the BBB. While there is limited research on the actual state of the BBB in TSC, the 

available knowledge on inflammation in TSC and the effect of inflammation on the BBB 

makes it highly likely that the BBB is compromised in TSC. mTORC1 activity is also known 
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to influence vasculature formation in neurodegenerative diseases (344), lending further 

credibility to this hypothesis. 

Various other neuropsychiatric conditions can be associated with neuroinflammation. Autism 

spectrum disorder has been characterized as a neuroinflammatory condition, as well as 

Alzheimer’s disease, Multiple Sclerosis, narcolepsy, and Parkinson’s disease (345). 

Dysfunctional microglia can often play a role in autism, wherein the synaptic regulatory 

effects of dysregulated microglia after inflammatory stimulation results in altered synaptic 

function (346). In general, neuroinflammation leads to overactive microglia and astrocytes, 

leading to altered synaptic connections and neural function (347). NF-κB signalling in 

microglia may also be present in autism spectrum disorder (348), however this notion was 

contested in other studies (349). NF-κB in epilepsy is similar, in that NF-κB is thought to 

have both neuroprotective effects during seizures, but heightened NF-κB in immune cells is 

also undoubtedly detrimental to the CNS (214). Overall, it is believed that neuroinflammation 

alongside mTORC1 hyperactivity likely contributes to the pathology of epilepsy and other 

TANDs in TSC (Figure 1.3).  

Figure 1.3. Neuroinflammation contributes to the development of TANDs. Mutation to either TSC1 or 

TSC2 results in mTORC1 hyperactivation. mTORC1 hyperactivation contributes to the development 

of neuroinflammation. TSC1/TSC2 loss may also confer neuroinflammation through unknown 

mTORC1-independent mechanisms. Both neuroinflammation and mTORC1 contribute to abnormal 

neurodevelopment, leading to the development of TANDs and brain tumour growth. Illustration 

produced in BioRender. 

 

 



38 
 

1.4 Aims and Objectives 

In this project, it is hypothesised that inflammatory signalling is dysregulated within TSC 

patients, and that this inflammatory signalling is linked to the development of TANDs in TSC 

patients, and inflammatory signalling may guide dysregulated neurodevelopment. 

Furthermore, it is suggested that NF-κB, which is poorly researched in TSC, may play an 

important role in the development of neuroinflammation in TSC, and targeting of NF-κB may 

prove effective in the management of TSC symptoms. Lastly, it is hypothesised that the 

current standard models of TSC (specifically MEF, AML, and ELT3 cells) do not accurately 

reflect neuroinflammation in TSC, and therefore neural models may be required to further the 

understanding of TAND development. 

There are three broad aims of this project.  

Aim 1: Currently, the origination of inflammatory signalling in TSC2-deficient cells is 

unclear. The project aims to characterize the inflammatory processes in TSC2-deficient cells 

with a focus on the NF-κB and STAT3 pathways, while observing the crosstalk between these 

two inflammatory pathways. The project also seeks to determine a potential cause for 

inflammatory mechanisms in TSC by exploring activation of TBK1. To do this, the project 

will explore the effects of inflammatory stimuli on TSC2-deficient cells and explore cytokine 

activity in these cells. Since TSC-associated epilepsy is treatment refractory and often not 

modulated by mTORC1 inhibitors such as Sirolimus or Everolimus, the project also aims to 

assess the effects of mTORC1 inhibition on inflammatory pathways in TSC. 

Aim 2: Models exploring neuroinflammation in TSC are currently limited, and research on 

the state of NF-κB in TSC-derived brain tumours is also limited. Furthermore, it is generally 

unclear how dysregulated inflammatory processes may influence the development of TANDs 

in TSC. For this reason, the project aims to develop a TSC2-deficient iPSC model using 

CRISPR-Cas9 technology. This iPSC model will be used in neurodifferentiation experiments 

alongside a wild-type control to analyse the differences in neural development. Throughout 

the differentiation process, neurodifferentiation biomarkers will be analysed as well as 

inflammatory activation biomarkers (STAT3 and NF-κB). Data will be compared between 

this in vitro neural model and existing TSC2-deficient in vitro models to observe how 

inflammatory processes are maintained throughout the disease state of TSC. Data will also be 

compared to in vivo transcriptomic analyses of TSC patient-derived brain tumours to 

determine how inflammatory processes in the models compare to in vivo brain tumours.  
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Aim 3: Aside from a recent approval for the use of CBD, the exploration of anti-

inflammatory treatments is limited in TSC. This is especially relevant if we consider that 

many TANDs such as epilepsy may be inflammatory in origin. Therefore, the project aims to 

identify currently available drugs which may a) reduce inflammation in TSC2-deficient cells, 

b) exert anti-proliferative, anti-tumour formation, and other phenotypic effects in TSC2-

deficient cells, and c) be useful in conjunction with traditional mTORC1 inhibitors to reduce 

mTORC1 hyperactivity, or otherwise reduce mTORC1 hyperactivity in mono-treatment.  
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Chapter 2 – Materials and Methods 

2.1 Cell culture and maintenance 

Mycoplasma-free frozen cell stocks were used for this study, all cells were routinely checked 

with Venor GeM Advance Mycoplasma Detection Kit (Minerva Biolabs, 11-7024) as per 

manufacturers guidelines and were negative to the presence of contaminating Mycoplasma 

spp. 

2.1.1 MEF, AML, and ELT3 

621-101 TSC2-deficient (TSC2(−)) and 621-103 TSC2-addback (TSC2(+)) AML cells were 

used as a human in vitro model of TSC and were gifted by Prof. Elizabeth Henske. Tsc2(−/−) 

mouse embryonic fibroblast (MEF), and Tsc2(+/+) MEF cells (both Tp53(−/−)) were used as an 

additional in vitro cell line model of TSC. 621-101 AMLs are an angiomyolipoma cell line 

lacking functional TSC2, which are derived from a LAM patient and reported to be 

homozygous for a missense mutation in TSC2 (G1832A), resulting in TSC2 with an amino 

acid substitution (R611Q) (350). The mutation is frequently found in TSC patients (351) and 

results in TSC2 being unable to interact normally with other proteins. Wild-type human TSC2 

was added back to the 621-101 AML cells to generate 621-103 AML cells, a rescue cell line 

with functional TSC2 (352). The study by Yu et al. describes the process of establishing this 

culture, wherein freshly extracted AML tissue was minced and plated, prior to DNA 

sequencing. The MEF cell line was a generous gift from Prof. D. Kwiatkowski. Tsc2(−/−) 

MEFs are an immortalised, Tsc2 null, MEF cell line derived from early-stage embryos 

produced by interbreeding studies (353). Development of this cell line required TP53− mice. 

Day 10-12.5 embryos were collected as described in (353), prior to trituration and plating. 

Eker rat leiomyoma-tumour-derived Tsc2-deficient cells (ELT3-V3) and matched controls re-

expressing Tsc2 (ELT3-T3) were generated by Astrinidis et al. (354) and were gifted in 2006 

by Prof. C. Walker (M.D. Anderson Cancer Center, Houston, USA). The development of 

these cell lines are described in (354), wherein ELT3 cells were transfected with retrovirus 

containing either full-length human TSC2 or an empty vector, resulting in establishment of 

ETLT-T3 or ELT3-V3 cell lines, respectively. MEF, AML, and ELT3 cells are heterogeneous 

populations. 

Cells were maintained at 37 °C, 5% CO2 in a humidified incubator using Gibco™ TC 

reagents (Thermo Fisher) and TPP™ coated TC plasticware (Helena Biosciences Europe) 
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throughout. When indicated cells were incubated under hypoxic conditions of 1% O2 

achieved with N2 displacement. Cells were cultured in TC media consisting of DMEM 

(Merck, D6429) supplemented with FBS (Merck, F7424) at either 10% (v/v) or 15% (v/v) for 

MEF or AML cell lines, respectively, with 50 IU/mL penicillin and streptomycin (Merck, 

P0781). 

Cells were passaged via washing three times in trypsin-EDTA (Thermo Fisher, 25200-056) 

prior to incubation at 37°C for 5 min. Cells were then resuspended in DMEM, and the 

appropriate volume of media was removed to generate the correct passaging dilution. Tsc2(+/+) 

and Tsc2(−/−) MEF cells were typically passaged at ratios of 1:10 and 1:20, respectively. 

TSC2(+) and TSC2(−) AML cells were typically passaged at a ratio of 1:6. ELT3-T3 and ELT3-

V3 cells were typically passaged at a ratio of 1:10. MEF, AML, and ELT3 cells were used 

below passage numbers of 45, 25, and 45, respectively.  

To freeze cells for long-term storage, cells were detached via trypsinisation. Cells were then 

centrifuged at 200 × g for 5 min. Cells were then resuspended in RecoveryTM cell culture 

freezing medium (Thermo Fisher, 12648010) at a density of 500,000 cells/mL. Cells were 

then cooled at a rate of −1 °C/min to −80 °C. Cells were then stored in liquid N2. To thaw 

cells, vials were rapidly thawed in a 37 °C water bath and added directly to cell culture 

medium. Media was changed the following day. 

2.1.2 iPS cell culture 

iBJ4 wild-type (iBJ4-WT) cells were gifted by the Harwood lab of the NMHRI, Cardiff. 

TSC1-deficient iBJ4 cells were generated and kindly gifted by Dr Laura Kleckner. iBJ4 cells 

are an induced human pluripotent cell line derived from male fibroblasts (355). A mixed pool 

of TSC2-deficient PGP1 iPS cells were purchased from Synthego prior to subcloning and 

sequencing (section 2.1.3 and section 2.15, respectively). PGP1 cells are an induced human 

pluripotent cell line derived from male fibroblasts (356). TSC2 knockout by CRISPR-Cas9 

was performed by Synthego. Subcloning, Sanger sequencing, and downstream 

characterisation was performed post-acquisition. 

iPSCs were cultured in a feeder free system using Gibco Essential 8 Medium (E8) (Thermo 

Fisher, A1517001) on a basement membrane of Cultrex (R&D Systems, 3434-005) diluted in 

DMEM-F12 at a 1:100 dilution. Cells were maintained in a humidified incubator at 37 ̊ C 

with 5% CO2. Medium was replaced every 24 h. Cell confluency was monitored, and cells 

were passaged at 80% confluency. Prior to passaging, cells were treated with 10 µM Y27632-
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dichloride (Tocris, 1254) for at least 1 h to prevent detachment-induced cell death. iPSCs 

were then washed once with D-PBS (Thermo Fisher, D8537) before being incubated for 3 

min at 37 ̊ C with gentle cell dissociation reagent (GCDR) (Stemcell Technologies, 100-

0485). Following incubation, GCDR was aspirated and replaced with E8 containing 10 µM 

Y27632. Cells were scratched and/or gently resuspended via pipetting before transferring to 

new Cultrex pre-coated plates containing E8 with Y27632. After 24 h, media was replaced 

with fresh E8 without Y27632. If spontaneous differentiation appeared to be occurring, cells 

were passaged in ReLeSRTM passaging reagent (Stemcell Technologies, 05872) to maintain 

pure iPSC cultures.  

Prior to freezing, cells were treated for at least 1 h with Y27632 before detachment with 

GCDR. Cells were then resuspended in E8 with 10% (v/v) Dimethyl Sulfoxide (DMSO) 

containing Y27632 and brought to −80 ̊ C at a cooling rate of −1 ̊ C per min. For long-term 

storage, cells were stored in liquid N2.  

Cells were thawed with E8 + ReviADAM17llTM supplement (Gibco, A2644501) and allowed 

to attach to Cultrex-coated plates. Media was replaced after 24 h. Cells were maintained for 

at least 2 passages prior to usage in experiments.  

2.1.3 iPSC single-cell cloning 

To generate solutions of singular cells, iPSCs were incubated with Y-27632 for at least 1 h. 

Cells were then washed and incubated in accutase cell detachment reagent  (Stemcell 

Technologies, 07920)  for 10 min at 37 ̊ C. Cells were collected in accutase and diluted within 

E8 before centrifugation at 200 × g for 5 min. Excess media was aspirated, and the resulting 

pellet was resuspended in 1 mL E8 + Y27632. 10 µL of this cell solution was added to a 

Cultrex pre-coated 100 mm dish in E8 with Y27632. The dish was gently rocked from side to 

side to ensure an even distribution of cells. Cells were checked under a microscope to ensure 

a lack of clumping before incubation overnight. Media was then replaced with fresh E8, and 

cells were maintained until sizeable (but not touching) colonies were formed.  

When colonies were of a sufficient size, cells would be treated with Y27632 for 1 h. Colonies 

would then be selected under a microscope via pipetting and transferred to a pre-coated 48-

well plate and cultured as described above. These cells were then allowed to grow before 

splitting to larger plates for subsequent sample generation and assays. 
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2.2 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE) and 

western blotting 

2.2.1 Protein lysate generation 

Tsc2(−/−) and wild-type MEFs were seeded within 6 cm plates at a seeding density of 3×105 

and 9×105 cells/mL, respectively. TSC2-deficient and TSC2-rescued AMLs were seeded at a 

density of 8×105 and 1.2×106, respectively. ELT3-T3 and ELT3-V3 cells were seeded at a 

density of 6×105. Cells were grown until 80-90% confluency. Various treatments were then 

administered as specified in relevant sections before cells were washed with ice-cold PBS 

and lysed directly in sample buffer 62.5 mM Tris-HCl (pH 7.6), 10% (v/v) glycerol, 2% (w/v) 

SDS, 50 mM fresh dithiothreitol (DTT). Samples were then sonicated using a Diagenode 

Bioruptor and boiled at 95 ̊ C for 10 min, and finally centrifuged at 17,000 × g for 10 min. 

Total protein was quantified at OD660 using PierceTM 660 nm reagent plus ionic detergent 

compatibility reagent (Thermofisher, 22663), before normalisation of each sample to the 

lowest sample protein concentration per sample set, using sample buffer containing 

bromophenol blue. Samples were then stored at −20 ̊ C until needed.  

2.2.2 SDS-PAGE  

SDS-PAGE was performed using NuPAGETM Bis-Tris 4-12% (Thermo Fisher, NP0326BOX) 

and NuPAGETM Tris-acetate 3-8% (Thermo Fisher, EA0375BOX) gels, using NuPAGETM 

MES SDS running buffer (Thermo Fisher, NP0002) and NuPAGETM  Tris-acetate SDS 

running buffer (Thermo Fisher, LA0041), respectively. Gels were run in XCell SureLock 

Mini-cell electrophoresis chambers (Thermo Fisher, EI0001) with BLUeye pre-stained 

protein ladder (10-240 kDa) (Geneflow, S6-0024). 5-10 μg of total protein were loaded per 

well. Gels were run at 180 V for 5 min, followed by 150 V for 55 min.  

2.2.3 Electrophoretic Transfer and western blotting 

Resolved proteins were transferred to Immobilon®-P polyvinylidene difluoride membranes 

(Merck Life Science, IPVH00010) using wet transfer. Membranes were then blocked in 5% 

(w/v) dry powder milk in Tris-buffered saline (50 mM Tris-Cl pH 7.5, 150 mM NaCl) with 

0.1% Tween 20 (TBS-T). Membranes were then probed with primary antibodies overnight at 

4 ̊ C on an orbital shaker. Primary antibodies were diluted in TBS-T with 2% (w/v) bovine 

serum albumin (BSA) (Merck, A7908). All antibodies were purchased from Cell Signalling 

Technology except mTOR antibody. The mTOR antibody was custom generated in sheep and 
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gifted from the MRC Protein Phosphorylation Unit (Dundee University, epitope: 

LGTGPAAATTAATTSSNVS). Most antibodies were used at a dilution of 1:1000 except for 

β-actin (1:30,000), Annexin A2 (ANXA2) (1:10,000), Galectin-3 (LGALS3) (1:10,000), 

phospho-rpS6 (S235/236) (1:4000), and STAT3 (1:4000). Membranes were washed in TBS-T 

prior to secondary staining with either anti-rabbit, anti-mouse, or anti-sheep HRP-conjugated 

secondary antibodies (1:10,000) (Merck) in TBS-T with 2% (w/v) dry powder milk. 

Membranes were incubated for 1 h at room temperature on an orbital shaker. Membranes 

were then washed in TBS-T prior to addition of enhanced chemiluminescence (ECL) reagent. 

Membranes were incubated for 1 min and then detected using Cytiva Amersham™ ECL 

Select™ western blotting detection reagent (Cytiva, RPN2235). Pixel densitometry was 

performed in ImageJ. (version 1.52i). Densitometry values were normalised to β-actin band 

intensity, and relative intensities were used to calculate relative protein abundance and fold 

changes. 

2.3 Drug Treatments 

Drug  Supplier Stock concentration dissolved in 

DMSO 

Rapamycin  (Merck, 553210) 100 μM 

BMS345541 (Selleckchem, S8044) 20 mM 

Diacerein  (Selleckchem, S4267) 50 mM 

SAHA  (Selleckchem, S1047) 10 mM 

R-7050  (Selleckchem, S6643) 10 mM 

Resatorvid  (Selleckchem, S7455) 10 mM 

IMD0354 (Selleckchem, S2864) 10 mM 

C188-9 (Selleckchem, S8605) 20 mM 

Table 2.1 Drug supplier and stock concentrations. 

Recombinant human TNFα and recombinant IL-6 (Abcam, 259410 and 198571, respectively) 

were reconstituted in sterile ddH2O with 0.2% (w/v) BSA to 50 μg/mL and 100 μg/mL, 

respectively.  

The stock drug solutions were added to culture media to reach the required concentration 

without exceeding 0.5% (v/v) DMSO. The total DMSO concentration was adjusted within 

experiments to maintain a consistent % (v/v) of DMSO per condition.  
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2.4 Patient-Derived TSC Transcriptomic Analysis and Gene Ontology Analysis 

Samples of TSC patient-derived SEN/SEGAs (n = 15) were collected by Prof. J. MacKeigan 

(Center for Cancer and Cell Biology in Grand Rapids, MI, USA). Differentially expressed 

gene (DEG) analysis was performed as described by the lab of Prof. J. Mackeigan (51). A list 

of genes, fold changes, and adjusted p-values was provided by Prof. J. Mackeigan, and 

subsequent analysis was performed for this study. Gene ontology (GO) analysis was 

performed with GeneAnalytics (LifeMap Sciences Inc., Covina, CA, USA). A similar 

analysis was performed with TSC patient-derived cortical tubers (n = 15). GO analysis was 

used to identify dysregulated inflammatory and immune system processes in TSC patient-

derived tumours. Volcano plots were generated in R Studio version 1.3.959. 

 

2.5 RNA-Sequencing 

Samples for RNA-sequencing were generated by Mr Mohammad Alzahrani and Dr Brian 

Calver (Cardiff University). Cells were washed in PBS and lysed in RNAprotect® Cell 

Reagent (Qiagen, 76104). RNA was extracted from six biological repeats using 

QIAshredder® (Qiagen, 79654) and RNAeasy® Mini kits (Qiagen, 74104) and then stored at 

−80 °C. RNA library preparation and sequencing were performed through a commercial 

service/collaboration with Wales Gene Park (Cardiff University, UK), as described previously 

(357), except the Illumina® TruSeq® RNA sample preparation v2 kit (Illumina, RS-

122,2001) was used for library preparation, according to the manufacturer’s instructions. 

Following validation, the libraries were normalised to 8 nM and the pool was sequenced on 

the MiSeq with a 150 cycle, version 3, cartridge (both Illumina Inc) according to the 

manufacturer’s instructions. Differentially expressed transcripts were identified using the 

DeSeq2 package in R (358). Analysis was carried out on all pairwise comparisons in the 

dataset. P-values were corrected for multiple testing using the Benjamini-Hochberg false 

discovery rate (FDR) method. The initial bioinformatic work was carried out by Wales Gene 

Park.  

2.6 Transcriptional Activation Enzyme Linked Immunosorbent Assays (ELISAs) 

Transcriptional activation ELISAs for STAT3, p50, p65, and CCAAT enhancer binding 

protein β (C/EBPβ) were purchased from ActiveMotif. Tsc2(−/−) and wild-type MEFs were 

grown over a two-day period until 80-90 % confluent. Full-serum media was then replaced 

with serum-depleted media, including pathway inhibitors or DMSO where applicable for a 



46 
 

duration of 24 h. When assaying TNFα responsiveness, TNFα was supplemented for the final 

2 h to match the end point of this timepoint. Alternatively, IL-6 was supplemented at 1 h prior 

to the end of the treatment period. Cells were then washed in ice-cold PBS containing 

phosphatase inhibitors (supplied in kit), and lysis/nuclear sample preparation was then 

performed as directed by the kit manufacturer. When assaying the effect of TSC2-deficient 

cell-conditioned media on TSC2-expressing cells, TSC2-deficient MEFs or AMLs were 

grown until 80% confluency before media was replaced with serum depleted media. Cells 

remained under starved conditions for 24 h before the media was collected, briefly 

centrifuged, and added to TSC2-expressing cells. Control points were performed using media 

taken from TSC2-expressing cells. Total protein of each sample was quantified by Bradford 

assay before samples were stored at −80 ̊ C. ELISAs were carried out as directed by the kit 

manufacturer’s instructions. 

2.7 Cytokine/Chemokine Profiling 

A mouse cytokine array kit was purchased from Biotechne (Biotechne, ARY006). MEFs were 

grown over a 24 h period until 80-90% confluent before media was replaced with serum-free 

media. After an 24 h starvation period, cells were then treated with 30 ng/ml TNFα for 2 h 

before lysis was performed according to the kit manufacturer’s instructions in NonIdet P40 

substitute (Merck, 11755699001) supplemented with PhosSTOP (Merck, 4906845001) and 

cOmplete Mini Protease Inhibitor Cocktail Tablets (Merck, 04693124001). Total protein 

concentration was quantified, and 200 μg was used for each sample on each profiler 

membrane. Membranes were imaged on photosensitive film using ECL Select™ western 

blotting detection reagent, with 15 s used as the optimum exposure time.  

2.8 Viability Assays 

MEF cells were grown over a two-day period until 80-90% confluent before media was 

replaced with serum starved media containing the inhibitor/protein to be assayed. Cells were 

then left for a further 24 h before media was collected. Cells were then washed three times 

with trypsin/EDTA with each wash also collected alongside the media. Cells were then 

trypsinised, collected, and pelleted alongside the collected media and trypsin washes. Cells 

were resuspended in a lower volume to generate a high cell-density, before 18 μL of each 

suspension was added to 2 μL of propidium iodide/acridine orange solution (Logos 

Biosystems, F23003) and incubated for 5 min. Viability counts were then performed on a 

Luna cell counter (Logos Biosystems). 
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2.9 Duoset ELISAs 

IL-6 and VEGFA ELISA duoset kits (R&D, #DY206, #DY293B) were purchased from R&D 

Systems alongside an ancillary reagent kit (R&D, #DY008B). ELISAs were performed 

according to the manufacturer’s instructions. TSC2(+) or TSC2(−) AMLs were grown in 12-well 

plates to 70-80% confluency before media was replaced with drugged media (where 

applicable). Cells were kept under full serum conditions in these assays. Neural samples were 

used at day 70 of neurodifferentiation with or without 48 h treatments. Media was collected 

and diluted at a ratio of 1:10 within reagent diluent and kept on ice prior to use.  

Lysates or media preparations were then loaded onto ELISA plates which had been pre-

coated with the appropriate capture antibody and blocked. Sample incubation was performed 

overnight at 4 ̊ C. 

Readings were later quantified by either total protein concentrations in PierceTM 660 nm 

reagent of cell lysates or by cell count. 

 

2.10 Anchorage-independent colony formation assays 

Noble agar (Difco, 214230) was dissolved via boiling in 1X PBS to 1. % (w/v). This was 

maintained at 50 ̊ C when not in use. 1. % (w/v) agar was mixed 1:1 with warmed DMEM 

(refer to 2.2 for media composition) to give 0.6% (w/v) agar. 2 mL of 0.6% (w/v) agar was 

quickly added to the bottom of 6 well plates and allowed to cool to form a solid layer for 15 

min. The cells to be used in the tumour formation assay were then passaged and counted, 

with special attention made to ensure a single-cell solution. 1.2% (w/v) agar was then mixed 

with warmed DMEM at a ratio of 1:3 to give a 0.3% (w/v) agar solution. After cooling to a 

suitable temperature, cell solution was added to give a final concentration of 20,000 cells (for 

AML cells) or 10,000 cells (for MEFs) per well. After gentle mixing, 3 mL of 0.3% (w/v) 

agar cell suspension was added on top of the existing 0.6% (w/v) agar plug. The agar was 

allowed to cool for 1 h to allow the agar to solidify, before overnight incubation at 37 ̊ C. The 

following day, 3 mL of media (containing drug if applicable) was added carefully on top of 

the solidified agar layers. Media was changed twice per week and colonies were allowed to 

grow to a suitable size (typically 2 weeks for the MEF cells, 3-4 weeks for AML cells). 

Conditions were run in triplicate (3 wells per condition) with multiple images taken per well. 

Every colony per image was counted. Colony diameter was measured in ImageJ in pixels and 
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converted by a scaling factor of 2.15 to calculate the diameter in µm. In regrowth assays, 

media was replaced with fresh media in the absence of drug treatments (twice weekly) and 

colony growth was assessed 2-4 weeks later.  

2.11 Wound scratch cell migration assays 

Cells were seeded at a high confluency in 12-well plates (350,000 cells/well) and grown to 

full confluency overnight. Next, cells were scratched in a straight vertical line using a 200 μL 

pipette tip to form a wound within the confluent cell layer. Media was next aspirated before 

being replaced with serum starved media (2% (v/v) FBS) including the drug to be assayed or 

vehicle (DMSO). “Wounds” were immediately imaged via stereomicroscopy at 4x, and a pen 

marking was made for later reference of the area to be observed. At set time points (typically 

24 h and 48 h), wounds were imaged again to visualise closure of the wound over time. When 

wound closure was complete (or after 72 h had elapsed) the assay was stopped. The area of 

wound scratches was calculated in ImageJ and closure was recorded as a percentage.  

2.12 CyQUANT Cell Proliferation Assays 

CyQUANT cell proliferation assays were purchased from Thermofisher (C7026). 1000 cells 

were seeded per well. After a 4 h attachment period, cells were washed and media was 

replaced with drugged full-serum media and cells were allowed to proliferate for 24 h. After 

24 h, media was removed completely, and plates were frozen briefly at −80 ⁰ C prior to lysis 

in 200 μL of the provided cell lysis buffer supplemented with CyQUANT GR dye. Samples 

were incubated for 4 min in the dark prior to fluorescent measurement with 480 nm excitation 

and 520 nm emission.  

A standard curve was also produced. 0, 500, 1000, 1500, 2000, 4000, 8000, and 12,000 cells 

were seeded per well in triplicate. After a 4 h attachment period, media was removed, and 

plates were frozen and then quantified as described above. The curve was used to quantify the 

cell counts in treated samples after the 24 h proliferation period. Results are reported as a fold 

change from 1000 seeded cells. Separate standard curves were produced for each cell line 

used.  

2.13 Reverse Transcriptase quantitative Polymerase Chain Reaction (RT-qPCR) 

TSC2(+) or TSC2(−) AML Cells were grown in 6-well plates until 70-80% confluency. Cells 

were washed and media was replaced with drugged (where applicable) serum reduced (2% 

(v/v) FBS) media. Cells were treated for 24 h prior to washing in PBS and collection in 
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RNAprotect reagent (Qiagen, 76106). Samples were frozen at −80⁰ C. RNA was extracted 

from samples using Qiagen’s RNeasy mini kit (Qiagen, 74014) with QIAshredder spin 

columns (Qiagen, 79656). RNA was stored at −80 ⁰C. RNA was quantified using QubitTM 

broad range RNA assay (Thermofisher, Q10210). cDNA was generated from extracted RNA 

using Reverse Transcriptase Core Kit (Eurogentec, RT-RTCK-03). cDNA samples were then 

quantified using QubitTM  dsDNA broad range assay (Thermofisher, Q32850) and normalised 

to 5 μg/mL. RT-qPCR was performed using TakyonTM ROX Sybr mastermix dTTP blue 

(Eurogentec, Belgium). Fold changes were calculated with the ΔΔCt method. When 

comparing between TSC2-deficient or expressing AML cells, Ct values were normalised to 

HMBS. Initially TUBA1A and IPO8 were used to normalise drugged TSC2-deficient cell 

experiments, however RNA sequencing data showed that TUBA1A may be influenced 

through mTORC1 inhibition, so IPO8 was used as the sole housekeeping gene. Primers were 

designed on Primer-BLAST and were purchased from Integrated DNA Technologies. Primers 

were optimised for annealing temperature and efficiency prior to use. Primer pairs for IL6, 

HMBS, IPO8, TNFRSF1A, and TNFRSF1B were optimised and provided by Mr Jesse 

Champion. Dissociation curves were run to validate primer specificity. 

Primers: 

Gene Forward Primer 

(5’ – 3’) 

Reverse Primer 

(5’ – 3’) 

Annealing 

Temperature 

(°C) 

CPE Amplicon Length 

(bp) 

ICAM1 CCCTGATGG

GCAGTCAAC

AG 

GGCAGCGTA

GGGTAAGGT

TC 

58.4 1.9799 119 

FN1 ACAACACCG

AGGTGACTG

AGAC 

GGACACAAC

GATGCTTCCT

GAG 

60 1.9656 143 

IL6 CAGCCACTC

ACCTCTTCAG

A 

GCCTCTTTGC

TGCTTTCACA 

56.4 2 119 

CCL2 AGAATCACC

AGCAGCAAG

TGTCC 

TCCTGAACCC

ACTTCTGCTT

GG 

60.5 2.3868 98 

IL1B CCACAGACC

TTCCAGGAG

AATG 

GTGCAGTTC

AGTGATCGT

ACAGG 

60 2.0448 131 

IL15 AACAGAAGC

CAACTGGGT

GAATG 

CTCCAAGAG

AAAGCACTT

CATTGC 

61.6 2.0783 148 

LAG3 GCAGTGTAC

TTCACAGAG

CTGTC 

AAGCCAAAG

GCTCCAGTC

ACCA 

62 2.0514 143 
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IPO8 ACTGTTGCAC

ATTGTTAGA

G 

ACTTTGCCAA

ATATCTCAGC 

51.7 1.85 138 

HMBS ATGGGCAAC

TGTACCTGAC

T 

TCCTCAGGG

CCATCTTCAT

G 

58.2 1.97 115 

VSIR CAGAAGTTC

CTCTGCGCGT

C 

ACATACAGG

GAATACGGC

GTG 

63 1.9263 158 

PDCD1LG2 GAACCCAGG

ACCCATCCA

AC 

TTCAGATAG

CACTGTTCAC

TTCCC 

59 2.0765 184 

TNFRSF1A AGGAAATGG

GTCAGGTGG

AG 

GGTGTTCTGT

TTCTCCTGGC 

56.4 1.83 173 

TNFRSF1B GGGCCAACA

TGCAAAAGT

CT 

CCACCTGGTC

AGAGCTACA

G 

56.4 2.01 140 

Table 2.2 Primer pair sequences and optimisation. 

 

2.14 Neurodifferentiation    

N2B27 Media Composition Volume for 150 mL Media 

DMEM/F12 1:1 (Thermo Fisher, 12634-010) 100 mL 

Neurobasal (Thermo Fisher, 21103049) 50 mL 

B27 supplement −/+ retinoic acid (Thermo 

Fisher, 12587010, 17504001)  

1 mL 

N2 supplement (Thermo Fisher, 17502001) 1 mL 

Penicillin streptomycin glutamine (Thermo 

Fisher, 10378016) 

1.5 mL 

β-mercaptoethanol (Sigma Aldrich, M3148) 150 µL 

Table 2.3 N2B27 +/−RA Neurodifferentiation media composition. 

The following protocol is the standard protocol used by the Harwood lab group for the 

generation of glutamatergic forebrain neurons from iPS cells. Prior to the start of 

neurodifferentiation (day −2) confluent well of iPSCs were passaged with GCDR as 

described previously and plated onto cultrex-coated 12-well plates. Cells were typically 

passaged at a ratio of 1:5-1:6. iPSCs were maintained in E8 until they were 70-80% 

confluent. After which, cells were washed with D-PBS before media was swapped to N2B27 

−RA (day 0) (see Table 2.3).  Cells were maintained in 1.5 mL N2B27 −RA with 100 nM 

LDN193189 (Tocris, 6053) and 10 µM SB431542 (Tocris, 1614), with half medium changes 
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every 1-2 days. Cells were maintained for 8-12 days until multi-layered colonies of cells were 

apparent. From day 10 onwards, N2B27 −RA without LDN193189/SB431542 was used.  

Once multi-layered colonies were apparent, cells were pre-treated for 2 h with 10 µM 

Y27632. Following this, cells were washed with D-PBS prior to incubation in 500 µL 0.05 

mM versene (Thermo Fisher, 15040066) at 37 ̊ C for 3 min. Versene was then aspirated and 

500 µL fresh N2B27 −RA with 10 µM Y27632 was added to each well. Cells were detached 

from the plate by gently scratching with a 1000 µL pipette tip. Cells were collected and split 

at a ratio of 1:1.5 onto fibronectin- (Millipore, FC010) coated plates with 1.5 mL fresh 

N2B27 −RA + 10 µM Y27632. In the case of PGP1-TSC2(−) cells, a splitting ratio of 1:1 was 

used instead. Cells were maintained for around 9-10 days, at which point multilayer colonies 

of neural rosettes could be seen (day 18-22).  

When neural rosettes were present (day 18-20), cells were pre-treated with Y27632 prior to 

passaging with versene as described before (1-2 min 37 ̊ C) onto Poly-D-Lysine (PDL)-

laminin coated plates. Plates were prepared by incubation with 0.5 mL/well 0.001% (w/v) 

PDL in sterile ddH2O (Sigma Aldrich, P6407-5MG) before washing with D-PBS. Plates were 

then incubated overnight with laminin 15 µg/mL (Sigma Aldrich, L2020, 1MG) in sterile 

ddH2O at 37  ̊ C. Cells were passaged at a ratio of 1:3, or 1:2 for TSC2(−/−) cells.  

From day 26 onwards, N2B27 −RA was replaced with N2B27 +RA media. From day 25 

onwards neurites were visible. The early neuronal stage occurred at roughly day 30, with 

mature neurons typically forming around day 50.  

Cells were passaged again at day 30 at a ratio of 1:3 (or 1:4 for TSC2(−/−) cells) as described 

before, onto PDL-laminin coated plates to account for proliferation of remaining NPCs. 

2.15 PGP1 TSC2-knockout validation 

Initially, work was carried out to develop a clustered regularly interspaced short palindromic 

repeat (CRISPR)-Cas9 induced knockout of TSC2 within iPSCs. This process was 

unsuccessful. Following this, a mixed pool of CRISPR-Cas9-induced TSC2-knockout PGP1 

iPS cells were purchased from Synthego (Redwood City, California). Sequencing revealed a 

55% knockout score within the mixed pool (Figure 2.1) 
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Figure 2.1. Sequencing data of PGP1 TSC2-CRISPR-Cas9 transfected cell pool. (a) Sanger sequence 

read showing the edited region (top) of DNA around the selected guide sequence following CRISPR-

Cas9 transfection. The horizontal black line represents the guide sequence. The black dotted line 

shows the cut site, with error prone repair causing a mixed insertion of base sequences that follows 

the cut site. (b) The discordance and indel plot show a change in overall alignment between bases of 

the wild-type control and the edited sample around the interference window. The indel plot 

demonstrates a 55% presence of 1-base insertions within the sample population. 

PGP1 iPSCs were single cell cloned and sequenced to generate pure TSC2-knockout clones. 

2.15.1 DNA extraction and qPCR 

iPSCs were cultured prior to dissociation with GCDR. Cells were collected, pelleted, and 

then frozen at −20 ⁰C. DNA was extracted using an AllPrep DNA/RNA/Protein kit (Qiagen, 

80004) following the manufacturer’s instructions. To confirm successful DNA extraction, 

samples were run on a 1.0% (w/v) agarose Tris acetic acid EDTA (TAE) gel with GelRed 
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nucleic acid gel stain (Biotium, 41003) (100 V, 30 min) and samples visualised under UV. 

Primers targeting the sequence site were purchased from Integrated DNA Technologies 

(Forward 5’-3’: AATGCTGATGCTGCAGACCT; Rev 5’-3’: 

ATGAAGCAGGGTGGGCATAC). An optimal annealing temperature of 65.4  ̊ C was used. 

PCR was carried out using megamix gold (Microzone, 2MMG) with 12.5 µL megamix, 50 

pM (each primer final concentration), 5 ng/µL DNA, made to 25 µL in PCR-grade water. The 

following cycle conditions were used.  

Cycle Condition Time 

Initial denaturation: 95 ̊ C 5 min 

Cycle begin: 35x  - 

Denaturation: 95  ̊C 1 min 

Annealing: 65.4 ̊ C 1 min  

Extension: 72 ̊C 1 min 

Cycle end - 

Final extension: 72 ̊ C 5 min 

Store: 4 ̊ C  

 

To confirm product amplification, samples were run on a 1.5% (w/v) agarose gel (100 V, 30 

min) and visualised under UV. Excess nucleotides were removed using a mixture of shrimp 

alkaline phosphatase (Thermofisher, 783901000UN) and Exonuclease 1 (ExoI) 

(Thermofisher, EN0581) with a ratio of 2:1, with 1 µL of ExoSAP mixture added to 20 µL of 

PCR product. Samples were then processed with the following conditions.  

Cycle Condition Time 

Activate: ExoI 37 ̊ C 1 h 

Deactivate: ExoI 95 ̊ C 15 min 

Store: 4 ̊ C  

 

2.15.2 BigDye and Sanger sequencing 

In preparation for Sanger sequencing, BigDye terminator (Thermofisher, 4337449) was used 

to generate variable fluorescently-capped transcripts of the PCR transcripts. Reactions 

include 2 µL 5x sequencing buffer, 0.75 µL BigDye terminator mix v1.1, 1 µL template, and 
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1 µL of either the forward or reverse primer. Samples were then processed with the following 

conditions. 

Cycle Condition Time 

Initial denaturation: 96 ̊ C 5 min 

Cycle begin: 30x  - 

Denaturation: 96  ̊C 30 s 

Annealing: 50 ̊ C 15 s 

Extension: 60 ̊C 4 min 

Cycle end - 

Store: 4 ̊ C  

Following BigDye, samples were purified with isopropanol. 40 µL of 75% (v/v) isopropanol 

was added to each 10 µL reaction volume and allowed to incubate at room temperature for 30 

min. Samples were then centrifuged at 4000 rpm at 4 ̊ C for 45 min. Isopropanol was blotted 

off, prior to spinning plates inverted over a paper towel at 500 rpm for 30 s. Plates were 

allowed to dry at room temperature for 10 min in the dark. 10 µL of HiDi formamide 

(Thermofisher, 4311320) was added to resuspend DNA. Sequences were analysed on an ABI 

3730 analyser (Applied Biosystems) and read using the online inference of CRISPR edits tool 

provided by Synthego.   

2.16 Statistical analysis 

Normality testing in Prism9 was carried out with a D’agostino & Pearson and Shapiro-Wilk 

test. Normally (Gaussian) distributed data was then analysed by an ordinary one-way analysis 

of variance (ANOVA) with Tukey’s multiple comparisons or two-way ANOVA with Šídák's 

multiple comparisons tests. If comparing treated samples to only a DMSO control, data was 

analysed by one-way ANOVA with Dunnett’s multiple comparisons. When analysing 2 

groups only, a parametric unpaired t-test was carried out. Data are presented as mean ± SEM. 

Non-normally distributed data were assessed by the Kruskal-Wallis test, with Dunn’s 

multiple comparisons tests. If the comparison was between only two groups, nonparametric 

Wilcoxon t-tests were instead carried out. p-values: * < 0.05, ** < 0.01, *** < 0.001, *** < 

0.0001), and not significant (ns). Repeats for in vitro experiments were performed (unless 

specified) by simultaneous culture of separate cell-culture flasks, prior to passage of these 

into individual wells to generate multiple samples. One repeat represents sample collected 

from one well. In this sense, “n = 3” refers to three biological replicates. 
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Chapter 3 - Exploring Inflammatory Pathways 

3.1 Introduction 

As discussed within Chapter 1, the most well-characterised phenotype of TSC is hyperactive 

mTOR resulting in aberrant cell growth and the system-wide formation of tumours. However, 

inflammatory signatures have also been identified in TSC and are suspected to be related to 

many of the neurological manifestations of the disease (333). Inflammation plays significant 

roles in a variety of cancers, as well as various neurological and neuropsychiatric diseases, 

marking inflammatory processes as being fundamental in our understanding of effective 

treatment for such conditions. Little research so far has addressed these inflammatory 

pathways in TSC, and less so specifically in TSC-derived brain tumours. This is potentially a 

serious oversight, given that conditions such as epilepsy and autism have links to 

neuroinflammation (210,359) and are prevalent in TSC.  

Neuroinflammation has been identified in the brains of TSC patients, as well as within in 

vitro studies (290,333,360,361). It should be noted that many current studies either focus on in 

vivo heterogeneous cell populations or instances of TSC1 deficiency, rather than TSC2. This 

may be detrimental in the analysis of TSC-linked neuroinflammation as the pro-inflammatory 

transcription factor, Y705-pSTAT3, appears enhanced more so in TSC2 null cortical spheroids 

than TSC1 and wild-type (362). Few studies have investigated TSC2-deficiency in a pure 

TSC2-null in vitro model of brain tumours, meaning that we lack information on the true 

disease-causing cell of TSC-derived brain tumours. Also, the true pathophysiological role that 

inflammatory pathways play in TANDs are not currently well understood. It is also not 

clearly known how TSC results in the activation of inflammatory pathways. Complex signal 

interplays have been hinted at in some studies, wherein rapamycin treatment causes enhanced 

NF-κB activation, but diminished pSTAT3 (49). Interestingly, this pattern is reversed upon 

loss of TSC2. 

It is suggested that mTORC1 inhibition by rapamycin has some effect on reducing the 

inflammatory phenotype, proving efficacy in reducing STAT3 activation in TSC1 or TSC2 

null brain cells in vitro (362). However, the efficacy of rapamycin in the treatment of 

neurological symptoms is not always effective, with occurrences of treatment resistant 

epilepsy reported as two thirds in the sufferers of TSC-linked epilepsy (36,363). In addition, 

mTOR inhibition often presents side effects, notably immunosuppression and in serious 

cases, can lead to infection (364). Treatment with mTORC1 inhibitors must also be continual 
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as they are cytostatic rather than cytotoxic, meaning that tumours regrow upon 

discontinuation of treatment. Additionally, in vitro models suggest that rapamycin treatment 

must fall within a certain time window during neurodevelopment, as treatment left too late 

cannot reverse the (highly glial) phenotype in TSC2 deficiency (362). 

Data on the use of anti-inflammatories in TSC is limited. While reduction in inflammatory 

pathway activation (such as STAT3) has been noted, these are normally identified as a 

response to mTORC1 inhibition, rather than direct inhibition of offending pathways 

(49,365,366). Interestingly, treatment with cannabidiol (a well-tolerated anti-inflammatory 

(367)) has offered a remarkable reduction in the prevalence of epilepsy that are refractory to 

standard anti-epileptic drugs (368). This offers a tantalising insight into the potential of anti-

inflammatory medications for the treatment of TANDs.  

The aim of this chapter was to confirm whether inflammatory pathways were upregulated 

within TSC, both in vitro and in vivo. This would provide an initial basis with which to 

continue further research on inflammatory pathways and subsequent consequences in TANDs 

and neural development in TSC. For this, it was hypothesised that cells harbouring defective 

TSC2 would exhibit heightened inflammatory pathways and demonstrate a differential 

response to inflammatory stimuli than wild-type counterparts. Another aim was to identify 

whether this enhanced inflammatory response was dependent on mTORC1 hyperactivity and 

was carried out with an array of pathway inhibitors. 

3.2 Results 

3.2.1 The TNFα and STAT3 pathways are differentially regulated in TSC2-deficient 

MEFs and AMLs.  

The first aim of the study was to identify a dysregulated inflammatory response in TSC2-

deficient cells. To identify this, Tsc2-deficient MEFs alongside their wild-type counterparts 

(as described in section 2.1.1) were assayed for inflammatory markers. The key markers 

which were analysed were S536 pRelA, and Y705 pSTAT3. The former is a marker of NF-κB 

activation, and the latter is typically phosphorylated in to the active form through IL-6 

signalling, and is implicated as a key inflammatory proponent in a variety of neurological 

conditions as well as glioblastoma (369–371). 
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Tsc2/TSC2-deficient or control MEFs or AMLs were treated with TNFα or IL-6 to determine 

differential responses to cytokine stimulation. Additionally, control cell lines were treated 

with media conditioned by their TSC2-deficient counterparts to determine if secreted factors 

contributed to the inflammatory condition (Figure 3.1). 

Figure 3.1. Inflammatory signalling in TSC2-deficient cells. (a) Confluent cells were serum-starved 

for 24 h and lysed. Western blot analysis of S536-phospho RelA and Y705-phospho STAT3 was 

carried out in Tsc2(−/−) MEFs (top panel) and 621-101 AMLs (bottom panel), respectively. -actin was 

used as a loading control, n = 3, unpaired t test. No signal was detected in TSC2(+) AMLs, and a value 
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of zero was used for statistical analysis. The three wells for each cell type correspond to three separate 

replicates, as described in section 2.16. (b) Serum-starved Tsc2(−/−) and Tsc2(+/+) MEFs, and 621-101 

and TSC2-rescued AML cells were stimulated with either 30 ng/mL TNFα for 2 h or 50 ng/mL IL-6 

for 1 h, as indicated. STAT3 activity assays were carried out. n = 3, unpaired t-tests. (c) Serum-starved 

Tsc2(+/+) and Tsc2(−/−) MEFs were stimulated with TNFα (0, 5, 15, or 30 ng/mL for 2 h). S536-

phospho-RelA and Y705 phospho-STAT3 were assessed by western blot analysis. Fold changes from 

untreated samples for each respective cell line are shown. -actin levels were analysed as a loading 

control and used to normalise densitometry analysis (n = 3). (d) Viability assays were carried out on 

Tsc2(+/+) and Tsc2(−/−) MEFs treated with either DMSO or 30 ng/mL TNFα for 24 h. n = 3, unpaired t-

test. (e) Serum-starved Tsc2(+/+) MEFs or TSC2(+) AMLs were stimulated with conditioned media from 

serum-starved Tsc2(−/−) MEFs or TSC2(−) AMLs, respectively, and STAT3 transcription assays were 

carried out after 1 and 2 h of stimulation. Tsc2(+/+) MEFs or TSC2(+) AMLs were treated for 2 h with 

media conditioned by Tsc2(+/+) MEFs or TSC2(+) AMLs, respectively, to act as controls (“Control”). n 

= 3, one-way ANOVA with Tukey’s multiple comparisons. (f) Serum-starved Tsc2(+/+) MEFs or 

TSC2(+) AMLs were stimulated with conditioned media from serum-starved Tsc2(−/−) MEFs or TSC2(−) 

AMLs, respectively, and western blot analysis of S536-phospho RelA, Y705-phospho STAT3, and 

S235/235-phospho RPS6 was assayed at 0.5, 1, and 2 h of treatment duration. Tsc2(+/+) MEFs or 

TSC2(+) AMLs were treated for 2 h with media conditioned by Tsc2(+/+) MEFs or TSC2(+) AMLs, 

respectively, to act as controls (“c”). Y705-phospho STAT3 is also shown graphically via 

densitometry analysis. figures e-f were analysed with two-way ANOVA with Tukey’s multiple 

comparisons. Western blot densitometry was normalised to β-actin. 

While varied in direction, this data clearly shows dysregulation within inflammatory 

pathways in TSC2-deficient cells. Two main inflammatory markers have been picked out for 

these analyses. These were S536-pRelA and Y705-pSTAT3 to signify NF-κB and 

JAK/STAT3 pathway activation, respectively. Notably, these pathways were enhanced within 

both Tsc2(−/−) MEFs and TSC2(−) AMLs when compared to their respective TSC2-expressing 

cells (Figure 3.1a, densitometry results shown in Table 3.1). Not shown in this analysis was a 

third cell model. These were ELT3 cells, derived from rat kidney tumours with non-

functional Tsc2. In this cell model, STAT3 and RelA phosphorylation on the Y705 and S536 

residues was also significantly upregulated within Tsc2-deficient cells, compared to their 

Tsc2-re-expressing counterpart. 
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Table 3.1. Fold increases of STAT3 and RelA phosphorylation between TSC2-deficient and TSC2-

restored MEF and AML cell lines, determined by western blot pixel densitometry. Average pixel 

densitometries: (p-RelA (S536): Tsc2(−/−) MEFs: 4067; Tsc2(+/+) MEFs: 2225; TSC2(+) AMLs: 5640; 

TSC2(−) AMLs: 10207. p-STAT3 (Y705): Tsc2(−/−) MEFs: 4877; Tsc2(+/+) MEFs: 3667; TSC2(+) AMLs: 

0; TSC2(−) AMLs: 6707.) 

The study next aimed to investigate whether STAT3 and NF-κB pathway activation could be 

attributed to a greater sensitivity of TSC2-deficient cells to cytokine activity, with the 

rationale that this could account for the increased inflammatory activity. To do this, STAT3 

activity was assayed via transcriptional activation ELISA in Tsc2(−/−) and wild-type MEFs, as 

well as TSC2 and TSC2-restored AMLs after treatment with either TNFα or IL-6 (Figure 

3.1b). While this experiment confirmed that STAT3 was more active within TSC2-deficient 

cells (MEF n = 4 (p = 0.0041), AML n = 4 (p = 0.0089)), we generally saw no significant 

difference in STAT3 activation from cytokine stimulation between TSC2-deficient and TSC2-

expressing cells. This was with one exception, where the Tsc2(−/−) MEFs showed a greater 

degree of STAT3 nuclear activation after stimulation with IL-6 (n = 4, p = 0.0041) than the 

TSC2-expressing counterpart. Predominantly, this data demonstrates that the NF-κB pathway 

(as activated by TNFα) and STAT3 pathway are linked, since TNFα stimulation causes 

STAT3 activation in all cell types. The data also hints towards at least some degree of 

enhanced sensitivity to cytokine stimulation within TSC2-deficient cells.  

To further investigate the crosstalk between TNFα-induced NF-κB and Y705 STAT3 

activation, MEF cells were stimulated with a dose range of TNFα cytokine. In initial 

experimentats that were underpowered, a higher sensitivity to TNFα stimulation was 

observed within Tsc2(−/−) MEFs, when compared to wild type. However, this finding was not 

evident with related TNFα stimulation experiments. For instance, with further experiments it 

appears that Tsc2(+/+) MEFs exhibited a greater phosphorylation of STAT3 on Y705 than 

Tsc2(−/−) MEFs (Figure 3.1c). In this set of experiments, it should be noted that untreated 

samples of each respective cell line were used as their own control, i.e., Tsc2(+/+) MEFs 

 Pixel density 

average fold 

increase in 

Tsc2(−/−) MEFs 

MEF p-value Pixel density 

average fold 

increase in 

TSC2(−) AMLs 

AML p-value 

Y705-pSTAT3 1.438 0.0141 (No signal 

detected in 

TSC2(+) cells) 

<0.00001 

S536-pRelA 1.828 0.0116 1.810 0.2792 
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treated with TNFα are reported as fold changes from untreated Tsc2(+/+) MEFs, and not 

compared directly to Tsc2(−/−) MEFs. Comparisons between untreated cells show an average 

fold change between Tsc2(−/−) and Tsc2(+/+) MEFs in RelA and STAT3 phosphorylation by 1.8-

fold and 1.0-fold respectively (not shown). 

Differences observed with inflammatory pathway activation could be linked to secreted 

inflammatory cytokines. To look at whether secreted cytokines could be involved, media was 

taken from TSC2/Tsc2-deficient AML/MEF cells. This conditioned media was then 

supplemented to their corresponding wild type MEF and AML cells for 1 and 2 h, before 

these wild-type cells were harvested and processed for STAT3 transcriptional activity assays 

(Figure 3.1e). As a control, media was taken from TSC2/Tsc2 expressing AML/MEF cells and 

used to treat TSC2/Tsc2-deficient AML/MEF cells, respectively, to negate any effects caused 

by the act of media changes. Interestingly, a large spike in STAT3 activity was observed after 

1 h of treatment within TSC2-restored AML cells (n =4, p < 0.0001), followed by a decrease 

in STAT3 activity between the 1 h and 2 h time point (p < 0.0001). Tsc2(+/+) MEFs also 

showed a significant enhancement after 2 h of treatment (p = 0.0239), although not to the 

same degree as observed in AML cells. This data provides a very clear picture that secreted 

factors may play a key role within the inflammatory state of TSC2-deficient cells. 

Interestingly, the peak in STAT3 activation for AML cells occurred at the 1 h time point and 

then appeared to diminish at longer time points. In the earlier optimisation data (not shown), 

we found that IL-6 appeared to peak (in terms of Y705 STAT3 phosphorylation) around the 

45-60 min time points before decreasing at longer times. Additionally, transcriptomic data of 

AML cells (discussed later) shows an 8.5-fold increase in IL6 mRNA levels (n = 6, p < 

0.00001). Furthermore, TSC2-deficient AML cells showed a 9.5-fold increase in mRNA 

levels of the cysteine protease, CTSS (p < 0.00001), which has been shown to cleave IL-6R to 

promote trans-signalling as well as being secreted from the cell itself (372). Therefore, it may 

be hypothesised that the enhanced activation of STAT3 in TSC2-deficient cells may be 

attributed in part to an increased production of inflammatory cytokines such as IL-6 that then 

act in an autocrine or paracrine manner. In vivo, it may be possible to also find increased 

levels of sIL-6R generated from neighbouring cells in TSC-derived patient tumours, and this 

prediction is supported by increased levels of Cathepsin S (15.7-fold) within SEN/SEGAs, as 

ascertained from Jeffrey Mackeigan’s transcriptomic dataset. Additionally, while TNFα 

production does not appear to occur in AML cells, TSC2-deficient AML cells have enhanced 

expression of lipopolysaccharide induced TNF factor (LITAF) mRNA (2.38-fold, p < 
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0.00001, when compared to wild type). LITAF is a secreted factor that functions to enhance 

the production of TNFα from neighbouring immune cells.   

With the indication that cytokine signalling is enhanced within TSC patient-derived tumours 

and TSC cell models, the study attempted to determine whether TNFα signalling may exhibit 

a differential effect on cell viability within TSC2-deficient cells (Figure 3.1f). We found that 

24 h of TNFα at 30 ng/mL was able to induce a significant reduction in cell viability (2-way 

ANOVA, p = 0.0028) within Tsc2(−/−) MEFs, but not Tsc2(+/+) MEFs. TSC2(−) and TSC2(+) 

AMLs both demonstrated a small, but not significantly different, reduction in cell viability. 

As discussed in Chapter 1, the cell fate undergone after TNFα signalling is complex and not 

fully understood, with inflammation, survival, and cell growth being possible outcomes, 

alongside apoptosis and necrosis. A key determinant in pathway propagation appears to be 

RIPK1 ubiquitylation, wherein high RIPK1 ubiquitylation drives NF-κB activation and 

inflammation, whereas a lack of ubiquitylation instead activates the TRADD-linked apoptosis 

pathway. This pathway could be the reason why apoptosis was apparent in Tsc2(−/−) MEFs 

after treatment with TNFα, although this cannot be confirmed from this experimentation. Of 

note, while the data did not reach significance, both western blots and STAT3 transcriptional 

activation ELISAs seem to suggest that wild-type MEFs exhibit a higher level of STAT3 

activation after TNFα stimulation than their Tsc2-deficient counterparts. Overall, this may 

suggest that cells which are more susceptible to TNFα-induced cell death are less sensitive to 

TNFα induced inflammation. 

While not conclusive, the data gathered here may suggest that some TSC2-deficient cells may 

exhibit a greater sensitivity to TNF family receptor-induced cell death. Transcriptomic data 

support this also, with the FAS death receptor demonstrating a 1.5-fold upregulation in TSC2-

deficient AML cells, and a 5.66-fold upregulation within SEN/SEGAs. Lastly, the adaptor 

protein which links death-receptors to the caspase cascade, FADD, is also upregulated by 

1.42-fold within AMLs (p = 0.00005). Thus, therapies that make use of a potential sensitivity 

to programmed death pathways within TSC2-derived tumours may prove as an effective 

means of chemotherapy for TSC patients for example TNFα isolated limb perfusion, which 

has shown efficacy in the treatment of certain tumours (373). However, the data presented in 

the current study is not sufficient to state whether this would be an effective treatment option 

for TSC patients. 
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Altogether, these results clearly demonstrate an enhancement of select inflammatory pathway, 

notably the NF-κB and STAT3 pathways. The results show that there is unlikely to be a 

specific enhancement of inflammatory sensitivity to inflammatory stimuli in TSC2-deficient 

cells, however it is likely that TSC2-deficient cells are producing and secreting more 

cytokines such as IL-6, thus generating a self-propagating immune-reactive, inflammatory 

environment.  

3.2.2 Inflammatory and immune pathways are upregulated in SEN/SEGA in vivo. 

With a currently basic confirmation that NF-κB/STAT3 activation appears higher in TSC2-

deficient cells in vitro, the study now sought to confirm that these findings could be 

represented in vivo. To do this, a transcriptome was kindly donated by the lab of Jeffrey 

MacKeigan in Michigan State University, detailing transcriptional differences between 

SEN/SEGAs within TSC brain tumours to patient matched healthy brain tissue. Notably, this 

patient matched healthy brain tissue would still be heterozygous for TSC2. 15 SEN/SEGA 

were compared to patient matched healthy tissue for this analysis. The top 300 upregulated 

genes were analysed using the online GeneAnalytics software to enrich for pathways and 

processes that were upregulated in SEN/SEGA. Data analysis was refined to select for 

upregulated genes that were specifically and directly linked to the immune and inflammatory 

processes (Figure 3.2.1). DEGs were annotated within volcano plots to demonstrate the high 

prevalence of inflammatory pathways within in vivo TSC patient-derived tumours. GO 

analysis did not reveal an inflammatory signature within downregulated DEGs. A similar 

Bioinformatic analysis was also performed on 15 cortical tubers from the same dataset 

(Figure 3.2.2).  
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Figure 3.2.1. Inflammatory and immune pathways are dysregulated in TSC patient-derived 

SEN/SEGAs. (a) SEN/SEGA patient samples were collected and processed as described in (51). This 

dataset was used to generate a volcano plot. GO analysis was performed on the top 300 upregulated 

DEGs, and all inflammatory/immune response genes were emphasised on the plot to demonstrate the 

dysregulated inflammatory nature in these tumours.  

Figure 3.2.2. Inflammatory and immune pathways are dysregulated in TSC-patient derived cortical 

tubers. This figure is similar to Figure 3.2.1, except the cortical tuber dataset was used with the top 

150 upregulated DEGs. A comparison between upregulated inflammatory DEGs between 



64 
 

SEN/SEGAs and cortical tubers is shown, demonstrating a relatively low overlap of dysregulated 

inflammatory genes in this GO analysis (23 shared DEGs). However, it should be noted that a lower 

number of DEGs was used in the cortical tuber analysis due to a lower number of overall DEGs in the 

dataset. 

Data collected from the SEN/SEGA transcriptome offered an insight into some of the most 

differentially upregulated pathways within SEN/SEGAs. GO analysis of the top 300 

upregulated DEGs in SEN/SEGA presented 64 high match GO terms. Out of these 64 terms, 

20 terms were directly related to immune and inflammatory responses. Of note, the 15 

highest scoring terms included 13 terms which were directly related to immune/inflammatory 

responses. These were: Immune response, antigen processing and presentation, immune 

system process, antigen processing and presentation of peptide or polysaccharide antigen via 

MHC class II, interferon-gamma-mediated signalling pathway, regulation of complement 

activation, antigen processing and presentation of exogenous peptide antigen via MHC class 

II, neutrophil degranulation, inflammatory response, cytokine-mediated signalling pathway, 

innate immune response, complement activation, and adaptive immune response. 

Interestingly, many of the genes which were upregulated within this transcriptome bore 

similarities to highly invasive glioblastoma subtypes (374,375). Another study highlights 20 of 

the most significantly upregulated and downregulated genes within glioblastoma, of which 14 

were identified as directionally matching in upregulation or downregulation within 

SEN/SEGAs (376). Similarly, ontology data demonstrated multiple high-match pathways 

which were upregulated in the top 300 upregulated genes within SEN/SEGA, including the 

NF-κB pathway. This demonstrates potential similarities between TSC patient-derived brain 

tumours and cancerous brain tumours. Similar ontological analysis of the most 

downregulated genes in SEN/SEGA did not return any inflammatory or immune-related 

pathways/GO terms.  

The same transcriptomic analysis also included data from 15 cortical tubers compared to 

patient matched healthy tissue. An analysis of the top 150 upregulated DEGs demonstrated a 

similar pattern to that in the SEN/SEGAs, with 19 out of 38 GO terms corresponding directly 

to inflammatory or immune response. Of note, these included “Positive Regulation of 

Tumour Necrosis Factor Production” and “Positive Regulation of Chemokine Secretion”, 

thus providing further support for the hypothesis posed in Figure 3.1 of cytokines guiding the 

inflammatory state in TSC. The 16 highest scoring GO terms were associated with 
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inflammatory/immune processes, and NF-κB was once again one of many highly matched 

inflammatory pathways in tubers.  

DEGs from SEN/SEGAs were plotted on a volcano plot in RStudio. A threshold of p > 0.05 

and a log2 fold change of < 0.5fold / >-0.5 fold was used to signify genes that were not 

significantly upregulated or downregulated. All genes which appeared in the highly scoring 

section of immune/inflammatory pathways were then superimposed on this plot to highlight 

the highly inflammatory nature of SEN/SEGAs (Figure 3.2.1). An additional plot was 

generated with cortical tubers which demonstrated the same trends (Figure 3.2.2).  

Since differential RelA phosphorylation was observed in both the AML and MEF cell models 

(Figure 3.1), a general snapshot of NF-κB activity in TSC-derived tumours was also 

generated. Here, a large collection of NF-κB regulator and target genes were used from a list 

developed by the Gilmore lab at Boston University (https://www.bu.edu/nf-kb/gene-

resources/target-genes/ (accessed November 22nd, 2022)), and this dataset was used to 

generate volcano plots of NF-κB-related genes within TSC-patient tumours (Figure 3.2.3a) 

and in vitro 621-101 AMLs (Figure 3.2.3b). A similar plot was also generated for patient-

derived cortical tubers (data not shown), which showed similar trends. 
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Figure 3.2.3. TSC2-deficient cells demonstrate dysregulated NF-κB signalling. (a) NF-κB regulator 

and target genes were plotted from the patient-derived SEN/SEGA dataset, the acquisition of which 

was described in Figure 3.1. (b) A similar analysis was performed in data generated from in vitro 621-

101 TSC2(−) AMLs. Both datasets show significantly dysregulated NF-κB signalling. 

This data highlights that NF-κB signalling becomes dysregulated in TSC. While NF-κB 

linked genes are both upregulated and dysregulated when compared to normal matched brain 

tissue in SEN/SEGAs, or 621-103 TSC2 re-expressed AML cells, a general trend can clearly 

be seen within upregulation of the inflammatory pathway. Overall, this transcriptomic data 

confirms a highly inflammatory environment within TSC patient-derived brain tumours in 
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vivo, and further suggests that TSC2-deficient cells propagate this environment by means of 

enhanced cytokine secretion, enhancing cytokine secretion in neighbouring cells, and 

attracting immune infiltrates. 

3.2.3 STAT3 hyperactivation in Tsc2(−/−) MEFs can be diminished by NF-κB inhibition. 

With confirmation that the NF-κB and other inflammatory pathways are enhanced within 

TSC patient-derived tumours, the study next sought to identify signalling crosstalk between 

the NF-κB and STAT3 pathways. To do this, Tsc2(−/−) and Tsc2(+/+) MEFs were treated with 

BMS345541 or C188-9, inhibitors of IKKα/β or STAT3, respectively (Figure 3.3.1). 

BMS345541 is a highly selective inhibitor of the IKK complex, with preferential inhibition of 

IKKβ to IKKα (377). C188-9 binds specifically with the Src homology 2 (SH2) domain of 

STAT3 (378) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.1 IKK inhibition results in STAT3 inhibition in TSC2-deficient cells. STAT3 activity 

ELISAs were carried out from nuclear lysates prepared from Tsc2(−/−) and Tsc2(+/+) MEFs treated with 
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either (a) DMSO, BMS345541 5 μM or C188-9 15 μM for 24 h or (b) TNFα (30 ng/mL 2 h 

treatment) after pre-treatment with BMS345541 5 μM for 24 h, as indicated. n = 3, two-way ANOVA 

with Tukey’s multiple comparisons. (c) Western blot analysis of p-RelA (S536) and p-STAT3 (Y705) 

was performed on Tsc2(−/−) MEFs after treatment with BMS345541 5 μM for either 0 h, 2 h, or 6 h. 

Over this time course, BMS345541 diminished both RelA and STAT3 phosphorylation. n = 3, one-

way ANOVA with Tukey’s multiple comparison. Western blot densitometry was normalised to β-

actin, and relative intensity is normalised to the highest recorded signal intensity. 

The impact of long-term treatment on RelA and STAT3 phosphorylation states of 

BMS345541 and/or rapamycin was also investigated in AMLs (Figure 3.3.2). 

Figure 3.3.2. STAT3 activity is regulated in a biphasic manner through IKK inhibition. (a) 

Phosphorylation states of RelA, STAT3, and RPS6 were investigated following a time-course 

treatment with either 5 μM BMS345541, 50 nM rapamycin, or a combination of the two in 621-101 

AMLs (n = 3). (b) Subsequent densitometry analysis for p-STAT3 of Figure 3.3d. one-way ANOVA 

with Dunnett’s multiple comparisons tests, comparing each data point to the 0 h treatment time point. 

(c) Analysis of the fold change after 48 h for total STAT3 protein, or (d) p-STAT3 (Y705), for Figure 
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3.3.2a. Western blot densitometry was normalised to β-actin. Fold changes are recorded from 0 h 

samples of each respective treatment condition. 

Crosstalk between the NF-κB and STAT3 pathways is a previously identified feature that is 

prominent in a range of cancers, including glioma (379,380). In these circumstances, factors 

upregulated through NF-κB such as IL-6 would drive STAT3 activation (381). Therefore, 

Tsc2(−/−) and wild-type MEFs were treated with 7.5 μM BMS345541 for 24 h (Figure 3.3.1a), 

an inhibitor of IKK within the NF-κB pathway, as well as 5 μM C188-9 (a STAT3 inhibitor), 

and relative levels of STAT3 activation were assayed under serum-starvation. As previously 

observed, STAT3 activation is higher within TSC2-deficient cells. 24 h treatment with 

BMS345541 decreased STAT3 activation significantly within TSC2-deficient cells, but not 

the wild-type counterpart. As expected, C188-9 reduced STAT3 activation in both cell types. 

The apparent selective inhibition of STAT3 within TSC2-deficient cells by IKK inhibition 

seems to suggest that STAT3 activation within TSC2-deficient cells is propagated through the 

NF-κB pathway. This data hints at potential beneficial uses of anti-inflammatory drugs for the 

treatment of TSC. 

To further confirm the influence of NF-κB inhibition within Tsc2(−/−) MEFs, cells were also 

treated with 30 ng/mL TNFα for 2 h (Figure 3.3.1b) following a 24 h treatment with 

BMS345541. As before, an increase in STAT3 activation is seen after TNFα stimulation 

(particularly in Tsc2(+/+) MEFs). As expected, this increase of STAT3 activity is negated by 

IKK inhibition, demonstrating that TNFα was activating STAT3 through the NF-κB pathway. 

To investigate this signalling crosstalk further, Tsc2(−/−) MEFs were treated with 7.5 μM 

BMS345541 for shorter durations and Y705 STAT3 phosphorylation was assayed (Figure 

3.3.1c). IKK inhibition could reduce Y705 STAT3 phosphorylation significantly at these time 

points. Building on this data, 621-101 TSC2(−) AML cells were treated with either 5 μM 

BMS345541, 50 nM rapamycin, or a combination of the two over a time course of 0, 1, 2, 4, 

6, 24, and 48 h. Relative levels of STAT3, RelA, and rpS6 phosphorylation on Tyr705, 

Ser536, Ser235/236, respectively, was analysed by western blot (Figure 3.3.2a). While IKK 

inhibition ultimately leads to a reduction in STAT3 phosphorylation at 24 and 48 h, the 

treatment first induced a transient spike in STAT3 phosphorylation up to the 6 h timepoint. 

This is notably different to the pattern observed within Tsc2(−/−) MEFs and reflects different 

compensatory mechanisms and pathway cross talk between the two models. As expected, 

rapamycin treatment quickly reduced rpS6 phosphorylation, showing a reduction in 

mTORC1 activity, but was generally ineffective at reducing RelA or STAT3 phosphorylation. 
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The slight delay in reduction of rpS6 phosphorylation by rapamycin treatment may be 

because rpS6 is not directly phosphorylated by mTORC1 and is instead phosphorylated 

downstream of mTORC1 by S6K1. A combination of the two treatments reduced mTORC1 

activity as well as reducing RelA and STAT3 phosphorylation, while somewhat mitigating the 

transient spike in phosphorylation of STAT3. Densitometry analysis is also shown (Figure 

3.3.2b), highlighting these differences. The overall fold changes at 48 h of treatment from the 

0 h time point are shown for total STAT3 (Figure 3.3.2c) and p-STAT3 (Y705) (Figure 

3.3.2d), further demonstrating the benefit in anti-inflammatory activity within a combinatory 

treatment of the two inhibitors. It was previously identified that unphosphorylated STAT3 can 

activate NF-κB (382), which may explain the delayed reduction in RelA phosphorylation 

observed in TSC2-deficeint AMLs upon BMS345541 treatment. Furthermore, the high levels 

of cytokines such as IL-6 that TSC2-deficient AMLs are subjected to may bolster this 

biphasic response through transcription targets of unphosphorylated STAT3 (383). 

3.2.4 NF-κB activity controls dysregulated cytokine secretion in TSC2(−) AMLs 

Our previous data showed interesting trends in the dysregulation of NF-κB and STAT3 

signalling in TSC2-deficient cells. Notably, hyperactive STAT3 activity could be diminished 

via inhibition of IKK, and this appears to reduce levels of total and Y705-phosphorylated 

STAT3. Meanwhile, rapamycin proved generally ineffective at reducing this dysregulated 

inflammatory phenotype, while a combination of the two inhibitors appeared to demonstrate 

enhanced reduction in inflammatory signalling. We previously demonstrated that secreted 

factors were likely playing a large role in the propagation of these inflammatory signals 

(Figure 3.1). Therefore, we aimed to identify this dysregulation in a more targeted in vitro 

model. To accomplish this, the concentration of IL-6 and VEGFA was assayed by ELISA in 

media that had been conditioned by 621-101 TSC2(−) and 621-103 TSC2(+) AML cells (Figure 

3.4a). 621-101 AML cells were also stimulated with TNFα and/or rapamycin to demonstrate 

crosslinks between NF-κB, mTORC1, and STAT3 signalling (Figure 3.4b), and additionally, 

the impact of IKK versus mTORC1 inhibition was assayed on IL-6 levels (Figure 3.4c). 

Lastly, the impact of IKK or mTORC1 inhibition was assayed on VEGFA secretion (Figure 

3.4d). The effect of rapamycin on IL-6 secretion in TSC2(+) AMLs was also assayed, wherein 

rapamycin increased IL-6 by a small amount (data not shown).  
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Figure 3.4. Enhanced cytokine secretion can be regulated via NF-κB. Cytokine media concentration 

was assayed by ELISA. (a) Media was conditioned by 621-101 TSC2(+) or 621-103 TSC2(−) AMLs 

prior to collection and analysis via ELISA. TSC2-deficient AMLs secreted far more IL-6 and VEGFA 

than their TSC2-expressing counterparts. n = 3, unpaired t-test. (b) TSC2(−) AMLs were treated with 

various durations of TNFα, or 6 h rapamycin with or without 6h TNFα, and IL-6 media concentration 

was determined via ELISA. NF-κB pathway stimulation via TNFα increased IL-6 media 

concentration, whereas rapamycin produced no effect. In combination with TNFα, rapamycin further 

enhanced IL-6 media concentration. n = 3, one-way ANOVA with Tukey’s multiple comparisons. (c) 

IL-6 media concentration was determined in 621-101 AMLs after treatment with 24 h DMSO, 
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BMS345541 10 μM, or rapamycin 50 nM. IKK inhibition with BMS345541 was able to reduce IL-6 

secretion, whereas rapamycin raised IL-6 secretion by approximately 3-fold. n = 3, one-way ANOVA 

with Tukey’s multiple comparisons. (d) TSC2(−) AMLs were treated with BMS345541 or rapamycin, 

and secreted VEGFA was analysed by ELISA as described prior. IKK inhibition with BMS345541 

reduced VEGFA secretion, whereas rapamycin was ineffective. n = 3, one-way ANOVA with Tukey’s 

multiple comparisons. 

 

3.2.5 Cytokine and chemokine profiling 

To assay a range of cytokine and chemokine levels in parallel, a proteome profiler was used 

on lysates from wild-type and Tsc2(−/−) MEFs before and after TNFα treatment (Figure 3.5.1). 

The rationale behind this experiment was to explore what cytokines/chemokines were 

enhanced or lowered between the two cell types as well as their difference in response to an 

inflammatory stimulus, since cytokines and chemokines are often enhanced within and 

related to inflammation within brain tumours (384). Samples were lysed as according to the 

kit manufacturer’s instructions and protein concentration calculated using Pierce 660 nm 

reagent. 200 ug/mL of each sample was added to profiler membranes and processed as 

according to the kit manufacturer’s instructions, with a final exposure time of 15 s on X-ray 

film used for analysis. Films were then scanned and analysed using protein densitometry to 

determine relative protein amounts within lysed cells. As exploratory work, this was 

performed as n = 1.  
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Figure 3.5.1. Differential inflammatory activation between Tsc2(−/−) and Tsc2(+/+) MEFs, shown by 

cytokine profiling. (a) Relative protein expression levels within Tsc2(−/−) and Tsc2(+/+) MEFs, both 

including or without treatment with 30 ng/mL TNFα for 2 h. Shown are the four proteome profile 

membranes used (top right), and the pixel densitometry analysis acquired from the membranes. Pixel 

density refers to the value obtained by image analysis in ImageJ, and represents relative protein 

abundance per sample (b) The levels of protein expression in wild-type MEFs were subtracted from 

their expressions in Tsc2(−/−) MEFs, showing the differential expression without extra NF-κB pathway 

stimulation. Positive values denote higher expression in TSC2-deficient cells. (c) MEFs were 

stimulated with TNFα 30 ng/mL for 2 h prior to lysis. The difference in the change in protein 

expression was plotted, showing differential reactivity of Tsc2(−/−) to TNFα stimulation when 

compared to wild-type MEFs. Positive values therefore denote a greater sensitivity to TNFα 

stimulation, whereas negative values show a lessened sensitivity of Tsc2(−/−) MEFs. as CD54. n = 1, 

exploratory experiments. 

By examining the expression levels of a broad range of cytokines, we may get a greater 

understanding of which inflammatory/immune pathways may become dysregulated within 
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TSC diseased cells. The graphs within Figure 3.5.1 shows differential changes in expression 

between the two cell types. Perhaps rather strikingly, we see a rather exaggerated activation 

of CD54: a pro-inflammatory receptor (also known as ICAM-1) (385) within wild-type MEFs 

after TNFα stimulation, but not in the Tsc2(−/−) MEFs. This is interesting, since both Tsc2(−/−) 

MEFs and wild-type MEFs seem to respond to TNFα with increased RelA and STAT3 

phosphorylation. While this highlights a differential response to an inflammatory stimulus, it 

is important to also consider that the MEFs, as a murine cell model of TSC, may not truly 

reflect the microenvironment and pathway alterations that might occur within brain tumours 

of TSC patients. To demonstrate differences between model systems, RNA-sequencing data 

shows an upregulation of ICAM1 of 3.5-fold in TSC2(−) AMLs when compared to TSC2(+) 

AMLS (p < 0.0005). In another example, another study showed that ICAM1 is upregulated 

within the cortical tubers of Tsc1 inactivated mice (335). However, it is important to note that 

this study focused on Tsc1, rather than Tsc2. The SEN/SEGA transcriptome data also shows 

significant upregulation of ICAM1, which is good evidence that ICAM-1 expression is 

increased in patient tumours. Altogether, these discrepancies in the expression of 

inflammatory markers such as ICAM-1 demonstrate that there is still a large gap in the 

knowledge of inflammation and neuroinflammation within TSC. Furthermore, this 

knowledge gap may not be reasonably filled in by utilising the commonly available models, 

demonstrating why novel models, such as the iPSC neural model proposed within this study, 

are needed. 

On the flipside, we see a striking upregulation of CXCL1 within Tsc2(−/−) MEFs both in 

unstimulated conditions (Figure 3.5.1b) and stimulated conditions (Figure 3.5.1c). CXCL1 is 

expressed at a higher basal level, and expression increased more in Tsc2(−/−) cells after 

stimulation. Figure 3.5a also shows that CXCL1 expression in unstimulated Tsc2(−/−) cells was 

higher than unstimulated or TNFα stimulated wild-type MEFs. CXCL1 is an inflammatory 

protein that belongs to the GRO superfamily. CXCL1 is activated through NF-κB promoter 

binding, and is thus induced by TNFα or IL-1 stimulation (386,387). Within the brain, CXCL1 

binds to its receptor, CXCR2, which is present on microglia, mature myelinating 

oligodendrocytes, and oligodendrocyte precursor cells (388). CXCR2 stimulation can lead to 

the recruitment of neutrophils to sites of injury, and thus regulates an inflammatory response 

element. Seizure onset can result in enhanced levels of CXCL1, originating in neurons and 

endothelial cells. This damage response appears to then recruit neutrophils, which may result 

in increased inflammation (389). Enhanced levels of CXCL1 as well as CCL2 (also shown to 
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be upregulated within the profiler) have also been linked in LAM cells of TSC patients (390). 

It might be possible that NF-κB-induced expression of CXCL1 may be linked to epilepsy in 

TSC.  

The next protein which is shown to be upregulated within Tsc2(−/−) MEFs is CCL2. Notably, 

the basal level of CCL2 expression when not stimulated by TNFα is higher in the Tsc2(−/−) 

MEFs when compared to the wild-type cells. The fold increase in CCL2 expression after 

stimulation with TNFα is similar between both cell types, showing that both cells are 

equivalently responsiveness to cytokine stimulating. Two other differentially increased 

immune regulatory proteins in Tsc2(−/−) MEFs are G-CSF and CXCL12. It should be noted 

that the protein expression of G-CSF and CXCL12 decreases slightly after TNFα stimulation 

in wild-type MEFs, while increasing slightly in Tsc2(−/−) MEFs. Additional repeats of this 

experiment would be required to determine if these results are significant or not.  

While this data is underpowered, it still offers some insights into inflammatory proteins 

linked to TSC. The data may suggest that some inflammatory pathways are upregulated, or 

more sensitive to inflammatory stimulation than others. This is also shown in the AML RNA-

sequencing data of NF-κB linked genes (Figure 3.2.2b), wherein some NF-κB linked genes 

are upregulated while others are downregulated in TSC2-deficient AMLs. 

 A second set of proteomic profilers were performed (Figure 3.5.2). Within this the conditions 

used were identical to as in Figure 3.5.1, except GolgiPlug and GolgiStop (BD Biosciences) 

were added alongside TNFα. These molecules serve to inhibit intracellular transport, thus 

preventing cytokine secretion. This was performed to enrich cytokine/chemokine levels 

within cell lysates, as it is possible that many cytokines/chemokines may be poorly shown in 

cell lysates due to secretion. In this scenario, data appeared significantly reduced (fewer 

different cytokines were detected, and at apparently lower levels). 
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Figure 3.5.2. Cytokine profiling with intracellular transport inhibition. (a). Relative protein 

expression levels within Tsc2(−/−) and wild-type MEFs, both before and after treatment with 2 h TNFα 

30 ng/mL, with the addition of GolgiPlug and GolgiStop. (b) The difference in change in protein 

expression after TNFα stimulation, between Tsc2(−/−) MEFs and wild-type MEFs. n = 1, exploratory 

experiments. 

Notably, with the addition of intracellular trafficking inhibitors, while CXCL1 was once 

again at a slightly higher level at basal expression in Tsc2(−/−) MEFs (Figure 3.5.2a), TNFα 

stimulation caused CXCL1 (and CCL2) expression to increase more so within wild-type 

MEFs rather than their TSC2 deficient counterparts (Figure 3.5.2b). This may suggest that by 

preventing cells from being able to secrete cytokines in response to TNFα, further stimulatory 

pathways are also inhibited, meaning that overall cytokine and chemokine protein 

expressions are reduced. Once again, this data is limited by a lack of repeats. However, the 

impression given is that TSC (and normal) chemokine/cytokine production is likely 

dependent on an autocrine signalling mechanism.  
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3.2.6 TSC2-deficiency confers sensitivity to NF-κB inhibition 

As previous results showed a sensitivity of TSC2-deficient cells to BMS345541, as well as 

differential responses to activation of the NF-κB pathway via TNFα, it was hypothesised that 

NF-κB inhibition may have a selective cytotoxic effect on TSC2-deficient cells. To test this, 

TSC2-deficient and control cells were treated with increasing concentrations of BMS345541 

under serum starvation, and a live/dead cell count was obtained using acridine orange and 

propidium iodide. To confirm caspase-dependent apoptosis, lysates generated from TSC2(−) 

AML cells were also probed for PARP cleavage and caspase 3 cleavage after treatment with 

BMS345541. Levels of the anti-apoptotic factor BCL-2 were compared between wild-type 

and Tsc2(−/−) MEFs, and after BMS345541 treatment. 
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Figure 3.6. IKK inhibition causes selective cell death in TSC2-deficient cells. Viability assays were 

performed over a range of concentrations of BMS345541 in TSC2-deficient or TSC2-expressing (a) 

MEF, (b) ELT3, and (c) AML cells. n = 3, two-way ANOVA with Tukey’s multiple comparison test. 

(d) TSC2(−) AMLs were treated with 15 μM BMS345541 for 24 h and assayed for apoptotic markers 

by western blot (PARP and Caspase 3). (e) Relative levels of the anti-apoptotic protein BCL-2 were 

compared within wild-type and Tsc2(−/−) MEFs. (f) BCL-2 levels in MEFs after treatment with 

BMS345541 10 µM, determined by western blot. Western blot densitometry was normalised to β-

actin. 
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Interestingly, Tsc2(−/−) MEFs displayed a significantly greater sensitivity to BMS345541-

induced cell death than wild-type (Figure 3.6a). This was particularly apparent after 7.5 μM 

BMS345541 (p = 0.0016), and 10 μM (p = 0.0006). However, it should be noted that 

differences in viability can be seen at earlier lower concentrations of BMS345541, but 

without reaching significance. Tsc2-deficient ELT3-V3 cells did exhibit a greater sensitivity 

to BMS345541-induced cell death than Tsc2-reexpresing ELT3-T3 cells, although generally 

seemed to be less sensitive than MEFs (Figure 3.6b). ELT3-V3 cells had a significant 

difference in viability compared to ELT3-T3 cells at 7.5 μM, 10 μM, and 12.5 μM. It is 

unlikely that induction of cell death is due to off target effects manifesting at higher 

concentrations, since BMS345541 has shown to be selectively inhibitory to IKK at 

concentrations up to 100 µM (391). 

Conversely, TSC2-deficient AMLs appeared to demonstrate the opposite trend, with TSC2-

expressing AMLs exhibiting a greater sensitivity to BMS345541-induced cell death (Figure 

3.6c). However, these trends did not reach significance.  

To further confirm BMS345541-induced cell death within TSC2-deficient cells, TSC2(−) 

AMLs were treated with 15 μM BMS and probed for apoptotic markers after 24 h (Figure 

3.6d). Caspase-3 cleavage was clearly detected at the 24 h time point. PARP cleavage was 

also shown. Bcl-2, an NF-κB induced anti-apoptotic marker, was detected at lower levels in 

Tsc2(−/−) MEFs than Tsc2(+/+) MEFs (p = 0.0481, unpaired t-test). Conversely, BIM, a pro-

apoptotic regulator, was expressed at much higher levels in Tsc2(−/−) MEFs (n = 3, unpaired t-

test, p = 0.0009, data not shown). The anti-apoptotic protein Bcl-xL was also tested, but no 

significance difference was detected. Bcl-2 appears to be depleted within Tsc2(−/−) MEFs after 

treatment with BMS345541 and also decreases in Tsc2(+/+) MEFs (Figure 3.6f).   

Interestingly, AML RNA-sequencing data shows that BCL2 is expressed at a 1.6-fold increase 

within TSC2(+) AMLs when compared to TSC2(−) AMLs (p = 0.02025). Meanwhile, BCL2L1 

(Bcl-xL) is expressed at a slight increase of 1.1-fold in TSC2(−) AMLs (p = 0.01393). 

However, perhaps most striking is expression of the NF-κB-induced anti-apoptotic regulator 

CFLAR, with a 2.4-fold increase in TSC2(−) AML RNA sequencing data and a 4-fold increase 

in SEN/SEGAs (both p < 0.00001). These apoptotic regulators are often controlled through 

NF-κB activity, meaning that we could suggest that heightened NF-κB is partially responsible 

for the non-cytotoxic nature of rapamycin treatment in TSC2-deficient cells. Indeed, later 

discussed data seems to show that rapamycin enhances relative Bcl-2 levels in MEFs. 
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Conversely, while the pro-apoptotic gene HRK is expressed 7-fold lower in SEN/SEGAs to 

matched healthy tissue, it is expressed highly in the transcripts of TSC2(−) AMLs, but not 

TSC2(+) AMLs. One study demonstrated that tumour cells which expressed high levels of Hrk 

were particularly sensitive to TNFα-related apoptosis inducing ligand (TRAIL) (392). For this 

reason, we might have expected to see a markedly increased level of cell death in prior 

experiments with TNFα treatments, although rationale for this has already been posed in 

3.3.1. 

It was previously identified that aberrant mTORC1 signalling could also activate NF-κB, 

resulting in an increase in the transcription of NF-κB regulated genes such as BCL2L1 and 

BCL2 (393). As anti-apoptotic proteins, Bcl-2 and Bcl-xL upregulation is often seen in cancer 

(394). Selective cell death may occur within TSC2-deficient cells after IKK inhibition due to a 

reduction in anti-apoptotic proteins such as Bcl-xL and Bcl-2. Interestingly, the TSC2 protein 

has been shown to also negatively regulate Bcl-2, meaning that TSC2 loss would incur an 

increase in the anti-apoptotic activity (395).  

Previously, it was shown that cells that express high levels of RelA activity are more sensitive 

to BMS345541-induced apoptosis, and furthermore RelA inhibition causes a downregulation 

of anti-apoptotic genes, including Bcl-2 (396). Overall, this selective induction of cell death 

with BMS345541 treatment demonstrates a strong reliance upon inflammatory pathways by 

TSC2-deficient cells for survival, and possibly demonstrates upregulation of anti-apoptotic 

NF-κB target genes that could be exploited in TSC as therapy.  

 

3.2.7 The NF-κB pathway is differentially regulated in Tsc2(−/−) MEFs.   

Since cells with inactive TSC2 appear to be sensitive to IKK inhibition (both in terms of 

STAT3 activation and cell survival), it stands to reason that NF-κB is likely dysregulated in 

these cells. For example, NF-κB activity may be propagating pro-survival signals at an 

elevated level within TSC2-deficient cells. Upon inhibition of NF-κB signalling, TSC2-

deficient cells undergo cell death due to a shift in pro- versus anti-apoptosis protein 

expression. 

Therefore, using transcriptional activation ELISAs on nuclear fractions, Tsc2(−/−) and wild 

type MEFs were assayed for activation of the NF-κB subunit RelA, as well as cEBPβ after 

treatment with either 10 μM BMS345541 or 50 nM rapamycin. The effects of NF-κB 
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inhibition on TNFα responsiveness were also assayed by treating cells with 30 ng/mL TNFα 

for 1 h after 7.5 μM BMS345541treatment for 24 h. We also examined the effect of 

rapamycin on STAT3 activity in MEFs. 

 

Figure 3.7. NF-κB, unlike C/EBPβ is not regulated through mTORC1. (a) RelA transcriptional 

activation ELISA performed on Tsc2(−/−) or Tsc2(+/+) MEFs after IKK, STAT3, or mTORC1 inhibition. 

(b) C/EBPβ transcriptional activity within Tsc2(−/−) or Tsc2(+/+) MEFs after inhibition of IKK, STAT3, 

or mTORC1. (c) Tsc2(−/−) or Tsc2(+/+) MEFs were treated with either DMSO or rapamycin and STAT3 

transcriptional activity was assayed. n = 3, two-way ANOVA with Tukey’s multiple comparison test. 

(d) RelA transcriptional activity in Tsc2(−/−) or Tsc2(+/+) MEFs after treatment with TNFα or TNFα + 

rapamycin. (e) C/EBPβ transcriptional activity in Tsc2(−/−) or Tsc2(+/+) MEFs after treatment with TNFα 
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or TNFα + rapamycin. a, b, d, e: n = 4, compared by two-way ANOVA with Tukey’s multiple 

comparison test. 

If the assumption is made that the STAT3 pathway is indeed hyperactive in TSC2-deficient 

cells, it may be reasonable to state that as a cause and/or consequence of this, the NF-κB 

pathway is also hyperactive since there are interlinkages between these two pathways. This is 

to say that the NF-κB pathway can activate the STAT3 pathway through NF-κB-induced 

factors such as IL-6, and in turn STAT3 activation can promote the production of factors 

which then in turn stimulate both STAT3 and NF-κB (380). Furthermore, it has been shown 

that NF-κB subunits and STAT3 can interact with one another both in the cytoplasm and 

nucleus, granting either pro- or anti-transcriptional effects (397–399). 

However, previous research has demonstrated that NF-κB activation in TSC is variable, and 

that a loss of TSC2 function can either activate or repress NF-κB based on the genetic context 

(48). For this reason, it was interesting to see that a difference in RelA activation in 

unstimulated conditions was not significant between Tsc2(−/−) and wild type MEFs, especially 

since prior blots (Figure 3.1) seemed to show enhanced RelA phosphorylation. Higher RelA 

nuclear activity has been shown in similar studies between Tsc2-deficient and expressing 

MEFs, however this was under hypoxia (400). IKK inhibition by BMS345541 selectively 

diminished RelA nuclear activity (Figure 3.7a). This is unexpected, as we would expect 

BMS345541 to diminish RelA activation in both cell lines, since it works simply by 

allosterically inhibiting IKK (396). Conversely, STAT3 inhibition with C188-9 increased 

RelA phosphorylation in Tsc2(+/+) MEFs, but not Tsc2(−/−) MEFs, demonstrating differential 

inflammatory pathway regulation and compensatory mechanisms between the two cell types. 

BMS345541 also significantly diminished C/EBPβ activity in Tsc2(−/−) MEFs (p = 0.0008), 

but not wildtype MEFs (Figure 3.6b). Since increased levels of S536 phospho-RelA were 

observed in prior experiments, but nuclear-located DNA-binding RelA was relatively 

unchanged, this may suggest that TSC2-deficient cells have a greater pool of RelA in reserve 

that can shuttle into the nucleus. RelA may also interact with other transcription factors such 

as STAT3 for alternative inflammatory signalling. While not reaching significance, mTORC1 

inhibition with rapamycin appeared to slightly increase RelA activity. 

C/EBPβ levels were greatly elevated in Tsc2(−/−) MEFs when compared to wild type (p = 

0.0034) (Figure 3.7b). This is expected, as C/EBPβ is an inflammatory transcription factor 

that is upregulated by, and in turn further stimulates STAT3 activation via IL-6 (401,402). For 

this reason, it is possible that C/EBPβ activation is functioning as a surrogate marker 
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downstream of STAT3. As expected, C/EBPβ levels closely mirror the patterns seen with 

STAT3: an increased basal activation, a large reduction in activation upon BMS345541 

treatment, and a smaller reduction in activation by rapamycin (Figure 3.7b). Interestingly, in 

contrast to the previously seen STAT3 results, C/EBPβ responsiveness to rapamycin seems to 

be greater than the responsiveness to BMS345541 after TNFα stimulation. The lack of 

effectiveness of rapamycin in reducing STAT3 activity was also shown via a transcriptional 

activation ELISA (Figure 3.7c). This may suggest that alternative pathways are targeting 

C/EBPβ activation which are more mTORC1-dependent. For example, STAT3 can be directly 

activated by mTORC1 via phosphorylation on Ser727, rather than the mTORC1-independent 

pathway involving IL-6, which induces Y705-STAT3 phosphorylation via Janus Kinase 2 

(JAK2). However, the link between C/EBPβ to STAT3 activity is likely more complex. 

STAT3 inhibition with C188-9 caused a dramatic increase in C/EBPβ activation for both 

Tsc2(−/−) MEFs and wildtype (p < 0.0001). This may suggest a compensatory activation of 

C/EBPβ after inhibition of STAT3, although this does not seem to be suggested elsewhere in 

literature.  

The effects of TNFα on transcription factor activation levels was also observed. As expected, 

TNFα causes a significant increase in RelA activation for both cell lines. Notable is the fact 

that treatment with rapamycin appears to sensitise Tsc2(−/−) MEFs to TNFα, bolstering RelA 

activation, or otherwise caused NF-κB activation through alternative means (Figure 3.7d).   

Conversely, TNFα did not appear to enhance C/EBPβ activation significantly (Figure 3.7e). 

This is unexpected, since we would expect that if TNFα was able to activate NF-κB and 

consequently activate STAT3, we would also expect to see an increase in C/EBPβ nuclear 

activity. It is possible that the duration of TNFα stimulation was not sufficient to induce 

C/EBPβ activity through these two separate pathways. However, rapamycin caused a 

decrease in C/EBPβ activity in Tsc2(−/−) MEFs (p = 0.0044), even with exogenous NF-κB 

activation with TNFα. Overall, this suggests that C/EBPβ activity within Tsc2(−/−) MEFs is 

linked more closely to mTORC1 hyperactivation, unlike STAT3 and NF-κB activity. Indeed, 

this has been identified previously, wherein mTORC1 inhibition with rapamycin also causes a 

decrease in C/EBPα and C/EBPβ levels (403). However, this decrease was specifically for the 

shorter, truncated isoforms which act as repressors of gene activation (404). Conversely, a 

more recent study identified that TSC1-deficient macrophages expressed lower levels of 

C/EBPβ that could be restored by rapamycin (405), although this study did not directly 

examine nuclear-localised active C/EBPβ. Overall, it seems that mTORC1 activity plays a 



84 
 

significant role in the modulation of C/EBPβ activity, particularly in terms of the expression 

of C/EBPβ isoforms via control of translation (404). This contrasts with NF-κB and STAT3 

activation, where the inhibition of mTORC1 does not appear to decrease the inflammatory 

phenotype. C/EBPβ is known to exhibit crosstalk with the NF-κB pathway. Specifically, 

C/EBPβ can promote NF-κB signalling by negative regulation of IκBα (406). 

An ELISA for active nuclear p50 was also performed alongside the ELISAs for RelA and 

C/EBPβ. Despite similar patterns emerging between p50 and RelA levels, the data lacked 

significance and demonstrated particularly low absorbance values, so this data has not been 

shown. It should also be noted that the data used in the RelA transcriptional activation ELISA 

(Figure 3.7a) also demonstrated very low absorbance values, however the data did show 

statistical significance upon analysis. 

Ultimately, this data collectively suggests a complex set of interactions and signalling 

interplay that occurs between the NF-κB, STAT3, and other inflammatory pathways in the 

TSC diseased setting. Still, we may postulate on reasons for clinically observed trends that 

are linked to the pathology of TSC and current treatments with mTOR inhibitors. For 

example, it is known that rapamycin and associated rapalogues are cytostatic to tumour 

growth in TSC patients rather than being selectively cytotoxic (35). For this reason, upon 

discontinuation of the treatment, shrunken tumours grow back. It may be possible that 

rapamycin fails to fully terminate TSC tumours due to the prolonged and persistent activation 

of pro-survival signals from inflammatory pathways such as NF-κB or STAT3. These 

observations suggest that rapamycin treatment alone is not sufficient to block inflammation 

within this TSC disease model. It further supports the rationale that rapamycin treatment in 

combination with anti-inflammatories as an adjunct therapy may offer a greater clinical 

efficacy to restore the disease state.   

3.2.8 Inflammatory signals within TSC2-deficient AMLs can be reduced by IKK 

inhibition 

Work presented above indicates that TSC2-deficient cells exhibit a multitude of differential 

inflammatory phenotypes when compared to wild-type cells. Inflammatory pathways are also 

upregulated in vivo within the SEN/SEGAs and cortical tubers of TSC patients. A key target 

of TSC-related inflammation appears to be the NF-κB pathway, with notably differential 

responses between Tsc2(−/−) and wild-type MEFs upon its inhibition. The study now aimed to 

consolidate in vivo data with in vitro data by comparing biomarkers which were significantly 
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dysregulated within SEN/SEGAs and those which were dysregulated within in vitro cell line 

models of TSC. With such close signalling crosstalk between the inflammatory pathways in 

TSC, the next step was to identify whether IKK inhibition could influence other dysregulated 

inflammatory effectors in TSC.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8.1. Dysregulated protein expression in TSC2(−) AMLs cannot be fully restored by mTORC1 

inhibition. (a) Western blot panel demonstrating dysregulated inflammatory protein expression in 

TSC2(−) AMLs. Cells were serum starved for 24 h prior to lysis. n = 3, unpaired t-tests. Note: this 

western blot panel is derived from the same set of experiments as the AML western blot panel in 
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figure 3.1a. Pixel densitometry analysis was used to determine relative protein abundance, and 

statistical significance was determined by multiple t-tests (b) Western blot and corresponding pixel 

densitometry analysis showing that 24 h BMS345541 5μM is able to reduce expression of some 

proteins, whereas rapamycin was less effective. n = 3, two-way ANOVA with Tukey’s multiple 

comparisons test. Western blot densitometry was normalised to β-actin.   

A range of inflammatory proteins were compared between TSC2(−) and TSC2-restored AMLs 

by western blot (Figure 3.8.1a). The majority of these were selected as they were 

transcriptomically upregulated within TSC2(−) AMLs, as identified by RNA-sequencing data 

(as mentioned in 3.2.4.)  The fold changes here can also be compared with that of the 

SEN/SEGA transcriptome (table 2).  

Gene Fold Change 

(SEN/SEGA) 

Fold Change 

(Cortical Tuber) 

Fold Change 

(AML) 

Significant? 

(SEN/SEGA;Cortical 

Tuber;AML) 

STAT3 3.0 1.8 1.5 (Y;Y;Y) 

RELA 2.8 1.9 1.0 (Y;Y;N) 

IKK1 1.4 1.1 1.2 (Y;N;Y) 

IKK2 3.2 1.9 0.8 (Y;Y;Y) 

VEGFA 1.6 0.8 8.3 (N;N;Y) 

PDCD1LG2 15.3 5.2 6.5 (Y;Y;Y) 

CD74 20.7 7.5 142.0 (Y;Y;Y) 

CD36 68.6 1.7 5.0 (Y;N;Y) 

ADAM10 0.9 0.8 1.8 (N;N;Y) 

ADAM17 2.8 1.2 0.78 (Y;N;Y) 

ANXA2 41.1 11.1 1.4 (Y;Y;Y) 

VCAM1 13.4 7.7 N/A (Y;Y;N) 

LGALS3 13.0 3.8 1.7 (Y;Y:Y) 

TBK1 0.8 0.8 0.8 (Y;Y;Y) 

 

Table 3.2. Fold changes in multiple gene expressions within TSC-patient derived SEN/SEGA, 

Cortical Tubers, or in vitro AMLs.  

 

Given this data, the AML proteome and transcriptome may be regarded as at least somewhat 

similar to the SEN/SEGA transcriptome in terms of select inflammatory protein expressions. 

These trends were similar in the cortical tuber transcriptome. This will grant further insight to 

the inflammatory pathology of TSC. 

Heightened expression of multiple inflammatory and immune markers (VEGFA, PD-L2, 

CD74, CD36, ADAM17, ADAM10, ANXA2, and phosphorylation of Y705-STAT3 and 

S536-RelA) were observed in TSC2(−) AMLs when compared to control (Figure 3.8.1a). Total 
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levels of IKKα and IKKβ were not different between the two cell types, but phospho-IKKα/β 

(S176/180) phosphorylation was markedly upregulated in the TSC2(−) AMLs. Dysregulation 

of many of these targets was also noted in transcriptomic data of SEN/SEGAs, cortical 

tubers, and in vitro AMLs (Table 3.2).  

We sought to identify if these NF-κB-linked genes could be modulated with inhibitors of the 

NF-κB pathway or mTORC1 (Figure 3.8.1b). TSC2(−) AML cells were treated with 5 μM 

BMS345541 or 50 nM rapamycin for 24 h and probed via western blot. Many targets 

remained unchanged by both treatments, such as ANXA2, CD74, and CD36. However, one 

target of note was PD-L2. PD-L2 shows high levels of protein expression in TSC2(−) AMLs 

(Figure 3.8.1a) and was transcriptionally upregulated in patient tumours (Table 2). Notably, 

rapamycin treatment was not able to reduce expression of PD-L2, whereas IKK inhibition 

was able to significantly reduce PD-L2 levels (Figure 3.8.1b).  

PD-L2 is an immune checkpoint regulator, and is closely associated with immune invasion 

within various cancers (407). It is unclear why the immune system is unable to clear TSC-

derived tumours, however expression of proteins such as PD-L2 may partially explain this. 

Therefore, reducing PD-L2 (and other immune checkpoint co-inhibitors) could be a viable 

strategy to allowing the immune system to detect and to clear TSC-derived tumours.  

Strangely, LGALS3 protein levels do not appear to be upregulated within TSC2-deficient 

AMLs (Figure 3.8.1a), which does not fit accordingly with the transcriptomic data of TSC-

derived brain tumours, where LGALS3 transcripts are enhanced by 13-fold within 

SEN/SEGAs and 3.8-fold within cortical tubers. LGALS3 does appear slightly upregulated in 

TSC2-deficient AMLs in RNA-sequencing, but this was not significant. LGALS3 could be 

reduced by both IKK and mTORC1 inhibition (Figure 3.8.1b), demonstrating anti-

inflammatory properties of both treatments.  

Protein expression of VCAM1 is slightly upregulated in TSC2(−) AMLs by 1.3-fold (not 

statistically significant) and can be seen as significantly enhanced within SEN/SEGA and 

cortical tubers. IKK inhibition was able to reduce VCAM1 expression, whereas rapamycin 

was ineffective. This is somewhat expected, since VCAM1 has previously reported to be 

regulated by NF-κB (408). Seizures can enhance VCAM1 expression (409), which could 

explain the difference in upregulation between SEN/SEGAs, cortical tubers, while 

differences in expression of VCAM1 is less apparent in TSC2(−) AMLs. It is worth noting that 

RNA-sequencing of AMLs showed close to zero VCAM1 mRNA expression, suggesting that 
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VCAM1 protein must be stabilised in these cells. Consequently, the ability of the NF-κB 

inhibitor to reduce VCAM1 protein is unlikely through mRNA expression, but rather via 

reduced protein stability of VCAM1. The mechanism to how this might occur is unknown. 

CD74 and CD36 are also significantly dysregulated in this data. However, their expression 

could not be significantly altered with either IKK or mTORC1 inhibition. CD36 functions as 

a receptor for a broad range of ligands, typically responsible for recognising molecules on 

pathogens or pathogen-infected cells. Furthermore, dysregulated CD36 typically promotes 

inflammation, including NF-κB activation upon complexing with TLRs (410,411). TLR2 and 

TLR6 (and most other TLRs) are upregulated by 21.6 and 8.6-fold, respectively, in the 

SEN/SEGA transcriptome. Our data showed that IKK inhibition was unable to reduce CD36 

levels, suggesting that CD36 expression may be causative, and not resultant of NF-κB 

activity. Various other transcription factors contribute to CD36 upregulation, including 

STAT3 (412). CD74 is a cell surface receptor for macrophage migration inhibitory factor 

(MIF), the binding of which causes CD74 intracellular release and downstream effects 

conferring survival and NF-κB activation (413,414). Interestingly, MIF transcripts are 

upregulated within AMLs by 1.7-fold (p < 0.00005). Furthermore, midkine, a downstream 

target cytokine of CD74 activation is upregulated in both AMLs and SEN/SEGAs (p < 

0.00005). It is possible that the pro-survival pathways undergone by CD74 activation may 

contribute to the cytostatic nature of TSC-derived tumours during rapamycin treatment. 

Taken together, this may present CD74 as an attractive target for TSC treatment. CD74 has 

already been identified as a potential target in some cancers, with antibody therapy targeted to 

CD74 by Milatuzumab presenting as a potentially effective treatment (415). CD74 stimulation 

of NF-κB and ERK1 would stimulate pro-survival and inflammatory pathways, and CD74 is 

also highly expressed in inflammatory disorders and cancer (416). TNFSF12 is upregulated 

within the in vitro TSC2(−) AML RNA-sequencing data by 1.7 fold and could potentially 

stimulate production of CD74 (417). However, significant dysregulation of TNFSF12 is not 

seen in the SEN/SEGA or cortical tuber data. The intracellular domain of CD74 interacts with 

NF-κB and thus stimulates NF-κB activity (413), so in this scenario, NF-κB activity could be 

both causative and resultant of CD74 upregulation. However, this is not observed in our 

treatments, wherein CD74 appeared marginally, but not significantly reduced by IKK 

inhibition (Figure 3.8.1b). Conversely, mTORC1 inhibition had a similarly marginal increase 

in CD74 expression, but again this was not significant.  
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Of particular interest, serine 172 phosphorylation on TBK1 is upregulated in TSC2(−) AMLs, 

despite slight (but statistically significant) downregulation of TBK1 in all tested mRNA 

datasets. Phosphorylation of TBK1 demonstrates the recruitment of TBK1 via the 

cGAS/STING pathway, which is activated through viral infection or cellular stress (234,239). 

The cGAS/STING pathways can also be activated by cytosolic mitochondrial DNA (418). 

Following TBK1 phosphorylation, TBK1 can exert serine/threonine kinase activity on IRF3 

or IκBα, leading to NF-κB pathway stimulation (419). Clearly, this may be highly significant 

in terms of hyperactive NF-κB signalling in TSC2(−) cells. Unsurprisingly, activation of the 

cGAS/STING/p-TBK1 pathway is often implicated in cancers and immunological disorders 

(237). TBK1 activity will be explored further in later chapters. 

ANXA2 is also upregulated in all datasets, although less-so within in vitro TSC2(−) AMLs 

than the TSC-patient derived brain tumours. As a promoter of angiogenesis and proliferation, 

it correlates strongly with poor prognostic metastatic and mesenchymal phenotypes of glioma 

(420,421). It is also known to modulate NF-κB signalling, although this is through non 

canonical NF-κB signalling leading to p50 nuclear localisation (422), whereas the focus on 

NF-κB signalling in this chapter has been on p65 (RelA). Importantly, mTORC1 signalling is 

known to be important in ANXA2 upregulation, however ANXA2 was not reduced in our 

experiments by mTORC1 inhibition. Similar, IKK inhibition was unable to reduce ANXA2 

levels. If chronic mTORC1 activity could increase ANXA2 levels, this may lead to enhanced 

non-canonical NF-κB signalling which is not possible to reverse with short-term rapamycin 

treatment. Further experimentation would be required to observe non-canonical NF-κB 

signalling. ANXA2 dysregulation is significantly more upregulated within TSC-patient brain 

tumours than the in vitro AML model (41.1-fold vs 1.4-fold) so it is possible that inhibition in 

neuronal models would provide different results.  

Lastly, two metalloproteinases, ADAM10 and ADAM17 demonstrate heightened levels 

within TSC2(−) AMLs, when compared to TSC2-restored AMLs. The difference in protein 

expression did not reach significance but appeared visually apparent. ADAM10 demonstrated 

transcriptomic down-regulation within TSC-patient derived brain tumours, whereas 

ADAM17 showed upregulation. Conversely, ADAM17 expression appeared to be 

downregulated within the transcriptome of in vitro TSC2(−) AMLs. ADAM17 is responsible 

for the cleavage and release of mature TNFα (and various other membrane-bound cytokines 

and receptors (423)) from the cell-membrane, leading to downstream signalling via soluble-
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TNFα binding on neighbouring cells. Higher TNFα levels from ADAM17 expression may be 

implicated in the seizures and other neuropsychiatric symptoms of TSC (216).  

Altogether, this data reveals a heightened inflammatory response in TSC2-deficient cells and 

highlights NF-κB and STAT3 as potential pathways responsible for this phenotype. Although 

similar in some regards, such as general directional trends in gene dysregulation, the data also 

demonstrates some differences between the in vitro AML model used and the inflammatory 

gene transcriptional signature found in brain tumours of TSC patients. An example of this is 

the expression of ANXA2, wherein TSC patient-derived brain tumours exhibit hugely 

upregulated mRNA of this gene, which is not matched to the same extent within in vitro 

AMLs. As the AML cells were derived from the kidney, it is unlikely that AML cells would 

accurately mirror brain tumours. Clearly, better models of TSC brain tumours are required. 

Later experimentation will highlight inflammatory dysregulation within in vitro neural 

models of TSC in an attempt to consolidate this data. 

RNA-sequencing was also used to analyse the effect of mTOR inhibition with Ku-0063794 

on dysregulated NF-κB-related genes in TSC2-deficient AMLs under hypoxia. Ku-0063794 

inhibits both mTORC1 and mTORC2 activity by inhibition of mTOR. Notably, mTOR 

inhibition appears generally insufficient for reducing dysregulated NF-κB signalling at the 

transcriptomic level (figure 3.8.2). 

Figure 3.8.2. mTOR inhibition is not suitable for restoring dysregulated NF-κB signalling. 

Upregulated NF-κB-linked genes in TSC2(−) AMLs (as detailed in 3.3.2) were selected. This gene list 

was then plotted using RNA-sequencing data for TSC2(−) AMLs under hypoxia versus TSC2(−) AMLs 

under hypoxia which had been treated with an mTORC1 inhibitor, Ku-0063794 1µM.  
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Overall, mTOR inhibition was unable to restore the inflammatory state effectively. 25 of the 

genes tested were not significantly upregulated or downregulated with mTOR inhibition, 

while 16 NF-κB-linked genes were upregulated even further. 13 out of the 54 genes tested 

were downregulated by mTOR inhibition. 

3.2.9 Hypoxia Response 

Hypoxia is the state where cells are deprived of an adequate oxygen supply, resulting in the 

activation of the hypoxic response pathways. While necessary for normal cellular function, 

hypoxia has links to various neurological diseases due to neuronal damage stemming from 

oxygen deficiency, as well as altered vascular formations resulting in defective blood flow 

and nutrient delivery (424–426). Furthermore, hypoxia has ties to cancer due to faulty 

vasculature in tumours, often leading to a hypoxic core (427). In GBM, this results in more 

invasive tumours into the surrounding healthy brain tissue, severely impacting the efficacy of 

treatment and raising patient morbidity (428). Hypoxia also has links to inflammation, 

wherein the hypoxia inducible factor system can trigger inflammatory pathways including 

NF-κB and STAT3 (429,430).  

Therefore, activation of these inflammatory pathways under hypoxia may be key in 

understanding the pathology of TSC. For this purpose, the general status of the NF-κB 

pathway within TSC2(−) AMLs under normoxia and hypoxia was investigated (Figure 3.9a). 

Similarly, the effect of Ku-0063794 was investigated in these conditions. The overall impact 

of hypoxia and mTOR inhibition was compared within a table (Figure 3.9b). An analysis of 

the impact of mTOR inhibition on DEGs which were dysregulated under hypoxia was also 

performed (Figure 3.9c).  
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Figure 3.9. Hypoxia induces differential expression in NF-κB target genes, and this can be affected 

by mTOR inhibition. (a) Volcano plots of NF-κB target DEGs within TSC2(−) AMLs comparing 

normoxia and hypoxic conditions (left), and NF-κB target DEGs within AMLs between hypoxic and 

hypoxic conditions with mTOR inhibition by Ku-0063794 (right). (b)  Table demonstrating the 

numbers of significantly upregulated or downregulated genes within 3.9a. Significantly upregulated 

and significantly downregulated were defined as a greater-than 0.25 log2 fold change, or less-than -

0.25 log2 fold change, respectively, with an adjusted p-value below 0.05. n = 6. (c) Comparison 
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between two DEG datasets: Normoxia vs Hypoxia, and Hypoxia vs Hypoxia + Ku-0063794. Here, the 

directional change in gene dysregulation (i.e. upregulated, downregulated, or no change) was noted 

between the datasets with the aim of determining how mTOR inhibition may influence hypoxia-

dependent inflammation through NF-κB. Directional change was categorised as either a shift from 

upregulated to downregulated, downregulated to upregulated, or a change between non-significance to 

either upregulation or downregulation (# = “or non-significance”). 

Prior data (not shown) reveals that STAT3 activation is highly dysregulated within TSC2-

deficient cells under hypoxia. Thus, the study aimed to investigate whether TSC2-deficiency 

may also modulate the NF-κB pathway under similar circumstances. Prior studies have 

already identified that NF-κB can be activated by hypoxia, and of particular interest, hypoxia 

induced NF-κB activation may be reduced via inhibition of IKK (431). 

Here, we see that hypoxia indeed appears to regulate NF-κB within TSC2-deficient AMLs 

(Figure 3.9a). Notably, some pathways appear downregulated whereas others appear 

upregulated, although these will not all be modulated predominantly via NF-κB. After 

inhibition of mTOR with Ku-0063794 under hypoxia we can see that the dysregulated NF-κB 

phenotype is not restored, showing that inhibition of mTORC1/mTORC2 hyperactivity does 

not restore the disease state of NF-κB activation under hypoxia. These results are 

consolidated within the table of Figure 3.9b, wherein the balance of upregulated to 

downregulated genes is not shifted by any large degree. 

To try and identify how mTOR inhibition would affect these pathways, two datasets were 

compared: Normoxia vs Hypoxia (NvH) (as in Figure 3.9a, left), and Hypoxia vs Hypoxia + 

Ku-0063794 (HvHKu) (as in Figure 3.9a, right). The rationale for this analysis was to see if 

mTOR inhibition could alter, or otherwise reduce a pro-inflammatory NF-κB activated 

phenotype. DEGs were counted based on their directional change in regulation and notated 

within the table (Figure 3.9.c). i.e., if a gene which is upregulated in the NvH dataset changes 

to downregulated, or changes to a statistically equal expression between conditions within the 

HvHKu dataset, it would be counted as “Upregulated → Downregulated or non-

Significance”.  

Here, we see that 44 genes which were previously upregulated within the NvH dataset were 

either downregulated or equally expressed within the HvHKu dataset. Conversely, 38 genes 

which were downregulated within the NvH dataset shifted in the opposite direction within the 

HvHKu dataset. 37 genes exhibited no directional change between the datasets. 29 genes 

changed from no significant difference in expression within the NvH dataset to a significant 



94 
 

upregulation within the HvHKu dataset, whereas 12 changed from non-significance to a 

significant downregulation. This may be taken further to suggest that a total of 73 NF-κB-

target genes increase in expression following mTOR inhibition under hypoxia, with a total of 

50 NF-κB-target genes decreasing in expression.  

Ultimately, this data suggests that NF-κB is dysregulated under hypoxia in TSC2-deficient 

AMLs. Furthermore, mTOR inhibition is not sufficient to revert inflammation under hypoxia, 

and in some cases, may appear to even exacerbate the inflammatory condition. 

3.3 Discussion 

This chapter investigated the heightened inflammatory responses within TSC2-deficient cells. 

Data indicates that this heightened state of inflammation was not as a direct consequence of 

mTORC1 signalling, which become aberrantly active when TSC2 is lost. Therefore, this 

heightened inflammation upon loss of TSC2 appears to be mTORC1-independent. 

Furthermore, this chapter illustrates that the inflammation observed in TSC2-deficient cell 

models was likely dependent on NF-κB and STAT3. 

It was found that NF-κB and STAT3 activation (and other inflammatory biomarkers) were 

significantly expressed to higher levels within TSC2-deficient cells, and upon treatment with 

rapamycin, this inflammatory signal was not reduced to a basal level. Of interest, IKK 

inhibition by BMS345541 was found to diminish this heightened level of STAT3 activity. 

This suggests that STAT3 activation in TSC is dependent on the NF-κB pathway. IKK 

inhibition could also selectively induce apoptosis in Tsc2-deficient cells, but not when using 

the AML cell lines. Direct communication with the Tee lab and unpublished data have 

repeatedly shown that TSC2-restored AMLs tend to be highly sensitive to drug treatments, in 

terms of viability. This is likely because TSC2-restored AMLs are untransformed; they have 

regained their tumour suppressor function, thus losing the ability to transform. TSC2-restored 

AMLs are also unable to form colonies or tumours within soft agar, demonstrating that they 

have lost growth capability without cell-cell adhesion. It is likely that this is not seen in 

MEFs because both Tsc2(−/−) and ‘wild-type’ MEFs are lacking TP53. During the generation 

of Tsc2(−/−) MEFs, Prof. David Kwiatkowski identified that a knockout of TP53 was required 

to establish this cell line effectively (353), likely since TP53 mutation serves as an 

immortalizing component (432). Therefore, the transformed, TP53-deficient nature of wild-

type MEFs may be serving to remove the same heightened sensitivity that we see within 

TSC2-deficient AML cells.  
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Excessive STAT3 activation is a phenomenon that has been observed previously within TSC 

in Tsc2-deficient MEFs [13], dissociated LAM cells [87] and in brain-tumours of TSC 

patients (56,365,433). Higher levels of soluble IL-6R have also been observed within the 

cortical lesions of TSC patients (434). The STAT3 pathway can become hyperactivated via 

IL-6 trans signalling. Comparatively, STAT3 hyperactivation is also observed within 

cancerous brain tumours, contributing significantly to their pathogenicity via enhanced 

angiogenesis, migration, immunity, treatment resistance, and stemness, whilst also impacting 

the differentiation state of neural stem cells (371,435,436). Like STAT3, excessive activation 

of NF-κB is frequently observed within cancerous brain tumours, promoting 

invasion/metastasis, resistance to therapy, survival, and further propagating an inflammatory 

signal (379,437,438). This may suggest parallels in neuroinflammation for the research and 

treatment of TSC-derived brain tumours and cancerous brain tumours such as glioma, 

glioblastoma, and astrocytoma.  

The data presented here also demonstrates some similarities to in vivo TSC-patient derived 

brain tumours. SEN/SEGAs and cortical tubers demonstrate inflammatory transcriptomic 

signatures and suggest a high degree of immune invasion. Specifically, NF-κB signalling also 

appears to be upregulated in these brain tumours. It is possible that high cytokine and 

chemokine production in TSC2-deficient cells is recruiting and activating immune cells. 

Interestingly, we can also match several of these upregulated and downregulated genes to 

those which are upregulated within glioblastoma. Specifically, one transcriptomic study 

identified 40 genes whose upregulation was correlated with poor-prognosis highly invasive 

glioblastoma (374). Out of these 40, 21 were also upregulated within SEN/SEGAs, with three 

(LGALS3, LITAF, ANXA1) playing direct roles in inflammatory processes. Another study 

identified several other genes which were prognostically poor within glioblastoma of the 

mesenchymal phenotype, notably including complement factors which are also upregulated 

within SEN/SEGAs (375). One final study noted 20 of the most significantly differentially 

expressed genes in glioblastoma, of which 14 were correspondent to genes in SEN/SEGAs 

(439). Taken together, these results may suggest a phenotypic similarity between SEN/SEGAs 

and glioblastoma, most notably those of the mesenchymal subtype which represent a 

similarly heightened inflammatory response (440).  
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3.4 Conclusion 

In conclusion, the data in this chapter has demonstrated a heightened inflammatory response 

in TSC, which is present in both the currently available in vitro models (AML, MEF, and 

ELT3 cells), as well as transcriptomic studies of in vivo patient-derived brain tumours. NF-κB 

likely plays an important role in the function of a positive inflammatory feedback loop which 

ultimately generates cytokines and chemokines for the recruitment of immune cells, as well 

as exacerbating the neurological conditions in TSC such as epilepsy. A link between 

heightened NF-κB activity and STAT3 activity in TSC has also been identified, suggesting 

that dysregulated inflammatory pathways in TSC can be targeted via NF-κB. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



97 
 

Chapter 4 – NF-κB and Surrounding Pathways Within TSC 

4.1 Introduction 

The previous chapter characterised a hyperactive NF-κB signalling nexus in TSC diseased 

cells. It is possible that restoring NF-κB in TSC could be a potential therapy that warrants 

further investigation. Some related studies have been carried out. Bortezomib, a proteosome 

inhibitor, was initially developed for NF-κB inhibition by inhibiting the degradation of the 

inhibitor IκBα. However, studies showed mixed results on the regulation of NF-κB activity 

after Bortezomib treatments (441,442). Bortezomib has been used in several studies in TSC. It 

was shown that Bortezomib when combined with nelfinavir, another ER-stress-inducing 

drug, enhances endoplasmic reticulum stress in TSC-deficient cells, subjecting them to ER-

stress induced death (443). As a single drug treatment, Bortezomib had limited effect in pre-

clinical models of TSC (444). Aside from these studies, research into potential therapeutics 

that may target NF-κB in TSC is currently lacking. There are likely two key reasons for this. 

Firstly, the understanding of NF-κB signalling in TSC is poorly understood and inconclusive. 

Secondly, the application of NF-κB targeting therapeutics may also impact a range of other 

pathways that could cause off-target effects (225). It should also be noted that long-term 

treatments with anti-inflammatory drugs could result in serious side effects such as renal 

failure, heart issues, stroke, and gastrointestinal issues (445). 

Despite this, further research into the dysregulation of NF-κB in TSC is likely to be beneficial 

to better understand this complex disease. By understanding the pathways that are promoted 

by (or promoting) NF-κB activation in the disease state, we may unlock new treatments for 

the various neurological symptoms that are presented within TSC. Inflammation is a hallmark 

of cancer progression, where inflammation can promote tumour formation via the promotion 

of proliferative pathways. Furthermore, inflammation can enhance metastasis and cell 

migration, and this is a highly relevant feature in the TSC-associated disease, LAM.  NF-κB 

also plays a key role in immune signals, likely involved in the recruitment of immune cells to 

tumours found in TSC patients. 

This chapter seeks to identify how we may disrupt some phenotypic elements which 

correspond to the tumours which present themselves in TSC patients via inhibition of NF-κB 

and related inflammatory pathways. To do this, assays will be employed to examine in vitro 

cancer-related features of TSC model cell lines, which includes in vitro colony formation and 
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cell migration assays. This chapter also aims to identify potential drug targets to accomplish 

anti-inflammatory action in TSC. 

4.2 Results 

4.2.1 Inflammatory signalling in the growth of TSC-derived tumours 

4.2.1.1 NF-κB inhibition slows tumours growth 

Perhaps the most iconic aspect of TSC is the system-wide presentation of tumours. 

Specifically, renal angiomyolipomas are thought to be one of the main causes of death in TSC 

patients, with rapamycin treatment proving insufficient for the absolute removal of tumours 

(113); tumours shrink during rapamycin treatment and regrow upon discontinuation of 

treatment.  

The generation of 3-dimensional tumours (or organoids) is being more commonly researched 

in the field of cancer research to better understand tumour microenvironments and the 

complex interplay between cell types (446). However, most models for 3D culture are either 

costly, expensive, or time consuming. Soft agar tumour growth assays offer a simple means 

of assaying the effects of drug treatment on the development of colonies in vitro. From this, 

we can extrapolate the effects of drug treatments on how tumours may grow within TSC 

patients. For this reason, colony formation assays were used to determine the potency of IKK 

inhibition on TSC tumour growth. To do this, colonies were grown over the course of 2-4 

weeks in the presence of varying concentrations of BMS345541. 
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Figure 4.1. IKK inhibition reduces anchorage-independent colony formation in vitro. TSC2-deficient 

and their respective wild-type control cells were grown in soft agar assays for 2-4 weeks depending 

on cell line. (a) MEF, (b), ELT3, (c) and AML cells were grown in the presence of increasing drug 

concentrations of BMS345541, as indicated, prior to images of colony growth being taken. 
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Measurements of colony diameters was carried out in Image J. Three wells were counted per-

condition, all colonies per image were measured. Results were analysed by one-way ANOVA with 

Tukey’s Multiple Comparisons. (d) Representative images are shown of colony size reduction after 

treatment with BMS345541 in TSC2-deficient MEF and AML cells. Note: TSC2 re-expressing AMLs 

were not used due to an inability to form anchorage-independent colonies. 

 

4.2.1.2 IKK inhibition when combined with rapamycin reduces tumour growth after 

treatment discontinuation 

An issue with current mTORC1 inhibitor treatments for TSC is that tumours do not 

completely regress. Combinatorial treatments are commonly employed in cancer therapy to 

improve therapeutic outcomes. This often results in the need for lower total dosages of 

chemotherapeutics as well as a greater efficacy in reducing tumour burden (447). 

Furthermore, since combinatorial treatments often use drugs which are already FDA-

approved, the cost of development is significantly lower than the development of a novel 

drug. Combinatorial treatments can act synergistically or additively to reduce 

chemoresistance, as well as to induce apoptosis in otherwise hard to treat cancer cell 

populations.  

This study previously demonstrated that combinatorial treatment of BMS345541 and 

rapamycin had greater efficacy to reduce STAT3 activation. Therefore, combinatorial 

approaches may be beneficial when treating TSC patient-derived tumours (Figure 4.2). To 

test this, TSC2-deficient AML cells were grown in soft agar as previously described in the 

presence of either rapamycin, BMS345541, or a combination of the two drugs. After 

untreated control tumours reached a suitable size, treatment was discontinued, and growth 

was resumed in drug-free conditions. This experiment would determine whether combinatory 

inhibition of both IKK and mTORC1 would have a more lasting benefit to prevent tumour 

growth, even after the discontinuation of treatment.  
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Figure 4.2. Combining inhibition of IKK and mTORC1 has greater efficacy to reduce tumour growth. 

TSC2-deficient AML cells were grown in soft agar over four weeks with either DMSO, BMS345541, 

rapamycin, or a combination of the two treatments. Colony formation was then measured, and 

colonies were grown for a further three weeks in the absence of inhibitors prior to re-measurement of 

tumour diameter. Median size increase is noted between the two timepoints. Three wells were counted 

per-condition, all colonies per image were measured. Results were analysed by Kruskal-Wallis test 

with Dunn’s multiple comparisons. 

 

Importantly, the data shown here demonstrates clearly that combinatorial treatment with 

mTORC1 and IKK inhibition is beneficial with regards to a reduction in colony diameter. 

Importantly, IKK inhibition in combination with rapamycin lead to a stark reduction in the 

regrowth of colonies, suggesting enhanced cytotoxicity with this drug combination. It is not 

possible to determine whether this effect was additive or synergistic, as the experiment was 

not structured in such a way to determine this.  

Reducing the growth of colonies in this setting suggests that NF-κB is having an anti-

proliferative effect. To investigate the effects of IKK inhibition on cell proliferation, 



102 
 

Tsc2/TSC2-deficient MEF/AML cells were subject to CyQuant proliferation assays in the 

presence or absence of either BMS345541 or rapamycin (Figure 4.3). A second inhibitor of 

the NF-κB pathway was also used (IMD0354), which functions via inhibition of IKKβ. 

 

Figure 4.3. IKK inhibition reduces proliferation of TSC2-deficient cells in vitro. CyQuant assay was 

used to determine the effects of IKK or mTORC1 inhibition in (a) Tsc2-deficient MEF or (b) TSC2-

deficient AML cells. IKK inhibition reduced proliferation after 24 h, to a level that was comparable 

with that of rapamycin in both cell lines. n = 3, one-way ANOVA with Dunnett’s multiple 

comparisons. Statistics were performed on cell count values. Fold changes are shown. 

 

IKK inhibition reduced cell proliferation significantly in both cell lines, demonstrating a 

reliance on inflammatory signalling for proliferation. With this data alongside the anchorage-

independent growth assays previously described, we clearly show that NF-κB signalling may 

play a key role in the growth of TSC-derived tumours.  

4.2.1.3 IKK inhibition reduces migration of TSC2-deficient cells 

A key characteristic of LAM is the propensity of TSC-derived tumour cells to migrate to the 

lungs in an oestrogen-dependent manner, leading to the growth of smooth muscle-like 
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tumours and leading to the subsequent loss of lung function (448). Epithelial to mesenchymal 

transition (EMT) and metastasis are key features of cancers with poor prognosis (449), and 

these processes rely on the migratory potential of cells. NF-κB is well known within the 

context of EMT and migration (450,451), thus it is relevant to explore how NF-κB signalling 

may impact migration of TSC2-deficient cells. This study aimed to determine whether IKK 

inhibition was effective at reducing cell migration. To accomplish this, wound scratch 

migration assays were performed on TSC2-deficient AML cells (Figure 4.4). 
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Figure 4.4. IKK inhibition reduces migration of TSC2-deficient AML cells. TSC2-deficient AMLs 

were grown to a confluent monolayer prior to treatment with either BMS345541 or rapamycin. A 

wound scratch in the monolayer was introduced, and cells were imaged at 24 h and 48 h to visualise 
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wound closure. IKK inhibition slowed wound closure, whereas mTORC1 inhibition was ineffective. 

Representative images of wounds are shown, with white scale bars at 500 μm. n = 3, two-way 

ANOVA with Tukey’s multiple comparisons. Similar results were obtained in Tsc2(−/−) MEFs (data not 

shown). 

Wound scratch assays provide a relatively basic means to investigate cell migration. These 

assays were performed under conditions of serum depletion to reduce the rates of cell 

proliferation that occurs during the wound healing response. It was found that IKK inhibition 

markedly reduced wound closure of TSC2-deficient cells, indicating that cell migration was 

likely being impaired. This may be through regulation of a variety of migration/EMT-

involved proteins. Indeed, transcriptomic data of TSC2-deficient AML cells demonstrates an 

upregulation in SNAIL, SLUG, and SIP1, which are considered as NF-κB regulated EMT-

promoting genes (452). mTORC1 inhibition with rapamycin had no effect to block wound 

closure, suggesting that cell migration of these TSC2-deficient cells are unlikely dependent 

on mTORC1. 

4.2.1.4 NF-κB/mTORC1-dependent gene regulation 

The transcriptomic data presented suggests that expression of inflammatory gene targets may 

be driven through NF-κB rather than mTORC1. The study aimed to examine a range of 

inflammatory gene targets in the AML cell line by qPCR (Figure 4.5). Genes were selected 

based on those that were found to be upregulated in both the AML cells (by RNA-

sequencing) and the TSC patient-derived SEN/SEGAs transcriptomic dataset. 
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Figure 4.5.1. Various inflammatory genes are upregulated within TSC2-deficient AML cells. (a) 

Inflammatory gene mRNA expression was determined via qPCR, comparing TSC2-deficient to 

TSC2(+) AML cells. Most genes appeared upregulated within the TSC2(−) AML cells. n = 3, one-way 

ANOVA with Dunnett’s multiple comparisons. Data was normalised to HBMS as the reference gene. 

(b) Comparison of gene expression between patient-derived SEN/SEGA, AML RNA-sequencing, and 

AML RT-qPCR. Most genes showed similar directional dysregulation between the datasets. 

Figure 4.5.1 shows that the expression of various inflammatory genes were upregulated in 

TSC2-deficient AML cells. While significance was not found, there was a general trend for 

enhanced expression of genes, which was also found in the AML RNA sequencing data and 

patient-derived SEN/SEGA (described in Chapter 3). Not shown on the graph are LAG3 and 

TNFRSF1B, both of which showed minor downregulation. Downregulation of TNFRSF1B 

was expected, as this is mirrored in the AML RNAseq data. 

The next aim was to investigate how the expression of these dysregulated genes could be 

influenced with either IKK or mTORC1 inhibition. To test this, TSC2(−) AMLs were treated 

for 24 h with either DMSO, 5 μM BMS345541, 50 nM rapamycin, or a combination of the 

two inhibitors. RT-qPCR was used to analyse gene expression of various markers (Figure 

4.5.2-4.5.5).  
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Figure 4.5.2. Combinatory IKK and mTORC1 inhibition may be beneficial for reducing enhanced 

immune checkpoint expression. RT-qPCR was used to analyse expression of (a) PDCD1LG2, (b) 

CD276, (c) VSIR, and (d) LAG3 after singular or dual inhibition of IKK or mTORC1.. n = 3, one-way 

ANOVA with Tukey’s multiple comparisons. Data normalised to IPO8. 

The above genes represent immune checkpoint genes that typically function to suppress the 

immune system. Many cancers take advantage of immune checkpoints, utilising their 

upregulation to avoid detection by the immune system. As such, coinhibitory checkpoint 

regulators are being investigated in cancer therapies (453,454). Interestingly, this appears to 

also be a feature within TSC, shown by significant upregulation by various immune 

checkpoint coinhibitors in TSC patient-derived tumours (Figure 4.5.3).  
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Figure 4.5.3. Immune checkpoint regulators within TSC patient-derived SEN/SEGAs. TSC patient-

derived SEN/SEGAs exhibit highly upregulated expression of immune checkpoint regulators. Fold 

change of gene was from SEN/SEGA tumours versus matched unaffected tissue from TSC patients.  

 

Notably, combinatorial inhibition appeared most effective at reducing PDCD1LG2 

expression (Figure 4.5.2a). This represents the possible importance of immune checkpoint 

regulators within TSC. However, while IKK and mTORC1 inhibition was beneficial to 

reduce PDCD1LG2 and VSIR (Figure 4.5.2c), LAG3 was upregulated by BMS345541 

treatment (Figure 4.5.2d). CD276 was also increased by BMS345541, but could be reduced 

by rapamycin or a combination of rapamycin and BMS345541 (Figure 4.5.2b). This suggests 

that single drug inhibition to target either IKK or mTORC1 is not suffcient to restore gene 

expression of multiple immune checkpoint regulators. Combined treatment was more 

effective. Current research on immune evasion within TSC is fairly limited, however two 

recent studies have highlighted potential applicability for immunotherapy in TSC. Firstly, it is 

known that mTORC1 upregulation can drive CD276 expression, which agrees with our data 

(455). Secondly, and perhaps more interestingly, PD-L1 or CTLA4 blockade was highly 

effective at clearing tumours within Tsc2-deficient mice (456). Overall, since we can not 
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reliably inhibit the expression of immune checkpoint regulators with either mTORC1 or NF-

κB inhibition, further investigation into blockade of this class of molecules may prove 

beneficial for thetreatment of TSC. However, it does appear that at least some of these genes 

may be upregulated through inflammatory signalling. In Chapter 3, we identified that 

BMS345541 treatment was highly effective at suppressing PD-L2 expression. BMS345541 

also reduced expression of PDCD1LG2 (the gene of PD-L2). Notably, the combinatorial 

approach with both mTORC1 and IKK inhibition appears more effective for suppressing PD-

L2 gene expression. 

Figure 4.5.4. Combinatorial IKK and mTOR inhibition can be used to target cytokine gene 

expression. RT-qPCR data was generated as in Figure 4.5.2. The expression of (a) IL6, (b) IL15, (c) 

IL1B, and (d) CCL2 was analysed after IKK and/or mTORC1 inhibition. Notably, neither treatment 

was consistently effective at reducing cytokine gene expression. n = 3, one-way ANOVA with 

Dunnett’s multiple comparisons. 

 

IL15 was drastically reduced by both IKK and mTORC1 inhibition (Figure 4.5.4b). 

Expression of both IL1B and CCL2 was relatively unchanged by BMS345541 treatment, 

however this was sensitive to rapamycin (Figure 4.5.4 c-d). Some findings from this 

experiment might appear contradictory to previous results. Specifically, since we see a 

significant reduction in IL-6 secretion after IKK inhibition (Chapter 3). Given this previous 

finding, it might be expected that IL6 mRNA expression would also be lower after IKK 

inhibition. However, this does not appear to be the case. Instead, IL6 mRNA expression was 

highly upregulated after IKK inhibition (Figure 4.5.4a).  
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Several studies may help explain some of these findings (382,383). It was demonstrated that 

unphosphorylated STAT3 can drive the expression of a wide range of inflammatory genes, 

including IL6. Through this, STAT3 can engage in a self-propogating cycle. Previously, we 

identified that IKK inhibition stimulated an initial spike in phosphorylated STAT3 prior, 

followed by a decrease in both phosphorylated and unphosphorylated STAT3 over a longer 

period of time. It is important to note that high levels of mRNA gene expression does not 

necessarily conform to an equiviant high level of protein expression. For instance, high 

mRNA levels of IL6 may not translate immediately to high protein levels of IL-6. This may 

be especially the case when we consider that rapamycin would likely slow down protein 

translation of gene transcripts, i.e., since mTORC1 drives translation initation via S6K1 and 

4E-BP1 (457). 

Figure 4.5.5. IKK inhibition may reduce migration via downregulation of FN1 and ICAM1. RT-qPCR 

data was generated as in Figure 4.5.2. The expression of (a) FN1, and (b) ICAM1 was analysed after 

IKK and/or mTORC1 inhibition. IKK inhibition proved effective at reducing the expression of both 

genes. n = 3, one-way ANOVA with Tukey’s multiple comparisons. 

 

Both FN1 and ICAM1 are very highly upregulated within TSC2-deficient AMLs by 12.3- and 

3.5-fold, respectively. It is possible that this upregulation of fibronectin may even be 
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observed while handling the cells during tissue culture; TSC2-deficient AMLs have a 

tendency to slough off a thick unidentified substance during trypsinisation. This may be due 

to a heavy buildup of extracellular matrix components such as fibronectin. Tumour cells 

within a microenvironment of high fibronectin typically have higher migration, and cancer 

patients with high fibronectin expression also have a higher proportion of metastasis (458). 

ICAM1 is a cell surface glyoprotein that mediates intercellular adhesion. ICAM1 can be 

induced by NF-κB stimulation (408). While ICAM1 is typically associated with the migration 

of leukocytes, ICAM1 has also been shown to mediate the migration of cancer cells (459). 

ICAM1 also plays a role in pro-inflammatory signal transduction, wherein ICAM ligation 

upregulates CCL5 (460) (which is notably also upregulated within AML cells and TSC 

patient-derived SEN/SEGA). Crucially, IKK inhibition was highly effective at reducing FN1 

expression, as was rapamycin to a lesser degree (Figure 4.5.5a). Both treatments were able to 

reduce ICAM1 mRNA expression (Figure 4.5.5b). It is known in general that NF-κB 

influences migration (as mentioned in section 4.3.1.3), and IKK inhibition reduced the 

migration of TSC2-deficient AMLs. It is likely that NF-κB drives cell migration through pro-

migratory factors, such as ICAM1 and FN1. It is unclear why combinatorial treatment 

reduced the inhibitory effect on ICAM1, although this may hint at crosstalk between 

mTORC1 and NF-κB signalling. 

The RT-qPCR data shown here provides insights into the mechanism behind how inhibition 

of the NF-κB pathway may reduce an inflammatory state. Importantly, compensatory 

pathways appear to become activated upon inhibition of IKK, possibly mediated through the 

poorly understood mechanism of unphosphorylated STAT3 target activation (such as IL6). 

These feedback signalling mechanisms may not persist for longer durations of pathway 

inhibition, since in Chapter 3 it was shown that the biphasic response of IKK inhibition is 

reduced after 24 h. Therefore, it would be beneficial to explore the long-term effects of IKK 

inhibition on inflammatory pathways in the future. 

 

4.2.2 Alternative pathway targeting 

A key drawback of the study so far is a lack of clinical applicability. The IKK inhibitor used 

so far, BMS345541, is not a clinically approved drug. Rather, it has served as a means to 

investigating the role of NF-κB in TSC in vitro. To progress this study, drugs that are 

clinically approved (or in the process of clinical approval) which target NF-κB were required. 
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NF-κB pathway inhibitors generally function through indirect mechanisms, rather than 

through the direct inhibition of NF-κB pathway components. Several drugs were selected for 

this purpose: 

Suberoyl anilide hydroxamic acid (SAHA), or Vorinostat, is a histone deacetylase inhibitor 

that is currently under development for a range of cancer types by Merck (461). SAHA has 

been shown to inhibit NF-κB via enhanced degradation of the NF-κB component IRAK1, 

leading to a reduction in TLR4 signalling (462). SAHA treatment has also been shown to 

increase NF-κB hyperactivity and lead to lethal reactive oxygen species (ROS) production in 

cancer cells (463). This may not be beneficial in the context of TSC, since we see an 

upregulation in anti-oxidant genes such as GSS and GPX, which may counteract any ROS-

induced lethality of such a treatment.  

Lenalidomide is an approved treatment for multiple myeloma, which has immunomodulatory 

activity (464). The mechanisms of lemalidomide are diverse but a key feature is the ability to 

promote the proliferation and activity of immune cells. In this sense, in vitro applications for 

our purposes are limited, however lenalidomide has a more direct mechanism of action in 

cancer cells (465). Specifically, lenalidomide is able to reduce cytokine secretion (including 

IL-6, IL-1β and TNFα) as well as exert anti-migratory and anti-angiogenic effects. 

Lenalidomide has also been shown to downregulate NF-κB (466). 

Aspirin is known to inhibit NF-κB (467) and STAT3 (468) activity, the latter of which is via  

blockade of IL-6. Of interest, a clinical trial (NCT03356769) of 98 participants with TSC also 

noted that aspirin showed efficacy in reducing refractive seizures, demonstrating potential 

applicability in the treatment of TANDs. This study attempted to look at the effect of aspirin 

on STAT3 and RelA phosphorylation, but no noticeable changes were observed (data not 

shown). 

Resatorvid, like SAHA, is capable of reducing Toll-like receptor (TLR)4 signalling via direct 

binding and inhibition of TLR4 (469). Through this, Resatorvid would indirectly reduce NF-

κB and interferon signalling. Resatorvid has also shown to restore neuroinflammation via 

inhibition of IL-1β, NF-κB, and TNFα (470). Studies have also shown potential applicability 

for Resatorvid as an add-on therapy to treat cancer (471,472). 

R-7050 is an antagonist for TNFR1 and has potential neuroprotective effects (473). As TNFα 

signalling appears to be dysregulated within TSC patient-derived brain tumours, it was 

considered that TNFR1 inhibition would help alleviate epileptic activity (474). Indeed, it was 
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shown that R-7050 reduced hyperexcitability in neural cells, thus reducing the severity of 

epilepsy (475). However, the role of TNFα in epilepsy is somewhat controversial (216). 

Diacerein (DCN) will be discussed in greater depth later in this chapter. DCN is an approved 

treatment for rheumatoid arthiritis (RhA) (476). In general, DCN is metabolised to rhein 

(cassic acid), a naturally occuring anthraquinone in rhubarb, and both DCN and rhein 

function to inhibit IL-1β activity (477). 

Of note, many of these pathway inhibitors were selected prior to the acquisition of the 

transcriptomic data from the TSC2-deficient AML cells. Thus, this selection of drugs was 

based on the inflammatory gene expression signatures of SEN/SEGAs and cortical tubers. 

This may partially explain the lack of efficacy in inhibiting NF-κB signalling within the AML 

cell line. For example, SAHA functions to inhibit NF-κB via inhibiting TLR4 signalling. 

While TLR4 gene expression was significantly upregulated in SEN/SEGAs, TLR4 expression 

was not affected in the AML cells. Therefore, these drugs might have had better capacity to 

block inflammatory signals in neural TSC cell line models, rather than the AML cells. 

4.2.2.1 Effects of pathway inhibitors in TSC-associated inflammatory pathways 

To begin to probe the efficacy of alternative inflammatory pathway inhibitors, initial drug 

dose experiments were carried out to identify appropriate concentration ranges of the drugs. 

These were trialed on TSC2(−) AML cells for a 24 h treatment duration under serum starvation 

(Figure 4.6.1). Notably, the concentrations of all the drugs used did not appear to exert 

cytotoxicity after 24 h. 

 

 

 

 

 

 

Figure 4.6.1. Exploratory experiments (n = 1) show potential for anti-inflammatory effects in TSC2(−) 

AMLs in trialled drugs. TSC2(−) AMLs were treated with SAHA, R-7050, Lenalidomide, Resatorvid, 

or DMSO for 24 h prior to lysis. RelA and STAT3 phosphorylation were then assayed by western blot. 

Results demonstrate potential anti-inflammatory activity, particularly within SAHA and R-7050-
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treated samples. Resatorvid also appeared to reduce p-STAT3 phosphorylation, and also RelA 

phosphorylation. 

As SAHA and R-7050 appeared to have the clearest effects on STAT3 activation, they were 

assayed further (Figure 4.6.2). TSC2-deficient AMLs were treated with varying drug doses 

for 24 h under serum starvation. Cells were lysed and RelA and STAT3 phosphorylation was 

determined by western blot (Figure 6.2a).  
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Figure 4.6.2. SAHA and R-7050 show efficacy in reducing STAT3 phosphorylation, but not RelA 

phosphorylation within TSC2-deficient AML cells. (a) Western blot was performed on samples of 

TSC2-deficient AML cells treated with increasing concentrations of R7050 or SAHA. Densitometry 
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analysis was performed, and the fold change in expression of (b) p-STAT3 (Y705), (c) p-RelA (S536) 

after treatment with SAHA was plotted. (d-e) A similar analysis was performed after treatment of cells 

with R-7050. n = 3, one-way ANOVA with Dunnett’s multiple comparisons. Data normalised to β-

actin. 

SAHA was also able to reduce tumour growth in MEF and AML cells lacking TSC2 (Figure 

4.6.3). 

Figure 4.6.3. SAHA reduces anchorage-independent colony growth in Tsc2/TSC2-deficient cells. (a) 

Tsc2-deficient MEF cells were grown over 2 weeks with SAHA supplemented. SAHA significantly 

reduced the growth of Tsc2-deficient colonies. (b) Similarly, SAHA reduced growth of TSC2-deficient 

AML colonies over 4 weeks. Upon treatment discontinuation, colonies that were treated with 2.5 μM 

SAHA were able to regrow over 3 weeks, however with significantly fewer colonies present. Statistics 

performed as in Figure 4.2.  

At the concentrations used, both R-7050 and SAHA appeared effective at reducing STAT3 

activity (reduced Y705 phosphorylation of STAT3) but were not effective at reducing RelA 

phosphorylation. Similarly, SAHA reduced anchorage-independent colony formation. R-7050 

proved too cytotoxic to cells over extended treatment durations, so soft-agar assays in R-7050 

are not shown. Due to the epigenetic modality of SAHA, it will be difficult to ascertain how 
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SAHA exerts its anti-inflammatory effects. Methods such as ChIP-Seq may be beneficial in 

this regard. HDAC1 and HDAC3 (the proteins of which SAHA preferentially inhibits) are 

both slightly downregulated in TSC2-deficient AML cells. SAHA also had no effect on RelA 

phosphorylation. A brief experiment was also carried out wherein it was demonstrated that 

SAHA at 20 μM also significantly enhanced TNFα-mediated apoptosis (data not shown). 

Altogether, this highlights a potential benefit of epigenetic therapies in TSC, however this 

was not further analysed within this study. 

Conversely, R-7050 appeared to slightly increase RelA phosphorylation. This seems 

contradictory to the proposed mechanism of R-7050, assuming that it should block TNFα-

related NF-κB signalling. However, with transcriptomic data of TSC2-deficient AMLs, we 

can see that transcripts of TNF do not appear to be present within the cell line. Similarly, 

other known TNFR1 ligands such as RANK and CD40 do not appear to be highly expressed. 

This ultimately suggests that TNFα-related signalling is not driving NF-κB activation within 

the TSC2-deficient AML cells, and that the effect of R-7050 on STAT3 inhibition is via a 

different mechanism from TNFα/TNFR1.  

Given this information, it was curious that R-7050 had such a strong impact on STAT3 

activity. This prompted further investigation into the mechanisms of R-7050. While it is 

known to block TNFR1, R-7050 also has effects on IL-1β activity. This suggested that IL-1β 

was a valid drug target in the context of TSC. This notion was explored further in the next set 

of experiments. 

 

4.2.2.2 IL-1β and rheumatoid arthritis in TSC 

A hypothesis was made that IL-1β signalling might be a key driver of NF-κB and STAT3 

signalling. Genes related to IL-1β signalling were plotted from the RNAseq data sets from 

SEN/SEGAs and the AML cells (Figure 4.7). The gene list was compiled from an RNA-Seq 

analysis and cDNA microarray of IL-1β responsive genes (478,479). A similar plot for cortical 

tubers was also made, showing similar trends but with lower significance (not shown). 
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Figure 4.7.1 IL-1β signalling is dysregulated in TSC. Volcano plots showing a set of IL-1β related 

genes in (a) in vitro AML cells and (b) patient derived SEN/SEGAs. Notably, IL-1β signalling 

appears far more upregulated within the AML dataset than SEN/SEGAs, although there was still a 

significant upregulation of IL1B in SEN/SEGAs. 

GO analysis of SEN/SEGAs and cortical tubers highlighted that the most upregulated genes 

within these datasets shared a similar profile to RhA. To validate this, the top 50 associated 
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genes with RhA (obtained from Malacards.org (480)) were plotted from the SEN/SEGA and 

in vitro AML RNA-Seq dataset (Figure 4.7.2). A plot for cortical tubers was also generated 

and showed similar trends (not shown). 
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Figure 4.7.2. Rheumatoid Arthritis-associated genes were upregulated within TSC2-deficient cells. 

Volcano plots showing a set of RhA-associated genes within (a) in vitro AML cells and (b) TSC 
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patient derived SEN/SEGAs. Both the in vitro and in vivo datasets demonstrate upregulation of genes 

that are associated with RhA. The top 20 most significant genes are labelled.  

To build from this, an IL-1β inhibitor was purchased. As mentioned prior, DCN is a treatment 

for RhA, and works through inhibition of IL-1β receptors and IL-1β production within cells, 

wherein the latter function comes from the metabolite, rhein. Interestingly, while we see that 

IL-1β signalling appears dysregulated in TSC (with IL-1β scoring a 3.4-fold change), GO 

data also highlighted a disease similarity of TSC to RhA. RhA scored as the third highest 

disease match (preceded by TSC and lupus erythematosus) in the top 300 upregulated genes 

in SEN/SEGAs, and the eighth highest within cortical tubers. To begin this investigation, 

TSC2-deficient AML and Tsc2-deficient MEF cell lines were treated with DCN, and the 

effect on STAT3/NF-κB activity was determined (Figure 4.8.1). DCN 25 µM is within 

clinical relevance with respect to known systemic circulation (481). Due to metabolism of 

DCN to rhein, 50 µM is also close to clinical relevance. 

Figure 4.8.1 Diacerein potently reduced STAT3 tyrosine-phosphorylation in TSC2/Tsc2-deficient 

cells. (a) TSC2-deficient AMLs were treated with DCN (25 or 50 μM), or rapamycin (50 nM) for 24 h 
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prior to lysis and analysis by western blot. n = 3, one-way ANOVA with Dunnett’s multiple 

comparisons. Data normalised to β-actin. (b) Tsc2-deficient MEFs were treated with 25 μM DCN for 

24 h and analysed by western blot. n = 3, unpaired t-test. Data normalised to β-actin. 

STAT3 phosphorylation in TSC2-deficient cells appears to be partially dictated by IL-1β 

signalling. This is shown clearly by the inhibition of STAT3 phosphorylation by DCN in both 

cell lines. However, the apparent upregulation of RelA phosphorylation is contradictory, if we 

assume that RelA phosphorylation is a key marker of NF-κB activity. This is unexpected 

when we consider the supposed mechanism of IL-1β signalling. Typically, IL-1β functions 

via binding to the dimerised IL1R1/IL1RAP receptor, leading to the phosphorylation and 

degradation of IκB, leading to NF-κB activation (482). This signalling mechanism can 

become a self-sustaining cycle, via NF-κB-dependent stimulation of the NLRP3 

inflammasome, which in turn upregulates caspase-1 to cleave IL-1β to the active form (483). 

NF-κB activity can also stimulate the production of IL-1β directly (484). However, it would 

appear that this increase in NF-κB activity via RelA phosphorylation (while lower in TSC2-

deficient AMLs), is not sufficient to return the high level of Y705-phospho-STAT3. It is 

reasonable to point out a limitation in the work so far with regards to identifying NF-κB 

activity: the phosphorylation of RelA on the serine site is not the only indicator on the current 

state of NF-κB signalling. The state of NF-κB could be further investigated in future 

experimentation by transcriptional activation ELISAs (as in Chapter 3). Furthermore, while 

RelA phosphorylation on S536 is typically considered as being the standard post-translational 

modification of RelA for pro-transcriptional activity, a recent study suggests that it may have 

inhibitory activity of NF-κB signalling (485). 

To expand on this, the effect of DCN on IL-6 secretion in TSC2-deficient AML cells was also 

assayed. Conditioned media was collected after 24 h treatment with DCN and assayed for IL-

6 via ELISA as described in the previous chapter (Figure 4.8.2). ELISAs were performed as 

described in Chapter 3. 
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Figure 4.8.2. Diacerein potently increases IL-6 

secretion in TSC2-deficient AML cells. TSC2-

deficient AML cells were treated with DCN for 

24 h and IL-6 media concentration was assayed 

by ELISA. n = 3, one-way ANOVA with 

Dunnett’s multiple comparisons. Data 

normalised to total protein quantification. 

 

 

 

 

 

Surprisingly, DCN significantly increased IL-6 secretion in the TSC2-deficient AML cells by 

around 5-fold (at 100 μM DCN). This was unexpected, given that DCN could also greatly 

reduce Y705 STAT3 phosphorylation. These findings are in contrast with other studies. One 

study found that DCN reduced IL-6 concentration and Y705 p-STAT3 in the colon of rats 

after induced colorectal cancer (486). It could be expected that high IL-6 production would 

boost STAT3 phosphorylation after DCN treatment. This may not occur because DCN may 

be able to inhibit IL-6 binding to IL-6R (487). This strongly demonstrates the overall 

applicability of DCN in treating TSC; DCN may suppress dysregulated IL-1β and IL-6 

signalling. To further investigate the role of IL-1β signalling in TSC, a specific IL-1β 

inhibitor would need to be investigated in similar assays. 

 

Currently, we see that despite an induction of IL-6 secretion, DCN can reduce 

phosphorylation of Y705 in STAT3, indicating a strong potential for combatting TSC-

mediated inflammation. To further investigate this, anchorage-independent colony formation 

assays were used in TSC2-deficient AMLs and Tsc2-deficient MEFs (Figure 4.9).  
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Figure 4.9. Diacerein reduced colony growth in TSC2-deficient cells. (a) TSC2-deficient AML cells 

were grown over a period of 4 weeks in soft agar. Cells were treated with increasing concentrations of 

DCN, rapamycin, or a combination of DCN (at 75 μM) and rapamycin. (b) Tsc2-deficient MEFs were 

grown over a period of 3 weeks in soft agar. Cells were treated with increasing concentrations of 

DCN. One-way ANOVA with Tukey’s multiple comparisons.  

Like the previously assayed inhibitors that reduced STAT3 phosphorylation, DCN was also 

able to reduce the formation of colonies, hinting at a potential anti-tumour activity when 

targeting IL-1β. IL-1β is upregulated in many cancers. Since IL-1β stimulates NF-κB activity, 

IL-1β signalling promotes proliferation, angiogenesis, and migration through inflammatory 

pathway activation (488). Interestingly, while IL-1β is acknowledged as having a pro-

tumorigenic effect in some regards, the presence of IL-1β in tumours is thought to have 

positive effects too. Specifically, IL-1β recruits neutrophils which can combat tumour growth 

(489). Transcriptomic data suggests a high degree of immune invasion within TSC-derived 

tumours (which may be in part due to IL-1β release), however it appears that TSC-derived 
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tumours are immune-evasive. This may be in part due to the high abundance of immune 

inhibitory regulators as mentioned in Figure 4.5.3. It is perhaps more likely that enhanced IL-

1β signalling contributes to a positive NF-κB feedback loop in TSC-derived tumours. This 

has been observed within cancer cells with high RelA and IL-1β, and typically confers 

chemoresistance (488). 

Next, the study investigated whether diacerein had enhanced effects on cell viability within 

TSC2-deficient AML or Tsc2-deficient MEF cells, compared to wild type. To do this, TSC2(+) 

and TSC2(−) AMLs, or Tsc2(+/+) and Tsc2(−/−) MEFs were treated with DCN for 24 h, and cell 

viability was assessed (Figure 4.10).  
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Figure 4.10. Diacerein has limited selective cytotoxicity on TSC-diseased cells. (a) AML cells and 

(b) MEF cells were treated with increasing concentrations of DCN for 24 h under serum starvation 

and viability was assayed. (b) MEFs were treated with increasing concentrations of DCN for 24 h and 

viability was assayed. n = 3, two-way ANOVA with Šidák’s multiple comparisons. 

DCN did not induce significantly different levels of cell death in either cell line, although 

TSC2(+) AMLs did appear to lose viability at lower concentrations than TSC2(−) AMLs (not 

significant) (Figure 4.10a). DCN induced selective cell death in Tsc2(−/−) MEFs at a high drug 
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concentration of DCN (Figure 4.10b). As mentioned in Chapter 1, using TSC2(+) AMLs in 

viability assays could be problematic. As such, these results are relatively unclear, but could 

hint towards a level of cytotoxicity with DCN treatment in TSC-derived tumours.  

The effects of DCN on cell migration was tested next via wound scratch assay (Figure 4.11). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11. Diacerein reduces migration of TSC2-deficient AML cells. Wound scratch assays were 

performed as before, with measurements taken at 0, 24, 48, and 72 h. 500 μm scale bars shown.  n = 

3, two-way ANOVA with Šidák’s multiple comparisons. Data for 72 h timepoints was not used in 
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statistics due to heightened cell death at this time point. Comparisons were performed at the 48 h 

timepoints. #: p < 0.0001. 

DCN significantly reduced wound closure compared to control (Figure 4.11). The effect of 

DCN on cell proliferation was also tested in TSC2-deficient AML and Tsc2-deficient MEF 

cells (Figure 4.12).  

 

 

 

 

 

 

 

 

 

 

Figure 4.12. Diacerein was not effective at reducing cell proliferation in TSC2/Tsc2-deficient cells. 

CyQUANT cell proliferation assays were carried out on (a) TSC2-deficient AMLs and (b) Tsc2-

deficient MEFs during treatment with DCN. n = 3, one-way ANOVA with Dunnet’s multiple 

comparisons. 

DCN appeared ineffective at reducing proliferation in TSC2-deficient AMLs but did slow 

proliferation in Tsc2-deficient MEFs at the higher concentration (Figure 4.12). 

The previous set of experiments highlighted potential benefit to IL-1β inhibition in TSC with 

the RhA drug, DCN. Specifically, DCN reduced anchorage-independent growth in TSC2-

deficient cells while also slowing migration. Similarly, DCN reduced migration of TSC2-

deficient cells. As described in section 4.3.1.3, this could be beneficial in the treatment of 

LAM which is characterised by tumour cell migration. 

To further identify the role that IL-1β could be playing on inflammatory processes in TSC, 

RT-qPCR was used to analyse gene expression of various markers, as before. TSC2-deficient 

AML cells were treated with either DMSO, 50 μM DCN, 50 nM rapamycin, or a combination 
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of DCN and rapamycin for 24 h. RT-qPCR was then run on generated cDNA for these treated 

samples (Figure 4.13.1-13.3). 

Figure 4.13.1. Diacerein was effective at reducing some immune checkpoint regulators. RT-qPCR 

was performed on TSC2-deficient AML cells. Gene expression of (a) PDCD1LG2, (b) CD276, (c) 

VSIR, and (d) LAG3. n = 3, one-way ANOVA with Tukey’s multiple comparisons. Data normalised to 

IPO8.  

Figure 4.13.2. Diacerein reduced inflammatory cytokine gene expression. RT-qPCR was performed 

on TSC2-deficient AML cells. Gene expression of (a) IL6, (b) IL15, (c) IL1B, and (d) CCL2. n = 3, 

one-way ANOVA with Tukey’s multiple comparisons. Data normalised to IPO8. 
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Figure 4.13.3. Diacerein may reduce migration via inhibition of FN1 and ICAM1 gene expression. 

RT-qPCR was performed on samples of TSC2-deficient AML cells. Expression of (a) FN1, and (b) 

ICAM1 was analysed. n = 3, one-way ANOVA with Tukey’s multiple comparisons. Samples 

normalised to IPO8. 

Like BMS345541, DCN was able to reduce the gene expression of many inflammatory 

genes. Specifically, DCN was very effective at reducing expression of immune checkpoint 

regulators, cytokines, and pro-migratory genes. Samples for these experiments were generated 

simultaneously with those in figures 4.5.1-2, and 4.5.4-5. As such, the data for DMSO and rapamycin 

are the same. It is interesting to observe that no treatment used in these experiments could 

reduce IL6 gene expression, and instead would increase IL6 expression. As described earlier, 

this may be due to the duration of the treatments used. However, this data also suggests 

compensatory mechanisms that arise in the inflammatory state of TSC during pathway 

inhibition that may contribute to disease pathology. This may be apparent in the treatment of 

TSC patients with rapamycin. While rapamycin appears to be able to reduce some 

inflammatory signals within the data so far, the increase of other signals (such as IL-6) may 

contribute to the development of treatment resistant epilepsy. In the context of DCN 

treatment, the (low-significance) increase in IL6 expression likely correlates with the strong 

increase in IL-6 secretion that was shown previously. However, this effect may be nullified if 

DCN suppresses IL-6 signalling via competitive binding of IL-6R. 
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Further work on the development and usage of an in vitro TSC2-deficient neuronal model 

will be shown in the following chapter. However, here it can briefly be shown that DCN was 

effective at reducing IL-6 secretion within TSC2-deficient neurons (Figure 4.14). 

 

 

Figure 4.14. IL-6 secretion can be 

increased in TSC2-deficient neural cells 

by rapamycin, and reduced by DCN. 

IL-6 secretion was measured by ELISA 

in TSC2-deficient neural cells after 48 h 

treatment with either rapamycin, or 

DCN. Rapamycin treatment 

significantly increased IL-6 secretion. 

DCN reduced IL-6 secretion, however 

this did not reach statistical 

significance. n = 3, one-way ANOVA 

with Dunnett’s multiple comparisons.  

 

While the results here did not reach statistical significance, the data still shows a trend. DCN 

appears capable of reducing IL-6 secretion in TSC2-deficient neurons. This is in contrast to 

previous results, wherein DCN increased IL-6 production in AML cells significantly. It 

should be noted that treatment conditions were different between cell lines, with a 48 h 

treatment used rather than 24 h.  While not directly compared, IL-6 levels appear far lower in 

TSC2-deficient neuronal cells than TSC2-deficient AML cells; media from untreated TSC2-

deficient neurons had IL-6 at around 17.5 pg/mL, whereas this was closer to 500 pg/mL in 

the TSC2-deficient AML cells. This could highlight differential regulation of IL-6 in TSC2-

deficient AML and neuronal cells, and thus highlight the need for in vitro neuronal models. 

 

 

 



132 
 

4.3 Conclusion 

In this section, the influence of anti-inflammatory pathway inhibitors was analysed in TSC2-

deficient cells. Specifically, the formation of anchorage-independent colonies of TSC2-

deficient cells, as well as cell migration was reduced via direct IKK inhibition (with 

BMS345541), or drugs that could indirectly inhibit NF-κB. The potential therapeutic 

applicability for using IL-1β inhibitors was demonstrated.  DCN was highlighted as a potent 

drug that markedly reduced the elevated inflammatory pathways in TSC cell line models. 

Most obvious was the very strong inhibition of phosphorylation of STAT3 on the Y705 

residue. DCN was also effective at slowing colony formation and cell migration of TSC2-

deficient cells, and reduced the gene expression of various inflammatory cytokines and 

immune checkpoint regulators. As an approved drug with relatively mild side effects, DCN 

may be appropriate for the treatment of TSC (476). However, due to a lack of inhibition on 

RelA phosphorylation and the knowledge that DCN may function to block STAT3 activity 

through inhibition of IL-6 receptor binding, it is not possible to confirm if the effects seen 

after DCN treatment are due to IL-1B inhibition. To confirm this, investigation with specific 

IL-1β inhibitors would be required. Further investigation into DCN within TSC will be 

carried out in the following chapter.  
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Chapter 5: TSC2-deficient iPSC Model for Neuronal Model 

Generation 

5.1 Introduction 

TSC patients typically present with SEN/SEGA and cortical tubers. Cortical tubers occur in 

around 80-90% of TSC patients and typically develop in the cerebral cortex, but can also 

occur deeper within the brain (323). Cortical tubers are believed to be a key determining site 

in TSC-associated epilepsy, with a distinction being made between non-epileptogenic tubers 

and “hot” cortical tubers. Surgery is often employed to remove these “hot” cortical tubers, 

providing an effective but invasive means of alleviating treatment-refractory epilepsy (324). 

Cortical tubers are associated with a prevalence of astrocytes and other glial cells, 

malformed/dysplastic neurons, and giant cells that are believed to arise as poorly 

differentiated astrocytes or neurons (490). Enhanced cytokine activity as well as receptors for 

excitatory neurotransmission has been observed in cortical tubers, likely hinting towards a 

derivation of epilepsy (491). SEN/SEGAs refer to two categories of related tumours. 

Importantly, SENs are typically thought to be asymptomatic, and like cortical tubers, contain 

a mixture of neurons, glial, and giant cells (492). The growth of SEGAs (typically near the 

foramen of Monro) can cause obstruction of cerebrospinal fluid leading to hydrocephalus and 

increasing the morbidity of TSC patients (493). SEN/SEGAs typically show no specific 

symptoms until hydrocephalus occurs (300), meaning that routine monitoring of TSC patients 

is advisable for positive patient outcomes. Tumours of the CNS are believed to be the leading 

cause of death in TSC patients (494), highlighting the importance of research into this subset 

of TSC-associated tumours.  

Various in vitro models have been employed to investigate the development of brain tumours 

in TSC patients. Costa et al. (2016) investigated mTORC1 inhibition on the outcome of 

neurodevelopment in TSC2-deficient iPSCs (495), demonstrating that early inhibition of 

mTORC1 in development is capable of correcting much of the dysregulated 

neurodevelopment that may occur in TSC. Many other studies have utilised stem cell based 

approaches to investigate neurodevelopment within TSC, some of which utilise sophisticated 

three-dimensional approaches to better recapitulate the complex tumour microenvironment 

(496). A particularly interesting study by Blair et al. (2018) utilised a three-dimensional 

model of TSC to investigate cortical tuber development, within which STAT3 activity was a 

large component of investigation (362). However, many of these models have not focused 
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specifically on the neuroinflammatory signature of TSC-associated brain tumours, with the 

role of NF-κB signalling seeming to be unexplored within in vitro TSC brain tumour models. 

This may be a key oversight, as previous data showed that NF-κB signalling was 

dysregulated in TSC patient-derived brain tumours, and NF-κB can play a key role in the 

development of epilepsy (214). 

Within this chapter, TSC2-knockout iPSCs were generated. These cells were then 

differentiated into neuronal cell lineages to serve as a model for TSC-associated brain 

tumours. A summary of this process and the biomarkers used to identify cell types are shown 

here (Figure 5.1).  

Figure 5.1. Steps of neurodifferentiation and markers of cell types. Neurodifferentiation begins with 

iPSCs. These are subject to neural induction and localisation to become glutamatergic neurons by 

incubation in N2B27 media with ALK inhibitors (LDN193189 and SB505124). iPSCs become 

neuroepithelial cells, which proliferate and differentiate into radial glia cells. From here, ALK 

inhibitors are removed. Radial glial cells arrange into neural rosettes: an in vitro representation of the 

neural tube. Radial glial cells divide asymmetrically to generate intermediate progenitor cells which 

migrate and then differentiation into immature neurons. Cells are then maintained within N2B27 

media with supplemented retinoic acid to generate mature glutamatergic neurons. Illustration was 

developed in BioRender. 

These cell models were used to analyse the inflammatory pathways that were identified in 

earlier chapters, with the aim to see how a TSC2-deficient in vitro brain cell line model might 

compare to other available in vitro TSC cell line models. Specifically, this chapter aimed to 
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see how inflammatory pathways could be influenced within TSC-derived brain tumours via 

NF-κB pathway or mTORC1 inhibition, as well as to gain insight into the developmental 

stages of TSC-derived brain tumours. Data gained from this chapter revealed dysregulated 

inflammatory pathways in TSC2-deficient neurons which could be linked to epilepsy and 

autism in TSC.  

5.2 Results 

5.2.1 TSC2 knockout verification and sequencing 

Following revival, cell lines were expanded and the PGP1-TSC2(−) cell pool was subject to 

single-cell cloning to isolate a pure TSC2 knockout. Colonies were selected and expanded 

before being used to generate protein lysates. 6 clones which showed likely TSC2 knockout 

were expanded and sequenced. The presence or absence of TSC2 protein was confirmed with 

western blot, with clone A5 (PGP1-A5) used for further analysis (Figure 5.2a). The presence 

of pluripotency was confirmed with protein expression of OCT4A, NANOG, and SOX2 

levels and compared to wild-type PGP1. AML TSC2(−) cells were used as a negative control. 

Sequencing data is shown as in Chapter 2 with a discordance plot (Figure 5.2b) and Sanger 

sequencing (Figure 5.2c). With confirmation of TSC2 knockout, PGP1-A5 was used to 

develop stocks as a human TSC2 knockout iPSC model. Other clones were also developed, 

but PGP1-A5 appeared to be the most suitable based off of sequencing data. 
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Figure 5.2. Confirmation of purified TSC2-KO PGP1 iPSCs following PGP1 subcloning and 

sequencing. (a) Western blot comparing TSC2(+) and TSC2(−) AMLs, as well as wild-type PGP1 

(PGP1-WT) and PGP1 subclone A5 (PGP1-A5). Protein expression of TSC2 was probed, as well as 

three pluripotency markers: SOX2, OCT4A, and NANOG. As expected, PGP1-A5 showed no TSC2 

expression, but retained pluripotency. n = 1. (b) Discordance plot showing a change in overall 

alignment between bases of the wild-type control and the CRISPR-Cas9-edited sample. An indel plot 

(not shown) demonstrates a 97% presence of indels resulting in frameshift mutations for TSC2. The 

remaining 3% is possibly due to discrepancy in sample preparation resulting in sanger sequencing 

error, as TSC2 protein expression seemed to be null in western blots. (c) Sanger sequence read 

showing the edited region (top) of DNA around the selected guide sequence following CRISPR-Cas9 

transfection. The black dotted line shows the cut location. 

5.2.2 Neurodifferentiation Optimisation for TSC2-KO PGP1  

Initial attempts to differentiate PGP1 cell lines into neuronal cell lineages were unsuccessful 

with regards to PGP1-A5. PGP1-WT and PGP1-A5 cells were differentiated with mirrored 

conditions to generate wild type versus TSC2-deficient neurons. Lysates generated from these 
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cells would have been assayed at varying timepoints to determine differentiation states. 

However, initial differentiation of PGP1-A5 proved unsuccessful, with excessive cell death 

occurring post-passage to fibronectin in TSC2(−) cells (Figure 5.3.1). Unfortunately, the cell 

density was deemed too low to proceed with neurodifferentiation. 
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Figure 5.3.1. PGP1-A5 iPSCs demonstrate reduced viability in neurodifferentiation. PGP1-WT and 

PGP1-A5 iPSCs were subjected to neurodifferentiation (Section 2.14) over a time span of 17 days, 

and which point neurodifferentiation was terminated. PGP1-A5 showed differing morphology of a 

neuroepithelial layer at day 6 with larger, less densely packed cells, compared to PGP1-WT. 
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Following a passage to fibronectin coated plates at day 10, PGP1-A5 showed markedly reduced 

confluency at days 12 and 17, compared to PGP1-WT.  

Figure 5.3.1 shows an initial hint of the altered differentiation processes within TSC2-KO 

iPSCs. Altered morphology was observed early in the differentiation process with a visually 

lower cell-density in PGP1-A5 cells, as compared to PGP1-WT cells at day 6 of 

neurodifferentiation. By day 10, cell density in PGP1-WT cells was becoming too high, 

requiring a passage to fibronectin coated plates to continue the neurodifferentiation process. 

The density of PGP1-A5 was deemed sufficiently high for a passage at this point also.  

Following passaging, PGP1-A5 showed lower cell attachment compared to PGP1-WT, 

leading to markedly reduced confluency. This difference in confluency would significantly 

alter differentiation capacity, as high confluency is required for efficient differentiation within 

this protocol. Therefore, the neurodifferentiation protocol was adjusted to provide higher cell 

seeding densities for the early stages of PGP1-A5 differentiation. 

It is unclear why TSC2-KO iPSCs differentiate in such a different way. However, samples 

generated at day ten of differentiation were generated to re-confirm TSC2-knockout (Figure 

5.3.2).  

 

 

 

 

Figure 5.3.2. PGP1-A5 cells do not express TSC2 protein. These samples were generated at day 10 of 

neurodifferentiation. Each lane represents one sample harvested from separate wells.  

5.3 TSC2(−) iPSC model final usage 

5.3.1 Neurodifferentiation of PGP1-A5 cells 

Following initial attempts at neurodifferentiation, it was decided to re-attempt 

neurodifferentiation using higher passage ratios for PGP1-A5 at key stages in 

neurodifferentiation. Important to note is that at this stage, PGP1-WT stocks were unable to 

be revived after freezing. As a substitute, iBJ4 iPSCs were used as a wild-type control.  
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iBJ4-WT and PGP1-A5 iPSCs were subject to neurodifferentiation, and images were taken at 

day zero, eight (pre-passage), ten (post-passage), and fourteen (Figure 5.4.1). Within this 

neurodifferentiation, the passage to fibronectin coated plates was performed at a ratio of 1:3 

for iBJ4-WT, and 1:2 for PGP1-A5. Notably, cell density was still relatively low post-passage 

for PGP1-A5 cells, as seen at day 10. Higher passage ratios were not used (i.e., 1:1.5 or 1:1), 

because at later stages of neurodifferentiation it was found that PGP1-A5 cells would 

proliferate and metabolise very rapidly, leading to an ultimately higher cell density than iBJ4 

cells. By day fourteen, rapid cell proliferation allowed PGP1-A5 cells to return to 100% 

confluency, like iBJ4. It is likely that low confluency would impact differentiation states. 
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Figure 5.4.1. PGP1-A5 cells can progress with neurodifferentiation following passage to fibronectin 

if passaged at a higher ratio than iBJ4-WT. iBJ4-WT and PGP1-A5 were subject to 

neurodifferentiation and imaged over several time points. PGP1-A5 exhibited differing morphology 

and lower cell attachment post-passage at day 10, but would proliferate sufficiently to proceed with 
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neurodifferentiation. This comparison was performed over a singular neurodifferentiation of multiple 

wells. 

Neurodifferentiation was continued and images were continuously taken (Figure 5.4.2).  

Figure 5.4.2 Differentiation of PGP1-A5 cells and iBJ4-WT cells. At day 17 of differentiation, rosette 

formation can be seen in iBJ4-WT (red circle), but this is not apparent in PGP1-A5.  



143 
 

Post passage to PDL-Laminin plates, by day 20 iBJ4-WT had clear rosette formation with 

neurite outgrowth starting to occur, whereas this was once again less apparent in PGP1-A5 

cells (Figure 5.4.2). Following another passage at day 31, neural growth became more 

apparent in both cell lines at day 32, although this was much denser in PGP1-A5 cell. By day 

36, neurons were beginning to mature in iBJ4-WT, with longer axons and dendrites 

beginning to form. Maturation was less clear in PGP1-A5, with a highly dense, disorganised 

morphology of neural outgrowths. However, neural growth was still apparent.  

 

Figure 5.4.3. Maturation of iBJ4-WT and PGP1-A5 neurons. By day 50 of neurodifferentiation, iBJ4-

WT cells demonstrated long, highly organised neural outgrowth. While neural generation was also 

visibly apparent within PGP1-A5, the cells remained highly disorganised and densely packed. This 

trend was maintained at day 70.  

At the time points of day 50 and day 70, PGP1-A5 appeared to be growing progressively more 

densely packed when compared to iBJ4-WT cells, making it more difficult to identify axon formation 

(Figure 5.4.3). While neural development did visually appear to be occurring, dense packing of 

cells in PGP1-A5 cells were obscuring this development. In earlier stages, neurite outgrowth 

appeared disorganised and tangled, and were surrounded by apparent non-neuronal cells. 

Though this is only based on visual identification, the images give interesting hints to what 
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we may see at the protein level of TSC2(−) neurons. Specifically, it suggests a presence of non-

neuronal cells, as well as high mTORC1 activity (as expected) from still differentiating cells 

and neurons, since typically non proliferating neurons will not exhibit high degrees of 

mTORC1 activity (362).  

To gain a visual idea of cell type, cells were seeded at low density (1:48) from day 64 and 

imaged at 20X (Figure 5.4.4a). A general macroscopic view was also taken at 4X of non-

passaged cells (Figure 5.4.4b). 

 

Figure 5.4.4. Neuronal differentiation of TSC2(−) iPSCs results in mixed cell outcomes, and 

differential macroscopic structures. Cells were imaged at (a) day 66 with a low seeding density at 

20X, and (b) at day 67 at 4X without passage.  

At day 64, iBJ4-WT and PGP1-A5 cells were passaged at low density and then imaged at day 

66 (Figure 5.4.4a). iBJ4-WT cells demonstrated neuronal-like cells and other unidentified cell 

types. PGP1-A5 presented with neurons, but also appeared to have a high degree of what 

appear to be RGCs, signifying a stall in differentiation. At a macroscopic view, PGP1-A5-

derived neurons exhibited slightly larger, more dense neuronal clusters when compared to 
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wild-type (Figure 5.4.4b). It is possible that the apparent representative presence of neurons is 

lower than the actual presence when cells were passaged at a low seeding density. This is 

because mature neurons at this stage of growth are sensitive to passaging.  

Two key features were noted in this section.  

1) TSC2(−) PGP1-A5 iPSCs can be differentiated alongside wild-type iPSCs, however the 

differentiation process exhibits different structural features and milestones. Notably, 

despite severe cell loss upon passages, TSC2(−) cells are able to proliferate in order to 

“catch up”, and then overtake TSC2(+) cells in terms of cell density. It is difficult to 

determine the impact that this drop, and subsequent excess in cell density exerts on 

neurodifferentiation. Cell density is an important component of neural differentiation 

protocols, with high cell density playing a key role in efficient neuron outcomes (497). 

Massively reduced cell density is not a feature that would occur during brain tumour 

formation, so it is difficult to say that this is a reminiscent feature of in vivo neuronal 

growth. Additionally, cell density was relatively quick to recover, so the impact of 

low density was not detrimental to neural differentiation.  

2) The presence of neurons is masked by a comparatively high cell density emerging at 

later stages of neurodifferentiation within TSC2(−) PGP1-A5 cells, compared to wild-

type. While iBJ4-WT showed clear, organised neurite outgrowth and axon extension, 

PGP1-A5 demonstrated tangled and packed neurites, with other crowded cell types 

present. While neurons appear to form in TSC2(−) cells during neurodifferentiation, 

there also appears to be a high presence of other cell types. These cells appear to be 

radial glia, which should not normally be present at this stage of differentiation. 

Notably, this was identified visually, and will be explored more in later sections. 

From these images alone, it is difficult to confirm that the cells pictured in Figure 

5.4.4a (iBJ4-WT) are neurons, and not other cell types such as oligodendrocytes. 

Similarly, from this image alone it is not possible to confirm that the cells imaged for 

PGP1-A5 are radial glia. 

This data shows that overall, this model can be used to observe TSC neural cell production. It 

is important to note that due to differing neurodifferentiation conditions and genetic lineages, 

outcomes may not be perfectly representative.  
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5.3.2 Protein expression during neurodifferentiation of TSC2(−) PGP1-A5 

There was a visually striking difference in neurodifferentiation between wild type and 

TSC2(−) iPSCs. It is reasonable to assume that the overcrowding of cells and especially around 

neuronal clusters in later stages of neurodifferentiation is due to mTORC1 hyperactivity. 

Naturally, we would assume that mTORC1 hyperactivity upon loss of TSC2 would result in 

greater proliferation of precursor cells (neuronal epithelium cells, intermediate progenitors, 

and radial glia). However, the effect of mTORC1 hyperactivity on the actual signalling 

pathways present during neurodifferentiation is less obvious.  

mTORC1 activity is undeniably essential in brain development, particularly within NECs. 

This has been demonstrated in multiple studies that typically use conditional or induced 

knockouts of mTOR activity (498–500). Knockout of mTOR activity in the developing brain 

of mice normally results in reduced cortical thickness, microcephaly, a reduction in 

postmitotic neurons, and a reduction in proliferation of EOMES and Ki-67 positive IPCs.  

mTORC1 hyperactivation shows the opposite effect. Specifically, mTORC1 hyperactivation 

through loss of Tsc1 or Tsc2 in early stages of development results in megalencephaly in mice 

studies, and increased cortical thickness (501). The study cited here focused on mTOR loss in 

RGCs and interestingly reported that the effects of Tsc1 or Tsc2 loss were identical. This 

contrasts with the general consensus that TSC2 (or Tsc2) mutations are more severe than 

TSC1 (or Tsc1) and suggests that the effect of TSC1 versus TSC2 loss is dependent on cell 

type. Specifically, astrocytes harbouring TSC2 mutation may be more pathogenic than those 

harbouring TSC1 mutations. This study also noted that STAT3 hyperactivation was likely 

important in the dysregulated differentiation in Tsc1-mutant RGCs. 

mTORC1 hyperactivation also results in a failure of IPCs to migrate. Magri et al. (2011) 

(502) provided an in depth look into how Tsc1 mutations lead to migration defects in neural 

progenitors. Normal brain development requires migration of neural progenitors from the 

dorsal SVZ to the ventral SVZ. mTORC1 hyperactivation has been shown to compromise 

this migration, leading to a build-up of poorly differentiated cells within the dorsal SVZ. As 

outlined by Magri et al. (2011) (and mentioned above), the cell type which harbours 

TSC1/TSC2 deficiency is of high importance in determining the outcome of brain 

development in TSC.  
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Overall, neuronal differentiation is largely dependent on a selection of sequentially regulated 

transcription factors that guide progression to the next state of differentiation. Samples were 

collected over days 0-40 of neurodifferentiation, and probed for a range of proteins, including 

NANOG, β3-tubulin, Notch2, Eomesodermin (EOMES), T-box brain protein 1 (TBR1), 

Microtubule associated protein 2 (MAP2), Neurogenin 2 (Ngn2), and SOX2. By observing 

relative levels of these factors, we can discern how neurodifferentiation is progressing within 

TSC2(−) cells, and how this may differ from the differentiation of wild-type cells (Figure 

5.5.1).  

Figure 5.5.1. Differential protein expression in PGP1-A5 vs iBJ4-WT during neurodifferentiation. 

Samples were collected during neurodifferentiation at days 0, 10, 20, 30, and 40. Samples were then 

analysed via SDS-PAGE and western blot. Most blots were performed as n = 3, although EOMES and 

S536 p-RelA were n = 2. 
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Subsequent densitometry analysis of these western blots is shown below (Figure 5.5.2-5.5.4). 

Figure 5.5.2. mTORC1, NF-κB, and STAT3 signalling is dysregulated through neurodifferentiation in 

PGP1-A5 iPSCs. Densitometry analysis was performed on western blots of (a) p-rpS6 (S236/236), (b) 

p-RelA (S536), (c) STAT3, and (d) p-STAT3 (Y705) through neurodifferentiation, comparing iBJ4-

WT and PGP1-A5. a, c, and d: n = 3, two-way ANOVA with Šídák's multiple comparisons test. b: n 

= 2. Data normalised to β-actin expression. Relative signal intensity is shown. 

 

This data showed interesting trends in the development of inflammatory signals during 

neurodifferentiation. High mTORC1 activity, as denoted by rpS6 phosphorylation at early 

time points is likely playing a significant role in determining cell fate. As reviewed in the 

paper by Tee et al. (2016) (286), mTORC1 signalling plays a vital role in various stages of 

neurogenesis. One component of this is the generation of radial glia from neuroepithelial 

cells, which should be occurring at early times of neurodifferentiation. Disruption of this 
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delicate process by enhanced mTORC1 signalling is likely enhanced by high RelA 

phosphorylation. 

Interestingly, STAT3 activity does not seem particularly accompanied by NF-κB activity in 

these cells. Previous chapters demonstrated a link between NF-κB signalling and STAT3 

activation, but this is not recapitulated through neurodifferentiation. For example, we would 

expect to see heightened STAT3 phosphorylation on Y705 in PGP1-A5 cells at day 10, but 

this is not the case. Instead, p-STAT3 increases initially during a dampening of NF-κB 

activity, with both inflammatory signalling pathways active at day 30. In the context of 

neurodifferentiation, the close signalling interplay between NF-κB and STAT3 is not as 

clearly apparent compared to non-neuronal cell models of TSC.  

Figure 5.5.3. Neurodifferentiation markers are dysregulated in TSC2-deficient cells. Densitometry 

analysis was performed on western blots of (a) SOX2, (b) Notch2, (c) EOMES, and (d) TBR1 

through neurodifferentiation, comparing iBJ4-WT and TSC2(−) PGP1-A5. TSC2-deficient cells show 

differing expression patterns of key differentiation markers. a, b, and d: n = 3, two-way ANOVA with 

Šídák's multiple comparisons test. c: n = 2. Data normalised to β-actin expression. Relative signal 

intensity is shown. 
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Figure 5.5.3 demonstrates differences in the developmental processes undergone in TSC2-

deficient cells within the earlier stages of neural development. NANOG (shown in Figure 

5.5.1) is one of many proteins responsible for maintaining pluripotency in stem cells (503), 

and NANOG expression is totally removed upon neural induction by day 10. At this point, 

SOX2 and Notch2 levels in both iBJ4-WT and PGP1-A5 begin rising (less so for PGP1-A5). 

SOX2 also functions as a marker for stem cells (504), however is also indicative of the 

presence of radial glia (505), which likely explains the peak in SOX2 expression at day 20 in 

iBJ4-WT cells. At this point, as shown in Figure 5.4.2, neural rosettes are forming.  

Heightening expression of Notch2 was also apparent. Notch2 increased in both cell lines 

from day 0, and by day 30, Notch2 levels drop significantly in iBJ4-wt. Meanwhile, the 

increase in Notch2 levels were less pronounced in the TSC2(−) cells. While this was a trend in 

the data, it did not reach significance. Notch2 is a transmembrane receptor and can maintain 

radial glia. Thus, the high expression of Notch2 in this scenario may maintain a radial glial 

population in TSC2(−) cells, which should otherwise be used up in the asymmetric generation 

of neurons.   

The transcription factors, EOMES (also known as TBR2), and TBR1 are typically expressed 

sequentially and serve as markers of neural development. EOMES expression is typically a 

marker of IPCs, while also serving to epigenetically induce the activation of TBR1 that is 

expressed in immature neurons (278). The blots for EOMES in this set of experiments were 

relatively unclear due to technical issues with antibody, resulting in an n = 2. Measurements 

of bands at the timepoints of day 0 and day 10 were not measured due to a level of 

background noise in the antibody signal. As a comparison, blots from a similar TSC1-

deficient neurodifferentiation experiment will be shown in Figures 5.8.1-5.8.3.  
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Figure 5.5.4. Later stage neural markers develop more slowly in TSC2(−) PGP1-A5 cells. 

Densitometry analysis was performed by western blots analysis of (a) neurogenin 2, (b) β3-tubulin, 

(c) MAP2 (A/B isoforms), and (d) MAP2 (C/D isoforms) through neurodifferentiation, comparing 

iBJ4-WT and TSC2(−) PGP1-A5. n = 3, two-way ANOVA with Šídák's multiple comparisons test. 

Data normalised to β-actin expression. Relative signal intensity is shown. 

Neurogenin 2 is typically expressed within IPCs. As such, it is unsurprising that wild type cells 

express high levels of neurogenin 2 at days 20 and 30 of neurodifferentiation, and the overall 

expression patterns are similar to that of EOMES (Figure 5.5.3). The presence of β3-tubulin typically 

signifies the formation of neurons (506). Surprisingly, β3-tubulin shows little difference between the 

cell types, although we may have expected reduction in TSC2(−) cells due to a reduction in earlier 

developmental markers. Conversely, MAP2 (A/B) seemed to increase more within the iBJ4-WT cells. 
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Similarly, MAP2 (C/D) was detectable at earlier stages in iBJ4-WT cells, compared to PGP1-A5, 

before having similar expression at day 40.  

Here, we see slight differences in neurodevelopmental processes occurring in TSC2(−) cells, 

compared to wild type (Figure 5.5.4). The delay in markers for IPCs may explain the small, 

but apparent delay in MAP2 expression (Figure 5.5.4c and 5.5.4d). Notably, the development 

of the larger A/B isoforms of MAP2 appears to be greater in wild-type cells, signifying the 

development of more mature, and longer neural projections (507). In contrast to this slight but 

significant result, β3-tubulin levels appear to develop at a similar level in both cell lines by 

day 30 and 40 (Figure 5.5.4b). As a cytoskeletal protein associated with neurons, this also 

signifies the development of neurons. Due to a later and lower transient expression of 

neurodevelopmental markers such as neurogenin 2, EOMES, and TBR1, we might expect 

overall neuronal cell development to be lower within TSC2(−) cells. However, the 

development of neurons was apparent visually (Figure 5.4.2 – 5.4.3), although obscured with 

the overgrowth of other cell types. The abundance of other cell types that arise during 

development may be dampening the signal of normalised data for markers such as EOMES 

and TBR1, which otherwise may show a high expression and thus development of neurons 

alongside other glial cells. This may be mediated through the expression of proteins such as 

SOX2 and notch2. As observed, notch2 levels in TSC2(−) cells do not exhibit the same spike 

in expression by day 20 as in wild-type cells. In this way, notch2 may be maintaining a 

population of radial glia. This may be demonstrated by overall SOX2 levels that spike in a 

similar way within wild-type populations, but are generally maintained at a low but persistent 

level in the TSC2(−) cells. This would match with visual data of cells plated at low density, as 

shown in Figure 5.4.4, where TSC2(−) cells at day 66 show a morphology which is similar to 

that of RGCs.  
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Data (not shown) obtained by another lab member, Dr Laura Kleckner, hinted at a similar 

expression pattern in TSC1(−) iBJ4 cells. Specifically, mRNA expression of vimentin, and 

PAX6 were both significantly upregulated within neuronal populations at day 50 of 

neurodifferentiation, when compared to wild-type iBJ4 cells. This would suggest an 

abundance of radial glia in samples (508,509). To accompany this, fluorescent images and the 

outcome of image analysis for TSC1(−) and wild-type iBJ4 cells were also kindly provided 

(Figure 5.6). 

Figure 5.6. TSC1(−) cells develop more astrocytes than wild-type during neurodifferentiation. TSC1(−) 

iBJ4 cells were differentiated alongside iBJ4 wild-type cells by Dr Laura Kleckner. Following fixing 

at day 53 of neurodifferentiation, cells were probed fluorescently for S100 calcium binding protein B 

(S100b) (green), MAP2 (red), and nuclei (DAPI, blue). The images and image analysis were kindly 

donated. The analysis identified a higher proportion of S100b-positive cells within TSC1(−) cells than 

wild-type. 

Fluorescent image analysis of this data may indirectly support the theory of TSC1/2 protein-

deficient cells being locked into radial glia populations for a prolonged period. Once radial 

glia are formed, they will either form IPCs (which later become neurons), differentiate into 

astrocytes once neuronal generation is complete, or alternatively differentiate directly into 

postmitotic neurons (286,510). 

To accompany this data, we can also look towards transcriptomic data of TSC patient-derived 

brain tumours (Table 5.2, Figure 5.7).  
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Table 5.2. Transcriptomic neurodevelopmental markers in TSC patient-derived brain tumours. Using 

transcriptomic data obtained from the brain tumours of TSC patients, as referred to in section 2.2.4, 

the relative expression of various genes relating to neural and glial cell types were analysed. 

Significance refers to p < 0.05. (*: p = 0.052) (NEC = Neuroepithelial cell, RGC = Radial Glial Cell, 

IPC = Intermediate Progenitor Cell, AC = Astrocyte.) Note: GFAP is also a marker for RGCs. 
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Figure 5.7. Pre-neural cell types are upregulated in 

SEN/SEGA. Significantly upregulated/downregulated genes 

of specific cell types were plotted, corresponding to Table 

5.2.  

 

 

 

 

 

The data from Table 5.2 and Figure 5.7 highlight that in general, SEN/SEGA tumours exhibit an 

upregulation of pre-neural cell types, whereas neuron formation is downregulated. Astrocytes also 

appear to be upregulated.  

 

5.3.3 Protein expression during neurodifferentiation of TSC1(−) iBJ4 

To support the data obtained from the TSC2(−) iPSC model, a second neurodifferentiation was 

performed with iBJ4 TSC1(−) and iBJ4 wild-type cells (Figure 5.8.1). This TSC1-deficient 

model was engineered and kindly donated by Dr Laura Kleckner (Harwood Lab, NMHRI, 

Cardiff University) to be used in this project.  
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Figure 5.8.1. Differential protein expression in iBJ4-TSC1(−) vs iBJ4-WT during neurodifferentiation. 

Samples were collected during neurodifferentiation at days 0, 10, 20, 30, and 40. Samples were then 

analysed via SDS-PAGE and western blot. 

For this set of experiments, it should be noted that the comparatively high expression and late 

spike of SOX2 in wild-type iBJ4 cells possibly signifies the presence of radial glia. This 

would demonstrate issues through the neurodifferentiation process, and therefore, the data 

cannot provide a perfectly clear interpretation. If SOX2 expression relates to a high RGC 

population, the spike at day 40 in EOMES expression may relate to the generation of a new 

set of IPCs. The pattern of EOMES expression is strikingly similar to the data obtained from 

neurodifferentiation of TSC2-deficient cells.  

Regardless, a general interpretation of these markers shows a similar set of results to those 

observed in the TSC2-deficient cells, with an overall trend of delayed differentiation, and a 

difficulty in progression to the immature neuron stage, as shown by a weakened expression of 

TBR1 (Figure 5.8.2). 
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Figure 5.8.2. Early to intermediate neurodifferentiation markers are dysregulated in TSC1-deficient 

cells. Densitometry analysis was performed on Western blots of (a) SOX2, (b) notch2, (c) EOMES, 

and (d) TBR1 through neurodifferentiation, comparing iBJ4-WT and TSC1(−) iBJ4. n = 3, two-way 

ANOVA with Šídák's multiple comparisons test. Data normalised to β-actin expression. Relative 

signal intensity is shown. 

Overall, TSC1-deficient neurons seem to show overall lower levels of SOX2 throughout 

neurodifferentiation (Figure 5.8.2a). At earlier stages, this may show a failure to form RGCs. This is 

in contrast to Notch2 expression, where Notch2 gradually appeared to increase in expression within 

TSC1-deficient cells (Figure 5.8.2b). Of note, the expression pattern of EOMES are strikingly similar 

in to the previous data obtained from TSC2-deficient cells. TSC1-deficient cells show a delayed 

upregulation of EOMES expression, suggesting a delay in IPC generation (Figure 5.8.2c). This likely 

corresponds with delayed TBR1 expression (Figure 5.8.2d). It is unclear why EOMES spikes for a 

second time in iBJ4-WT cells. This may be representative of a second round of differentiation.     
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Figure 5.8.3. Neurodifferentiation markers are dysregulated in TSC1-deficient cells. Densitometry 

analysis was performed on Western blots of (a) MAP2 (A/B) and (b) MAP2 (C/D), and (c) GFAP 

through neurodifferentiation, comparing iBJ4-WT and TSC1(−) iBJ4. n = 3, two-way ANOVA with 

Šídák's multiple comparisons test. Data normalised to β-actin expression. Relative signal intensity is 

shown. 

Notably, MAP2 expression appears higher in wild-type cells than TSC1-deficient cells, as 

previously shown in the comparison including TSC2-deficient cells (Figure 5.8.3a-b). Blots 

for GFAP were also performed over the duration. Delayed upregulation of MAP2 isoforms in 

TSC1-deficient cells is likely resultant of delayed EOMES/TBR1 expression, as shown in 

Figure 5.8.2. The initial spike in GFAP expression around day 10 likely corresponds to an 

emergence of RGCs. Notably, this is dampened in TSC1-deficient cells compared to wild 

type, but persists slightly more into day 20. While multiple comparisons showed no 

significance, the overall expression patterns through two-way ANOVA reached p = 0.0004. 
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With the conflation of Table 2 and the other Figures shown here, an overall trend appears to 

emerge. Within TSC patients, tumours appear to have a large comprisal of pre-neural cells. 

Specifically, we see an upregulation of genes which would suggest the presence of NECs, 

RGCs, and IPCs. Conversely, the presence of neurons is significantly downregulated. This is 

not entirely matched by the in vitro data, wherein a somewhat delayed but clear upregulation 

of neural cell markers are observed (such as MAP2 and TBR1). However, development is 

clearly delayed. 

As outlined in the paper by Englund et al. (2005) (511), neurodevelopmental markers occur in 

a sequential fashion. In short, PAX6 is expressed in radial glia, TBR2 (EOMES) is expressed 

in migrating intermediate precursor cells, and TBR1 is expressed in immature postmitotic 

neurons. With additional data that demonstrates dysregulated NF-κB, STAT3, and mTORC1 

activity in TSC2-deficient neural cells (Figure 5.5.2), we can begin to suggest why the delays 

in neuronal development are observed in TSC1/TSC2-deficient cells.  

As outlined by Tee et al. (2016) (286), mTORC1 activity plays a significant role in neural 

development. Specifically, it guides the stages between differentiation and can lead to the 

generation of IPCs from RGCs. It is interesting to note that while TBR2-positive IPCs and 

RGCs are upregulated upon mTORC1 hyperactivity, the number of postmitotic neurons does 

not increase (512,513). In this case, mTORC1 activity is essential for the generation of IPCs 

from an NPC population (514). Therefore, we may hypothesise that if RGCs are not 

terminally committing to neurons in TSC-derived brain tumours, RGCs may instead be 

committing to glial lineages or remaining as dysregulated RGCs. mTORC1 activity also 

guides the migration of IPCs along the processes of RGCs, and a final conversion of dividing 

neuroblasts to mature postmitotic neurons (286). This is not necessarily represented within 

our in vitro TSC2-deficient model, where we see delayed but apparent neural development. 

This is in contrast to the findings in a study which observed mTORC1 hyperactivity leading 

to the formation of highly proliferating IPCs (500). If this were the case, an early and high 

expression of EOMES/Neurogenin 2 within TSC2-deficient cells may have been observed. 

Instead, EOMES expression was delayed in TSC1/TSC2-deficient cells. Similarly, 

Neurogenin 2 expression was delayed in TSC2-deficient cells. However, TSC2-deficient cells 

do appear to exhibit a propensity to delayed terminal differentiation to non-mitotic neurons, 

as marked by a downregulation in TBR1 within TSC1/TSC2-deficient cells, and also a slight 

delay in MAP2 expression. It should be also noted that while mTORC1 hyperactivity 

diminishes over time in both cell lines, it remains higher in TSC2(−) cells overall at all time 
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points measured, as marked by rpS6 phosphorylation. A diminishment in the level of rpS6 

phosphorylation over time could be due to differentiation into non-dividing neurons with 

lower available rpS6. This was suggested in the paper by Blair et al. (362). The studies 

referenced above (except Blair et al.) are generally performed on in vivo models of mice. 

Therefore, their results may not be perfectly recapitulated by the in vitro human cell model 

used here. The expression patterns of rpS6 phosphorylation were relatively predictable. 

Earlier data and the general knowledge surrounding TSC indicates that mTORC1 activity is 

higher within TSC2-deficient cells and would likely remain higher throughout 

neurodifferentiation.  

The activity of NF-κB in TSC neural development is much less well studied. A recent study 

found an elevation of NF-κB related proteins (TNFα, ICAM1, MAPK) within cortical tubers 

of TSC patients (335), but barring this, specific NF-κB targeted research in the neural 

development of TSC patients is incredibly limited. Our data shows dysregulation in the 

expression patterns of NF-κB. Specifically, RelA phosphorylation on serine 536 fluctuates 

throughout days 0-40 of differentiation, but in general appears to be higher within TSC2(−) 

cells. NF-κB activity is known to play a variety of roles in the brain, regulating axonal 

function and morphology, while also exerting both neuroprotective and neural-apoptotic 

effects (515). The effects of NF-κB signalling on neural process outgrowth seem to be mixed. 

NF-κB activity inhibits the growth of neuronal axons in a canonical, TNFα stimulated 

manner (516). However, in the presence of BDNF, NF-κB inhibition appears to have the 

opposite effect, wherein neuron arbor size was reduced (517). In broad studies to assess the 

overall effect of NF-κB knockout in mice, NF-κB has been demonstrated as important in 

neural activity, playing roles in memory and learning (518).  

A review by Dresselhaus and Meffert (2019) (519) looked at NF-κB activity across neural cell 

types. Overall, NF-κB in neurons likely controls inhibitory or excitatory signal transmission, 

and influences control over dendrite/axon formation and plasticity. Interestingly, 

glutamatergic excitatory signals increase NF-κB activity. Meanwhile, glutamate can cause 

excessive NF-κB activity in astrocytes, leading to oxidative stress-induced cell toxicity. 

Under basal conditions, astrocytes do not normally exert NF-κB activity, however, upon 

injury or disease, p-RelA is stimulated to drive NF-κB activity in astrocytes. RelB also plays 

roles in NF-κB activity under injury or disease, but the assays in our study focus 

predominantly on RelA. Perhaps most interestingly, cultured neural NECs expressing a NF-

κB super-inhibitor dominant negative IκBα transgene to suppress NF-κB activity would 
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enhance differentiation into glial lineages rather than neurons (520). This transgene was under 

the expression of the GFAP promoter. Thus, blocking NF-κB activity within radial glia which 

express GFAP was likely preventing neuron formation in this context. Unsurprisingly, NF-κB 

activity also plays a significant role in microglia, controlling activation and 

inflammatory/neurotoxic properties of the immune cells (521). Reduction in microglial-

specific NF-κB activity would lead to the reduced expression of NF-κB target cytokines such 

as IL-6 or IL-1β. Using mice with a conditional knockout of IKKβ in microglia, it has been 

shown that inhibition of NF-κB protects against neural cell death that would occur from 

excessive inflammatory stimulation from a microglial origin (522), but also induces 

behavioural defects in mice (523). This shows the multi-faceted role of NF-κB in microglia; 

NF-κB exerts damaging effects on neurons in the presence of excessive inflammatory 

stimulation, but NF-κB activity in microglia is evidently important in the immune system and 

contributes to proper neuronal function. The in vitro model used in our study does not 

specifically investigate microglia, however the role of the immune system will be 

investigated in TSC patient-derived tumours via transcriptomic analysis later in this chapter.  

A study by FitzPatrick et al. (2018) (524) investigated the longitudinal role that NF-κB plays 

during the neural development process using an in vitro model. Gene ontology analysis 

highlighted an NF-κB activation signature (with regards to TNFα, cytokine, and 

inflammatory signalling). This NF-κB activation signature was high at the stage of 

differentiation between RGC to IPC, suggesting that high NF-κB activity plays a significant 

role in the transition between these two cell types. IPCs were also found to typically express 

higher canonical NF-κB activity. NF-κB activity was also shown to influence maturation of 

IPCs, wherein high NF-κB expression was correlated with low SOX2 and high nestin 

expression in IPCs. Moreover, IPCs with high NF-κB expression committed to less β3-

tubulin expressing neurons, as well as a reduction in SOX10; a neural crest marker which 

would signify the presence of NECs. This corresponded with IPCs that had a relatively high 

level of metabolic activity with enhanced NF-κB. Lastly, autophagy is increased within NF-

κB activated cells. This is interesting, as high mTORC1 activity would normally result in the 

repression of autophagy in TSC2-deficient cells. The overall role that autophagy plays in 

neural differentiation is poorly understood, so it is difficult to say what role the ‘push and 

pull’ of NF-κB/mTORC1 activity has on autophagy and how this might be involved in the 

commitment of neurons during differentiation. It is interesting to note that RelA 

phosphorylation within our data shows comparatively high peaks within TSC2-deficient cells 
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at day 10 and day 30 of neurodifferentiation. The presence of NF-κB activity at day 30 may 

correlate with the presence of IPCs. If related to the study of FitzPatrick et al. (524), this 

would lead to a reduction or delay in neuron formation. This is, in part, shown in our data 

through slightly reduced MAP2 expression at day 30. However, this was not significantly 

reported by 2-way ANOVA.  

STAT3 signalling in neurogenesis has been investigated to a greater depth, however the 

results are still fairly non-conclusive. Most notably, (and probably similarly to mTORC1 and 

NF-κB activity), STAT3 activity likely possesses a temporal component in determining cell 

fate during neurogenesis. One study (which did not discern between neural progenitor cell 

types), determined that STAT3 activity can promote proliferation and suppress the formation 

of neurons (525). Furthermore, while it was previously thought that STAT3 drives the 

formation of astrocytes, this study identified that astrocyte formation is not strictly dependent 

on STAT3 expression, but that STAT3 drives GFAP expression. An RNA-seq analysis was 

also performed, which identified that STAT3-knockout cells expressed markers which would 

correspond with radial glia, and less so with neurons and IPCs. In general, glial markers were 

upregulated upon STAT3 loss. Another key point is that upon STAT3 knockdown, mTOR 

phosphorylation also reduced, suggesting that STAT3 is able to promote mTOR signalling. 

Conversely, STAT3 knockdown lead to a decrease in markers for IPCs and neurons. Thus, 

STAT3 activity is likely implicated in the commitment of neural differentiation. 

Another related study described that activation of STAT3 occurred in neural stem cells (526), 

which is partially shown in our data with STAT3 expression at day 10 of neurodifferentiation, 

and by slight downregulation over time as populations of cell types change over time in wild-

type cells. Interestingly, STAT3 drug inhibition in rats resulted in increased neuron 

generation, demonstrating that the activity of STAT3 is likely inhibiting neuron formation. 

Conversely, following spinal cord injury, STAT3 activity was shown to be beneficial in the 

recruitment of active astrocytes for the repair of damaged neuronal tissue (527). This shows 

that the general knowledge on STAT3 activity in neural development is inconsistent and 

complicated. Importantly, this study demonstrated that total STAT3 knockout was detrimental 

to neural repair and resulted in a large increase in immune cell infiltration, while SOCS3 

knockout (which would boost STAT3 activity) could improve neural repair. The data 

collectively demonstrated that the total level of STAT3 protein was involved in the general 

neural function and repair, whereas phosphorylated STAT3 was driving the reported 

pathogenic signals. The different roles that unphosphorylated and phosphorylated STAT3 



163 
 

have is an important point to discuss and is raised in newer studies (as referenced in Chapter 

3, (383)). For instance, it has been demonstrated that unphosphorylated STAT3 still plays a 

role in transcriptional target activation. Thus, STAT3 expression is likely necessary for 

neuroprotective and regenerative effects via slight inflammatory activity, but excessive 

inflammation is detrimental to repair (where STAT3 would become chronically 

phosphorylated). If we compare this to the data shown previously, high STAT3 expression 

(and phosphorylation) in TSC2-deficient cells may be stalling neural development and instead 

retaining cells in precursor states. This is marked by a delay in EOMES and TBR1 

expression, and a relatively consistent SOX2 and Notch2 expressive state. STAT3 nuclear 

activity in rat brains appears to be more apparent within glial cells, rather than in neurons 

(528). Further adding to this, RGCs were identified as expressing high levels of STAT3, and 

enhanced STAT3 causes a maintained presence of RGCs and reduced neural development 

(529). In this same study, STAT3 was also shown to induce proliferation via symmetrical 

division in RGCs, replicated both in vivo and in vitro. Typically, symmetrical division occurs 

early in development in order to expand the number of RGCs, followed later by asymmetrical 

division which gives rise to more neurons (530), however this appears dysregulated upon 

STAT3 upregulation. This would support the notion that TSC2-deficient cells are promoting a 

glial lineage of astrocytes or RGCs, rather than neurons, and that this is being mediated 

through STAT3 or phospho-STAT3. The levels of SOX2 in our data seem relatively low, and 

variation is not especially pronounced between the timepoints for TSC2-deficient cells, 

however if we look at general pattern alone, the levels of SOX2 seem to roughly mimic that 

of STAT3 total levels. i.e., higher expression at day 10, diminishment at day 20, and then 

increased again at day 30.  

Unlike NF-κB, the role of STAT3 in the development of neurons in TSC has also been 

investigated. A study by Blair et al. (362) utilised TSC1 and TSC2 knockout, or Cre-knockout 

systems to investigate the impact of loss of function in TSC-proteins during neural 

development, within a cortical spheroid model. Importantly, they noted that TSC1- or TSC2-

deficient cortical spheroids generated a greater glial population. They also noted that 

TSC1/TSC2-homozygous knockout cells exhibited a delay in neural protein expression, 

similar to what we observed in the results listed here. To compare, Blair et al. noted 

significant differences in these protein expressions at significantly later timepoints than in our 

data (day 50, 100, and 150), which we were unable to perform due to time constraints. 

Slightly later timepoints in our data will be reviewed shortly. Interestingly, Blair et al. 
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reported an increase in Y705 STAT3 phosphorylation over all timepoints for TSC2-deficient 

cells. TSC1-deficient cells also exhibited greater STAT3 phosphorylation than wild type, but 

less so than for TSC2-deficient cells. In this case, STAT3 phosphorylation gradually 

increased, similar to what was observed with western blot analysis at day 0 to day 40 in our 

results. The variation in observed results may be related to the different types of models used, 

i.e., a three-dimensional spheroid model versus a two-dimensional model. Blair et al. arrived 

at a similar hypothesis: TSC2 knockout could be promoting the formation of glial cells, likely 

through STAT3 activity. Since we previously identified that NF-κB activity may be a driver 

of STAT3, this could suggest that dysregulated NF-κB signalling in neural development is 

driving gliogenic signalling. However, this logic is hampered by a mismatch in expression 

patterns between p-RelA and p-STAT3 in our neurodifferentiation. Blair et al. also identified 

that mTORC1 inhibition with persistent rapamycin treatment was able to reduce the glial 

outcome of TSC2-deficient neural generation, highlighting the prevalent role of mTORC1 

hyperactivation in cell composition of TSC patient-derived tumours. They also noted that the 

timing of mTORC1 hyperactivation (through Cre-knockout of TSC2) played a significant role 

in the outcome of the cells, which is to be expected. Conditional knockout of TSC2 at day 12 

of neurodifferentiation resulted in the highly glial phenotype as exhibited in regular TSC2-

deficient cells. Based on their methodology, this was during the precursor expansion stage, 

likely containing NECs and RGCs. Similarly, mTORC1 inhibition at this stage of neural 

development was beneficial in reversing this phenotype, whereas mTORC1 inhibition at later 

stages did not significantly alter the end result of cell type composition. This is complimented 

by similar data produced by Dr Laura Kleckner, as mentioned before, who utilised a 

reversible Cas13 knockout system of TSC1 (not shown). In this data, a 24 h knockout of 

TSC1 (resulting in a short burst of mTORC1 hyperactivity) at day 8 was sufficient to 

drastically increase expression of vimentin, CD44, PAX6, and S100b1 at day 50 of 

neurodifferentiation. This signifies that mTORC1 hyperactivation is incredibly important at 

the stage of NECs and RGCs in determining cell fate. It also highlights, as mentioned by 

Blair et al., that there is a window of development where mTORC1 inhibition is key in 

preventing the dysregulated glial phenotype that is typically observed in TSC patient-derived 

brain tumours.  

With all of this considered, we can conclude that the inflammatory pathways, NF-κB and 

STAT3, are dysregulated in TSC2-deficient cells of a neural lineage, and that it is likely that 

these are contributing to the dysregulated macro-morphology observed across development. 
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It is likely that mTORC1 hyperactivity is playing a significant role in guiding the 

inflammatory state, as well as playing direct roles in preventing neuron generation. Further 

work would need to be carried out to investigate this further. Mild inhibition of NF-κB, 

STAT3, or mTORC1 throughout the differentiation process would be interesting to observe, 

with regards to how inhibition of these three pathways might interact with one another and 

influence the final morphology of cells. In our experimentation, we did attempt an 

exploratory treatment of long-term rapamycin or BMS345541 supplementation, but due to 

time constraints we were not able to optimise dosage, and neurodifferentiation failed because 

of this.  

 

5.3.4 Inflammatory pathways in mature TSC2(−) neurons 

An insight into how mTORC1 effects the neurodifferentiation process has now been 

observed. A dysregulated inflammatory phenotype throughout neurodifferentiation has also 

been observed. The study next aimed to investigate how these inflammatory pathways persist 

later into differentiation by probing them at days 60 and 70. At this point, cells were able to 

be maintained for prolonged periods with little manipulation, although TSC2-deficient cells 

continued to proliferate and metabolise, as represented by increasing plate cell-packing and 

media acidification. Morphology at day 60 is shown in iBJ4-WT and PGP1-A5 cells (Figure 

9.1a), highlighting the sparse, easily discernible nature of neural projections in wild type cells 

versus the disorganised and clustered organisation in TSC2(−) PGP1-A5 cells. Protein samples 

were also generated at day 60 and used for western blots, comparing protein expression of 

neural markers and STAT3 expression between wild-type and TSC2-deficient neurons (Figure 

9.1b).  
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Figure 5.9.1. Neurodifferentiation of TSC2(−) cells produces neurons and GFAP positive cells. (a) 

Images were taken at day 60 of neurodifferentiation, comparing wild-type cells and TSC2(−) cells. 

Wild type cells demonstrate clear projection of axons or dendrites, with minimal other cell types 

grouping around neural clusters. Conversely, while neural projections can be seen in TSC2-deficient 

cells, other cell types appear to be present. (b) Western blots were performed on samples collected at 

day 60, comparing wild-type cells and TSC2(−) cells. A corresponding densitometry analysis is 

included, with protein expression normalised to β-actin and fold changes from iBJ4-WT samples are 

shown. n = 3, multiple t-tests. Data normalised to β-actin expression. 

Notably, morphology of TSC2(−) cells varied across wells, with patches of high-density, 

poorly differentiated cells accompanied by less dense patches of well-formed neural 

projections (Figure 9.2) 
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Figure 5.9.2. Morphology and cell types vary within populations of TSC2-deficient neural cells. 

Images were taken at 20X of TSC2-deficient neurons at day 60 of neurodifferentiation. Different 

regions of the same well are compared to show heterogeneity in cell populations and morphology. 

Samples and images at day 60 provide an insight into how TSC2(−) cells form neuronal cells. 

Beginning the analysis at MAP2 expression, we see that neural formation appears to be 

progressing within TSC2(−) cells, demonstrating a surprisingly upregulated level of MAP2 

across the C/D and A/B isoforms. Considering our previous data, this is somewhat 

unexpected. When compared to images taken in Figure 5.9.1 and 5.9.2, it is possible that the 

MAP2-expressing neurons are growing underneath the larger number of poorly differentiated 

(and presumably proliferating) cells. While hard to determine with phase contrast images, 

MAP2-expressing neurons remain abundant, buried underneath other cell types. While neural 

formation is clear in this case, it is likely that their function would be dysregulated. 

Comparatively high rpS6 phosphorylation was also observed in PGP1-A5 cells versus iBJ4-

WT cells, signifying mTORC1 activation. This would likely contribute to neuropathological 

processes, such as epilepsy (531). Neurogenin 2 was also slightly upregulated which may 

signify a higher presence of IPCs, although this did not reach statistical significance. It was 

previously suggested that mTORC1 hyperactivation may be stalling neurodifferentiation, 

leading to an upregulation of RGCs and other neural precursors. We may hypothesise that 

while RGCs are upregulated, at some point they may finally commit to conversion to 

terminal neural differentiation. Therefore, high RGC content of TSC2-deficient tumours may 

ultimately cause neural generation, at least within our TSC2(−) in vitro model.  

The results we see in STAT3 activity are unexpected, given the high STAT3 phosphorylation 

on Y705 during earlier stages of differentiation. At day 60, we instead see lower levels of 

Y705 p-STAT3, although once adjusted for by normalisation to β-actin, this difference is 
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minimal and did not reach significance. Based on previous data shown in chapter 3, this 

might suggest that cytokines such as IL-6 are reduced, although it is not clear why this would 

occur. Within TSC patient-derived brain tumours, transcriptomic data shows no significant 

change in IL-6 mRNA in either SEN/SEGAs or cortical tubers (p = 0.424 and 0.889 

respectively), so it appears that IL-6 is not as significantly dysregulated in TSC patient-

derived brain tumours as in their non-neuronal counterparts. STAT3, however, is significantly 

upregulated by 3-fold and 1.8-fold in SEN/SEGAs and Cortical Tubers, respectively. This is 

mirrored in our data wherein STAT3 total expression is nearly 2-fold higher in TSC2(−) cells 

than wild-type. Phosphorylation on the serine 727 residue of STAT3 is upregulated by >4-

fold in TSC2(−) cells. This is unsurprising, as this serine phosphorylation site of STAT3 can be 

directly phosphorylated by mTORC1 (44). The relationship between the serine and tyrosine 

phosphorylation sites of STAT3 has been unclear, with both old and new studies determining 

that S727 phosphorylation exerted regulatory effects on Y705 phosphorylation (532,533). 

However, other studies have reported that S727 phosphorylation of STAT3 may work 

synergistically with Y705 phosphorylation for maximal STAT3 transcriptional activation 

(534,535). The role that S727 phosphorylation plays on overall STAT3 activity, particular with 

regards to Y705-phosphorylation, is likely cell type and context dependent. Overall, the 

function of S727 phosphorylation on STAT3 is relatively unclear compared to Y705 

phosphorylation, but it is believed to play a role in mitochondrial function (536), and 

otherwise has oncogenic effects (82).  

The high S727-phosphorylation of STAT3 in day 60 TSC2-deficient neurons may therefore be 

exerting regulatory effects on Y705 phosphorylation in a manner which is not recapitulated in 

the other TSC2-deficient models shown in earlier data. Alternatively, cytokine production 

may not be as severe in TSC2-deficient brain cells as in the other models and therefore less 

capable of overriding S727-induced regulation on the STAT3 tyrosine site. Cytokine 

production may also be more focused on the promotion of other pathways such as NF-κB, 

rather than STAT3. However, total levels of STAT3 are elevated in TSC2-deficient cells, 

which as mentioned prior, may be able to drive pro-inflammatory action regardless of their 

phosphorylation status on Y705.  

Lastly, we see that GFAP expression is upregulated by approximately 2-fold in TSC2-

deficient cells. This fits with the earlier ideas presented, since GFAP may demonstrate the 

presence of either astrocytes or RGCs. To further explore these trends, TSC1-deficient 

neuronal samples at day 60 of differentiation were also analysed (Figure 5.9.3). 
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Figure 5.9.3. TSC1-deficient neurons exhibit enhanced STAT3 signalling at day 60. Western blots 

were performed on samples collected at day 60 of differentiation, comparing wild-type cells and 

TSC1(−) cells. A corresponding densitometry analysis is included. n = 3, multiple t-tests. Data 

normalised to β-actin expression and fold changes from iBJ4-WT samples are shown. 

Aiming to validate previous data, TSC1-deficient neurons at day 60 were also analysed. The 

results observed here are not fully congruent with those shown in Figure 5.9.2. Specifically, 

STAT3 signalling appears increased in TSC1-deficient neurons, whereas it is decreased in 

TSC2-deficient neurons. In both samples, however, GFAP is expressed at a higher level in 

TSC1/TSC2-deficient cells, signifying the previously discussed hypothesis of either a 

blockade within neurodifferentiation, or enhanced glial differentiation.  
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To further explore the data presented here, samples were also collected at day 70 of 

neurodifferentiation in TSC2-deficient neurons and probed for various targets (Figure 10).  

Figure 5.10. TSC2-deficient neurons exhibit enhanced NF-κB signalling and decreased STAT3 

activity. (a) Images were taken at day 70 of neurodifferentiation, comparing wild-type cells and 

TSC2(−) cells. As before, wild type cells demonstrate a clearer neuronal morphology, while TSC2(−) 

cells were packed with cells. (b) Western blots were performed on samples collected at day 70, 

comparing wild-type cells and TSC2(−) cells. A corresponding densitometry analysis is included, with 

protein expression normalised to β-actin. n = 3, multiple t-tests. Data normalised to β-actin expression 

and fold changes from iBJ4-WT samples are shown. 

Previously it was observed that STAT3 phosphorylation on Y705 was slightly decreased in 

TSC2-deficient neural cells at day 60, compared to wild type, however we observed an 
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upregulation in total STAT3 protein. The difference is now far more pronounced, with STAT3 

phosphorylation on Y705 being approximately 2.8-fold higher in wild-type cells than TSC2-

deficient cells. Additionally, the slight upregulation in STAT3 protein which was previously 

observed in TSC2-deficient cells was not apparent, with equal STAT3 protein expressed 

across both cell lines. The meaning of this is unclear but suggests stark differences between 

the dysregulation of STAT3 between neural cells and the previously analysed in vitro AMLs 

and MEFs (and ELT3s). We previously proposed that STAT3 dysregulation could be driven 

through NF-κB. It seems that this prior theory is inaccurate in the neural model since NF-κB 

is upregulated, whereas STAT3 is downregulated. In the discussion of Figure 5.9 we 

discussed why STAT3 may be downregulated in this scenario, however the data here 

contradicts the data obtained by Blair et al., (2018) (362), where they saw that STAT3 

phosphorylation on Y705 was consistently higher in TSC2-deficient lines over the 5 

timepoints sampled. Overall, the resolution in our study at earlier stages was much higher 

(with sampling every 10 days, rather than with 30-50 day interludes) and we could potentially 

attribute a difference in STAT3 phosphorylation between the two studies to this. For example, 

longer gaps between sampling time may have missed fluctuating STAT3 signals, and it may 

be possible that if allowed to continue growing our model would have once again shown high 

STAT3 phosphorylation on Y705, as in the earlier timepoints of day 0 to day 40. The 

neurodifferentiation models and protocols are not the same and could also be a cause of the 

differences in the data obtained. The issue of genetic lineage may also offer an explanation 

here, since the TSC2-deficient model is a different lineage of iPSCs than the wild-type cells. 

Therefore, results in this chapter cannot be taken with full confidence, however by usage of a 

TSC1-deficient model wherein the genetic lineage is matched between wild-type and TSC1-

deficient cells, similar trends can be observed and taken with better credulity. Further 

confirmation of dysregulated NF-κB activity can be seen by a roughly 1.5-fold increase in 

both the NF-κB1 p105 precursor and the cleaved (active) p50 subunit. Conversely, the NF-

κB2 proteins, p100 and p52, are not dysregulated within TSC2-deficient neurons. This 

provides evidence that TSC2-deficient NF-κB signalling typically occurs through the 

canonical NF-κB pathway rather than the non-canonical pathway.  Due to a lack of a 

transcriptional activation domain, p50 homodimers could repress NF-κB activity by 

competing with other NF-κB dimers for κB promoter sites, meaning that p50 can act as a 

tumour suppressor (537). However, the high abundance of p-RelA probably means that pro-

inflammatory effects through canonical NF-κB signalling are more prevalent.  



172 
 

SOX2 was upregulated by approximately 1.2-fold in TSC2-deficient cells, but this did not 

reach significance. A lack of enhanced SOX2 expression but enhanced GFAP (at day 60) 

suggests an increased presence of astrocytes. This would also be supported by fluorescence 

imaging as demonstrated in Figure 5.6. However, astrocyte markers are not necessarily 

upregulated within TSC patient-derived SEN/SEGAs (Table 5.2), while cortical tubers do 

seem to express higher astrocyte markers (with low significance). This suggests discrepancy 

between the in vitro model and the in vivo brain tumours. While it is still likely true that TSC2 

inactivation is resulting in a blockade during the differentiation process, it may also seem 

apparent that astrocytes are then a final point of termination of the differentiation process. 

More analysis would be needed to confirm this, but due to an inferred overall lower astrocyte 

abundance in SEN/SEGAs, our in vitro model may be a closer approximation of cortical 

tubers in terms of cell types and therefore neuropathology. 

Of note here are the differences in inflammatory signalling mechanisms between TSC1 and 

TSC2-deficeint neurons. As previously stated, the lack of a true control within TSC2-deficient 

neurodifferentiation experiments means that results may be difficult to validate. However, the 

results seem to indicate that inflammation within TSC1-deficient neurons is linked more 

closely to STAT3 signalling, whereas TSC2-deficient neurons is more dependent on NF-κB 

signalling. Despite this, both models presented some similar trends. Both TSC1 and TSC2-

deficient cells appear to show delays in the neurodevelopmental process, and both appear to 

lead to a dysregulated generation of GFAP-expressing cells. 

Despite the confusing nature of STAT3 activity in TSC2-deficient neural cells, the 

dysregulation of NF-κB provides a more consistent story with regards to the data in Chapter 

3. Firstly, significant upregulation of RelA phosphorylation on serine 536. Secondly, a stark 

upregulation in TBK1 phosphorylation on serine 172 was observed. As described in prior 

chapters, this signifies activation of the cGAS/STING pathway, which may be responsible for 

the activation of NF-κB through RelA. However, this is contrasted in Figure 5.9.3 where 

TBK1 phosphorylation was greater in wild-type cells than TSC1-deficient cells. Lastly, while 

PD-L2 upregulation did not reach significance through a t-test, PD-L2 was upregulated by 

roughly 1.5-fold in TSC2-deficient cells. It is possible that PD-L2 is increased through NF-κB 

since PD-L2 could be reduced through NF-κB inhibition in previous experiments. PD-L2 is 

also highly upregulated in TSC patient-derived SEN/SEGAs and cortical tubers (3.9-fold and 

2.4-fold respectively). With this as a basis, we can look to pathway inhibitors as performed in 
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previous chapters with the goal of reducing dysregulated signalling in TSC2-deficient brain 

cells.  

5.3.4 IKK and mTORC1 inhibition in TSC2(−) neural cells  

PGP1-A5 cells were treated at day 68 of neurodifferentiation with either BMS345541 10 µM 

or rapamycin 50nM and lysed on day 70 in sample buffer (48 h treatment). These samples 

were then probed for inflammatory pathway activation (Figure 5.11). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11. IKK or mTORC1 inhibition can reduce some inflammatory signalling in TSC2-deficient 

PGP1-A5 cells. (a) PGP1-A5 neuronal cells were treated at day 68 with either 48 h BMS345541 10 

µM or rapamycin 50 nM, prior to lysis and Western Blot. Corresponding densitometry analysis was 
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performed on (b) p-RelA (S536), (c) p-rpS6 (S235/236), (d) STAT3, (e) p-STAT3 (Y705), (f) PD-L2, 

and (g) p-TBK1 (S172) n = 3, one-way ANOVA with Dunnett’s multiple comparisons. Data 

normalised to β-actin expression and fold changes of signal intensity from DMSO are shown. 

Inhibition of IKK or mTORC1 in day 70 neurons of TSC2-deficient cells show perplexing 

results. IKK inhibition had minimal inhibitory capacity on the targets assayed; while some 

targets did appear to be reduced, these typically did not reach significance. This likely 

correlates with an apparent failure to inhibit NF-κB pathway activation (marked by RelA 

phosphorylation). Due to time constraints, optimisation of inhibitor dosage was not possible 

in the neural model, so the highest prior used concentration of BMS345541 was used for this 

experiment (10 µM). It is possible that this dosage was not suitable due to either cell type or 

cell density. It should be noted that neurons tend to form in large three-dimensional neuronal 

clusters, shown best in figure 5.4.4b. These may provide an insulating effect for in vitro drug 

inhibition. Typically, the concentration of rapamycin used (50 nM) is able to mostly inhibit 

mTORC1 signalling in vitro (as shown by a lack of detected rpS6 phosphorylation), so this 

comparatively high dose was able to produce more substantial effects.  

It is possible that the lack of inhibitory effect by BMS345541 on STAT3 is due to the low 

basal expression of STAT3 in TSC2-deficient neurons anyway. Furthermore, there is likely a 

lack of direct control over STAT3 activity by NF-κB in the neural model. As demonstrated in 

prior data using this model, STAT3 phosphorylation on tyrosine 705 is downregulated when 

compared to wild type. Conversely, NF-κB signalling is upregulated and does not appear to 

be driving STAT3 activity in these cells. Therefore, it is not entirely surprising that IKK 

inhibition with BMS345541 does not alter STAT3 activity. Strangely, mTORC1 inhibition 

was able to reduce both RelA phosphorylation and STAT3 phosphorylation on both the S536 

and Y705 sites, respectively. In Chapter 3, we demonstrated that mTORC1 inhibition was not 

capable of reducing RelA or STAT3 phosphorylation in TSC2(−) cells. This further 

demonstrates differences between an in vitro neural model when compared to an in vitro 

kidney model of TSC, and further suggests the issues of using a singular model for research 

of the pathology of TSC. 

This may link to the state of TBK1 phosphorylation. As previously demonstrated, TBK1 

phosphorylation on serine 176 is highly upregulated in both TSC2-deficient AMLs and neural 

cells, as shown in Chapter 3 and this chapter (Figure 10) respectively. However, pTBK1 is 

significantly more upregulated in neural cells than the previously assayed AMLs. This is 

possibly due to metabolic differences between the cells. TSC2-deficient cells are most likely 
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suppressing mitophagy via mTORC1 hyperactivation, leading to a build-up of dysfunctional, 

“leaky” mitochondria. These release ROS as well as mtDNA which is likely stimulating the 

cGAS/STING pathway and driving pTBK1 phosphorylation, which in turn stimulates the NF-

κB pathway. Neurons are non-mitotic cells, meaning that there is a comparatively small 

turnover of cells in neural cultures (excluding non-neuronal, poorly differentiated cells). They 

are also highly energy-dependent cells, and typically contain a far larger number of 

mitochondria than other cell types (538). In the current hypothesis, this means that we are 

likely to have a more pronounced build-up of TSC2-deficient cells with even more faulty 

mitochondria. This hypothesis may be partially confirmed by the increase in TBK1 

phosphorylation at day 30 of neurodifferentiation (Figure 5.1, n = 1)), when neurons are 

beginning to arise in the cell population. Therefore, we hypothesise that this may explain the 

comparative difference in TBK1 activation. In turn, this may explain why mTORC1 

inhibition shows a more pronounced effect on NF-κB activation in neural cells than in AMLs. 

mTORC1 inhibition may be capable of removing the blockade on mitophagy and lead to 

mitochondrial recycling, therefore removing this inflammatory process. This may also have 

been altered by longer treatment duration in neural samples (48 h) versus the treatments in 

AMLs in Chapter 3 (24 h), wherein more time was permitted for mitochondrial turnover. 

Phosphorylation of TBK1 was reduced slightly (Figure 5.11g) by mTORC1 inhibition. This 

did not quite reach significance via one-way ANOVA (p = 0.08), but with more repeats or a 

longer treatment duration, this effect may become statistically significant. 

Notably, both IKK and mTORC1 inhibition were able to reduce levels of PD-L2, which we 

previously identified as being dysregulated in our datasets.  

Overall, this data shows potential benefit of both treatments in reducing the pathology of 

TSC. The difference in the effect of mTORC1 inhibition at reducing these molecular 

phenotypes in neural cells compared to in vitro AMLs is interesting and highlights a key 

difference between the models. This must be investigated further, specifically with regards to 

NF-κB hyperactivation and pTBK1 activation. It would also benefit to assay combinatorial 

approaches of these drugs. 
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5.3.6 Diacerein in TSC2(−) neural cells 

 

Figure 5.12. Diacerein is highly effective at inhibiting mTORC1 and STAT3 activity in TSC2-

deficient cells. TSC2(−) PGP1-A5 cells were treated at day 68 with DCN 50 μM for a total of 48 h, 

with lysis on day 70. Lysates were then probed for various biomarkers. Western blots are shown 

alongside representative pixel densitometry. The contrast for mTOR was adjusted for visualisation in 

the blot panel to better demonstrate difference in expression, but densitometry was performed on the 

original, unedited image. Data normalised to β-actin expression and fold changes of signal intensity 

from DMSO are shown. 

Treatment with DCN yielded positive results in TSC2-deficient cells. As previously shown in 

other cell lines, DCN is highly effective at suppressing STAT3 activity. Notably, we did not 

identify high STAT3 activity in neural samples, but this is not entirely consistent with other 

studies such as Blair et al (2018). Therefore, we may suggest that STAT3 inhibitory potential 

is still a relevant factor to consider in drug targeting of TSC. As identified in previous results, 

the inhibitory effect of DCN on RelA phosphorylation appears inconsistent, suggesting that 

IL-1β signalling may not be primarily driving RelA phosphorylation. However, DCN was 

able to reduce NF-κB1 p50, likely through reduction of the NF-κB1 p105 precursor. This 

could reduce the formation of p-RelA/p50 heterodimers and thus possibly reduce NF-κB 

transcriptional activity. While non-canonical NF-κB activity has not been observed as 

upregulated (marked by relative protein levels of p100/p52) in TSC2-deficient neurons, DCN 

also reduced NF-κB2 p100 significantly. DCN also reduced p52, but this did not reach 
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statistical significance. Alternatively, DCN may be exerting anti-inflammatory effects through 

other unidentified pathways.  

The effect of DCN on PD-L2 expression was more pronounced, with a significant reduction 

in PD-L2 expression in neurons. Since this reduction does not appear to be reduced alongside 

NF-κB activity, it suggests that PD-L2 is regulated through non-NF-κB-dependent 

mechanisms. Potentially this is through STAT3 activity, although if this were the case, we 

would expect to see STAT3 hyperactivity in the assayed neural samples at day 70. The overall 

mechanism is unclear, but DCN appears potent for reducing this immune-evading protein.  

Lastly, and perhaps most surprisingly, DCN potently reduced phosphorylation of rpS6, 

suggesting a reduction in mTORC1 activity is achieved via suppression of inflammatory 

pathways. This is unexpected, since mTORC1 activity should be constitutive through the loss 

of TSC2. This result possibly comes from a downregulation of the expression of mTOR, the 

catalytic core factor of mTORC1. This may suggest that DCN is downregulating mTORC1 

activity by reducing expression of the core components of mTORC1. As shown above, DCN 

has a highly potent capacity for reducing STAT3 phosphorylation on Y705. Unpublished data 

from within the lab has shown that inhibition of STAT3 can downregulate subunits of 

mTORC1 at the level of gene expression, and increase levels of DEPTOR, and this may 

further elaborate on how DCN might reduce mTORC1 activity. However, DCN increased 

phosphorylation of TBK1 on the serine-172 site. This further complicates the relationship 

between mTORC1, NF-κB, and cGAS/STING signalling in TSC. The previous hypothesis 

was that sustained mTORC1 signalling leads to a build-up of dysfunctional mitochondria due 

to a reduction in mitophagy, and this results ultimately in TBK1 phosphorylation. However, 

as DCN potently reduces mTORC1 activity, we would assume that through the described 

process that TBK1 phosphorylation would reduce. Via direct inhibition of IL-1β signalling, 

we would also expect DCN to lower NF-κB activity. However, this was only partially 

observed. This suggests further complexity to the pathways which needs further exploration. 

Exploration of more specific IL-1β inhibitors would be required to further investigate the role 

of IL-1β signalling in TSC.  

Notably the metabolite of DCN, Rhein, also has neuroprotective effects (539). Despite being 

apparently able to reduce neuroinflammation, Rhein is not believed to cross the BBB, 

although has been detected following traumatic brain injury (540). Arguably, if the blood 

brain barrier is compromised in TSC, this may result in uptake of the drug to the brain. There 
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is credible belief that due to the connection between mTOR activity and angiogenic 

dysregulation, the BBB in TSC patients may be compromised (541). This could be an 

exploitable feature for usage of drugs such as DCN which are not typically thought to 

permeate the BBB.  

 

5.4 Conclusion 

This chapter demonstrated the development of a novel TSC2-deficient iPSC model that was 

used to explore neurodevelopment in the context of TSC. Notably, we show delayed neural 

development and dysregulated (and fluctuating) inflammatory signalling. While it was not 

possible to precisely confirm what cell populations were formed after loss of TSC2 in neural 

development, our data seemed to complement other studies showing that neurodifferentiation 

was also delayed at early stages. TSC2-deficient cells appear to remain as proliferating RGCs 

for a longer duration before committing to terminal differentiation into either astrocytes or 

neurons. It was possible that oligodendrocytes were also formed, but these were not tested for 

within this study. A dramatic upregulation of TBK1 and RelA phosphorylation on serine 172 

and serine 536, respectively, was observed in later stages of neurodifferentiation. In patients, 

this would likely result in the recruitment of immune cells to the lesions. Possibly, these 

events would contribute to TANDs such as epilepsy. Lastly, the potential applicability of IL-

1β inhibition with the rheumatoid arthritis drug, DCN, was identified. DCN was able to 

ablate PD-L2 expression, as well as drastically reduce rpS6 phosphorylation. DCN also 

strikingly blocked STAT3 phosphorylation. The applicability of DCN to reduce STAT3 

activation could be considered as highly relevant for TSC-derived brain tumours and TANDs. 

However, it should be noted that it is not possible to confirm if the effects seen by DCN 

treatment are due to inhibition of IL-1β signalling or IL-6 signalling, and further investigation 

with specific IL-1β inhibitors should be considered. We did not observe an increase in the 

phosphorylation of STAT3 in TSC2-deficient neurons compared to control. This may be due 

to the limitation in the time-points used for analysis, or other confounding factors. Other 

related studies did observe STAT3 activation during neurodifferentiation for TSC2-deficient 

cells compared to control cells, notably Blair et al. (2018). However, even with these 

differences, the TSC2-deficient iPSC model used in this study had a higher basal level of 

some inflammatory signals, which is consistent with the pathology of TSC. 
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The data in this chapter is somewhat limited due to a lack of true wild-type control for 

comparison to TSC2-deficient iPSCs. However, comparisons to TSC1-deficient 

neurodifferentiation studies which possess suitable wild-type controls show similar trends. 

This provides some level of verification of the suitability of the used TSC2(−) PGP1-A5 clone. 

The data here is also limited in the sense that samples at day 60-70 were intended to represent 

a final developmental stage of TSC-derived brain tumours. It should be noted that many 

aspects of the tumour microenvironment cannot be truly reproduced in an in vitro culture 

setting. These cell models lack the appropriate interactions with the immune system and 

dysregulated vascularisation which occurs in TSC. New studies may be able to recapitulate 

this further with three-dimensional organoid or assembloid cultures. Additionally, longer 

culture times, and perhaps a higher resolution in sample collection times, would have been 

preferential. However, these features were not possible due to time constraints.  
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Chapter 6 – Discussion 

This project aimed to investigate inflammatory processes in TSC2-deficient cells. 

Inflammatory signalling was examined within various pre-existing in vitro cell line models of 

TSC (MEF, AML, and ELT3 cells). By exploring inflammation, the project hoped to identify 

the origination of the inflammatory signature that is apparent in TSC2-deficient cells and 

delineate how this may arise from hyperactive mTORC1 signalling. The project also aimed to 

develop a TSC2-deficient iPSC model for the investigation of neural development in TSC, 

and the prevalence of inflammatory pathways within TSC-derived brain tumours. By using 

transcriptomic data obtained from TSC patient-derived brain tumours, the study also aimed to 

investigate the applicability of in vitro cell line model systems to better interpret in vivo TSC-

derived tumours. By identifying inflammatory pathways in TSC, the project aimed to identify 

novel treatment options that would target dysregulated inflammatory pathways. Lastly, the 

presence of inflammatory signalling within TSC was to be analysed within the context of 

neural development. This data would be used to suggest how TSC-driven inflammation 

contributes to the development of TANDs. 

Neuroinflammation is linked to a variety of neuropsychiatric disorders, both within and 

outside of the context of TANDs. For example, neuroinflammation has been characterised 

within psychiatric disorders such as schizophrenia and depression (542,543). A review by 

Matta et al. also highlights the prevalence of neuroinflammation within autism spectrum 

disorder (544), while a review by Aronica & Crino categorises the dominant role of 

neuroinflammation within epilepsy (545). Autism is rarely identified as the direct result of a 

known genetic cause, with TSC being one of these rare cases. Therefore, the known genetic 

causation of TSC as a disease and being able to identify its neuroinflammatory phenotype 

may offer drastic insights into the development of such neurological disorders. Furthermore, 

autism and epilepsy within TSC are intrinsically linked wherein the severity of epilepsy 

increases in the presence of autism (546), meaning that the research of one neurological 

condition within TSC may provide additional insights on the other. Since this heightened 

inflammatory phenotype is observed in vitro (through elevation of several biomarkers 

including STAT3 and NF-κB activation) and in vivo, we could assume that inflammation may 

be contributing to the neurological disease state of TSC. Consequently, neuroinflammation is 

likely a key factor in TSC that is linked to autism and epilepsy. This sentiment has previously 

been suggested by others (333). 
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A dysregulated inflammatory phenotype was observed across all cell line models of TSC. 

Within these models, variation in the inflammatory signatures was apparent at both the 

transcriptomic and protein expression level. Non neuronal in vitro cell models demonstrated 

an upregulation in NF-κB and STAT3 signalling. The TSC2-deficient neuronal cells exhibited 

high NF-κB and low STAT3 activity, while TSC1-deficient neuronal cells demonstrated high 

STAT3 and low NF-κB activity. Part of this study aimed to use a multitude of models to 

explore whether non-neuronal in vitro models were an appropriate model to study 

inflammation in the context of TSC, and whether this reflected the state of inflammation 

found within TSC patient-derived brain tumours. The transcriptomic analysis of TSC patient-

derived brain tumours donated by Jeffrey Mackeigan proved invaluable for this study. The 

RNA sequencing data from TSC2-deficient AMLs allowed for a comparison between TSC 

patient-derived brain tumours and AML cell lines. It was found that many of the dysregulated 

genes associated with inflammatory/immune signalling were consistent between these 

transcriptomic data sets. For example, both in vitro AML cells and in vivo TSC-derived brain 

tumours showed a high upregulation in immune checkpoint regulators such as PDCD1LG2. 

Additionally, NF-κB signalling appears dysregulated within both TSC2-deficient AML cells 

and TSC patient-derived brain tumours. This is matched within the TSC2-deficient neuronal 

model, but not the TSC1-deficient neuronal model. It is possible that this demonstrates a 

reason for the difference in severity between TSC1 and TSC2 mutations found in TSC 

patients; mutations in TSC1 typically present with milder features associated with TSC 

disease. It is possible that TSC2 mutations may present a more severe disease state due to 

dysregulated NF-κB activity which is otherwise not present within TSC1-mutated cells. 

Within Chapters 3 and 4, a presumed feature of TSC was that upregulated STAT3 activity 

within TSC is dependent on upregulated NF-κB activity. This was because both pathways 

seemed hyperactive in TSC2-deficient AML cells and Tsc2-deficient MEFs, and inhibition of 

IKK could reduce the heightened level of STAT3 activity. Data produced within the TSC2-

deficient neuronal model seemed to contradict this. TSC2-deficient neurons exhibited high 

levels of NF-κB activity and low levels of STAT3 (at the day 70 timepoint). Inhibition of IKK 

with BMS345541 seemed ineffective (possibly due to an insufficient concentration of the 

drug, so NF-κB pathway inhibition was incomplete), but mTORC1 inhibition with rapamycin 

was effective at reducing phosphorylation of both RelA and STAT3. Even if the results of 

IKK inhibition within this setting are to be discounted, these results contradict those seen in 

TSC2-deficient AMLs. Results in AMLs seemed to suggest that inflammatory pathway 

activation was relatively independent of mTORC1 activity; mTORC1 inhibition was 
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generally insufficient for suppressing STAT3 or NF-κB activity in AML cells. Overall, these 

patterns may suggest that STAT3 activity in TSC can be, but is not explicitly, driven by NF-

κB activity.  

As described earlier, neuronal cells (due to their non-dividing nature) may demonstrate more 

mitochondrial build-up and therefore have a greater level of cGAS/STING pathway 

activation. This could be represented via the difference in fold change of TBK1 

phosphorylation between TSC2-deficient and TSC2-restored AMLs, versus PGP1-A5 vs 

iBJ4-WT cells (2-fold vs 6-fold, respectively). NF-κB may have an increased reliance on the 

cGAS/STING pathway within neural cells, and this may demonstrate why rapamycin appears 

marginally more effective at reducing inflammatory signalling in neuronal lines. This is only 

the case if we suppose that rapamycin may exert some degree of anti-inflammatory action by 

reactivation of mitophagy. However, the reduction in NF-κB activity of day 70 in the TSC2-

deficient neurons after treatment with rapamycin was marginal and did not reach statistical 

significance. It may be possible that longer treatment durations with rapamycin would have 

made this effect more pronounced.   

The cGAS/STING/TBK1 pathway may offer explanation for the origination of inflammation 

in TSC2-deficient cells. However, it is clear that other inflammatory signalling mechanisms 

must play a role. This is demonstrated by the influence of TSC2-deficient cell-conditioned 

media on TSC2-expressing cells, wherein conditioned media of TSC2-deficient cells potently 

stimulates STAT3 activity. Notably, these experiments did not demonstrate an increase in 

RelA phosphorylation at the short timeframes used. Overall, the experiments with 

conditioned media from TSC2-deficient cells reveal that cytokines are likely propagating 

autocrine pro-inflammatory signalling in TSC. These autocrine mechanisms preferentially 

stimulate STAT3 (and probably other pathways), but not NF-κB, signifying that NF-κB 

hyperactivation may be coming from internal processes within the cell. By exploring this 

further, IL-6 secretion was found to be highly upregulated within TSC2-deficient AMLs, and 

this could be reduced by inhibition of IKK Conversely, rapamycin treatment enhanced the 

levels of secreted IL-6. This data shows that IL-6 secretion is dependent on the NF-κB 

pathway that then leads to STAT3 phosphorylation (likely via IL6 receptors and the 

JAK2/STAT3 pathway). Interestingly, rapamycin could markedly enhance the induction of 

IL-6 secretion after TNFα stimulation. Therefore, this study hypothesised that the 

inflammatory mechanisms observed in TSC may arise from inflammatory 

cytokines/chemokines resultant of NF-κB hyperactivation, and these can then positively 
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influence additional inflammatory pathways. If IL-6 is taken as a broad indicator of the 

production of other NF-κB-induced cytokines, it is possible that NF-κB pathway inhibition 

could be sufficient to reduce inflammation, by attenuating cytokine production. Within brain 

tumours, cytokines and chemokines would serve as attractants and activators of immune 

cells, whilst also stimulating resident neurons. Immune infiltration to brain tumours is likely 

to contribute to the development of epilepsy due to even further cytokine release by active 

immune cells, such as IL-1β, CXCL8, and TNFα (211). It should be noted that the TSC 

patient-derived brain tumour transcriptome data demonstrated a significant upregulation of 

IL1B and TNF (and also CXCL8, though not to statistical significance). Upregulation was 

also observed within cortical tubers, although were not statistically significant. Combined 

with gene ontology analysis, this data indicates that TSC-derived tumours have an increase of 

immune invasion. IL-1β released from tumour-invading microglia may contribute to the 

enhanced excitability of neurons and would worsen seizures (547). In this context, immune 

infiltration may contribute to epilepsy in TSC. IL-6 is implicated within inflammation in TSC 

and is likely a contributing factor (434). An observation made within this study demonstrated 

that IL6 was not significantly dysregulated within TSC-derived brain tumours. While this 

study did attempt to investigate IL-6 within TSC2-deficient neuronal cells, a direct 

comparison between TSC2-deficient and TSC2-expressing neurons was limited; the 

conditioned media samples collected did not demonstrate a high enough level of IL-6 for 

detection (data not shown), and time limits made repeats of this experiment not possible. 

When conditioned media was loaded at a much higher volume within ELISA experiments to 

investigate drug treatments in TSC2-deficient cells, IL-6 could be detected. While a direct 

comparison was not made between in vitro AML and in vitro neurons, the study seemed to 

suggest overall that IL-6 signalling may be less relevant within TSC-derived brain tumours 

than other TSC-associated tumours. It is possible that immune invasion to TSC-derived brain 

tumours may be the primary originators of IL-6, rather than the TSC2-deficeint neurons and 

glia specifically. Alternative cytokines such as IL-1β and TNFα may play a more significant 

role in the disease state, and further investigation into these may provide insight into new 

therapies.  

Previous studies have investigated inflammation in TSC, and enhanced inflammatory 

signalling is often linked to epilepsy in TSC. Highly sophisticated organoid models of brain 

and kidney tumours have been used to investigate TSC, however these do not tend to 

investigate inflammatory pathways (548). A detailed statistical analysis of the SEN/SEGA and 
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cortical tuber datasets used within this study also identified a high inflammatory/immune 

signature in TSC, but did not go into the specific details of inflammatory pathways (51). 

Astrocyte-localised IL-1β has been shown to play a role in the downstream generation of 

various cytokines, and inhibition of IL-1β and CXCL10 has reduced seizure frequency in 

mouse TSC models (333). Notably, mTOR inhibition has been shown to enhance NF-κB 

activity and reduce STAT3 activity (in immune cells when subject to inflammatory stimuli), 

suggesting that the current mTOR inhibitors may have a partially pro-inflammatory effect 

(49). With this information, alongside data presented in this study, it could be hypothesised 

that conventional mTORC1 inhibition is worsening the inflammatory state of TSC through 

NF-κB. This could be attributed to TSC-associated conditions such as treatment-resistant 

epilepsy. FPR2, which is believed to dampen inflammatory and immune responses within 

neuroinflammation, is downregulated in TSC (549), and the expression of FPR2 is inversely 

correlated with NF-κB activity. NF-κB activity in TSC also seems highly context dependent, 

wherein the impact of TSC2 loss (or presence) is dependent on Akt/PTEN or mTORC1 

activity (48). These studies appear to present the limit of NF-κB associated 

neuroinflammation in TSC. There is a high body of research detailing the role of NF-κB in 

the development of epilepsy. The inhibition of NF-κB associated cytokines such as TNFα and 

IL-1β has proved effective at reducing epilepsy (550,551), although this is not in the context 

of TSC. The role of TSC2 mutation in the development of TANDs is still not fully 

understood. Identifying TSC and TANDs through a neuroinflammatory lens may allow us to 

research treatments more effectively for the disease state, and hopefully reduce the 

neuropsychiatric burden on TSC patients as well as the development/re-emergence of 

tumours. 

This study aimed to elaborate on the prevalence of neuroinflammation in TSC, and link 

neuroinflammation-associated TANDs to the dysregulation of NF-κB signalling. A key 

component of this was to observe the state of STAT3 and NF-κB throughout differentiation. 

Like Blair et al. (2018) (362), STAT3 activation seemed to increase drastically within the 

middle stages of neurodifferentiation within the data presented in this study. Strangely, 

STAT3 activity dropped in later sample collection times, but this may have been due to a flaw 

in the study design; TSC2-deficient iPSCs lacked a true wild-type control. Following a cell 

culture contamination, PGP1 wild-type cells were unable to be thawed, meaning that the 

PGP1-A5 TSC2-deficient clone was differentiated alongside iBJ4 wild-type iPS cells. The 

difference in genetic background between these cells could present with different 
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neurodifferentiation and cell-signalling outcomes. To our knowledge, the state of NF-κB 

signalling has not been observed within TSC2-deficient iPS cells throughout differentiation, 

so the study is unique in this regard. While NF-κB appeared to fluctuate throughout the 

earlier stages of differentiation, by later stages the NF-κB pathway was significantly 

upregulated. The heightened level of NF-κB signalling could be linked to the development of 

epilepsy in TSC. As well as increased RelA phosphorylation, TSC2-deficient neurons also 

demonstrated an upregulation in NF-κB1, in both the precursor (p105) and active (p50) 

forms, but not NF-κB2. While RelB phosphorylation could not be probed for in this study, 

NF-κB2 expression was upregulated in TSC2-deficient AMLs, but not NF-κB1. IKK 

inhibition was unsuccessful with a standardly used concentration BMS345541 in the TSC2-

deficient neuronal cells. This limits the conclusions that can be drawn this study regarding the 

involvement of NF-κB. However, usage of non-neuronal in vitro models showed that IKK 

inhibition was effective at reducing the expression of STAT3 and PD-L2. mTORC1 inhibition 

was also able to inhibit these targets in neuronal cells, but less so within non-neuronal 

models. mTORC1 inhibition was also able to reduce RelA phosphorylation in neuronal cells. 

This may allow us to tentatively suggest that 1) NF-κB activity in TSC is driven by different 

pathways depending on the cellular context, and 2) NF-κB inhibition through mTORC1 

inhibition may be partially responsible for the reduction in dysregulated markers such as PD-

L2 in neuronal cells. Further testing of this could involve a transcriptomic analysis to 

determine differences in gene regulation upon NF-κB inhibition between different cell types. 

NF-κB is notoriously difficult to inhibit pharmacologically within cancer cells. A review by 

Wang et al., outlines some of these reasons (552). In brief, NF-κB signalling is highly 

complex, and can be stimulated through a variety of inputs. While the canonical and non-

canonical pathways are key drivers of NF-κB activity, crosstalk with other pathways such as 

mTORC1 can also induce NF-κB. NF-κB signalling is the result of multiple steps, including 

nuclear shuttling, appropriate post-translational modifications (i.e., phosphorylation), and 

dimer formation. The complex nature of NF-κB activation and a lack of appropriate 

biomarkers to determine the activity status of NF-κB makes it difficult to gauge whether drug 

inhibitors are working effectively or not. Furthermore, as NF-κB activity is so ubiquitously 

expressed, inhibition of NF-κB can be accompanied with various side effects. As also 

mentioned prior, the role that RelA S536 phosphorylation may be contentious (485). Despite 

this, many therapies have been shown to reduce NF-κB activity. Many of these function by 

preventing the degradation of the inhibitor, IκBα. Aspirin is a good example (467), where 
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aspirin possibly prevents IκBα degradation via inhibition of the relevant kinase, IKK (553). 

This potentially links to the previously referenced clinical trial in the applicability of aspirin 

for managing TSC-associated seizures (NCT03356769). Many of the drugs selected earlier in 

this study sought to inhibit NF-κB activity indirectly via inhibition of upstream signalling 

events (for example TNFR inhibition by R-7050, and TLR inhibition via Resatorvid), or by 

poorly characterised anti-inflammatory activity (such as SAHA). One interesting modality of 

NF-κB inhibition has been previously explored in TSC. Bortezomib is typically believed to 

exert NF-κB inhibition indirectly by inhibiting the proteosome, leading to the prevention of 

degradation, and subsequent accumulation of IκBα (442). Bortezomib, when combined with 

nelfinavir, which is thought to enhance ER stress via proteosome inhibition (554), was shown 

to have potent cytotoxic effects on Tsc2-deficient rodent cells (357). The authors of this study 

attributed this effect to excessive ER stress; Tsc2-deficient cells have higher basal levels of 

ER stress due to high protein synthesis leading to an abundance of unfolded protein.  

This study highlighted the potential benefit of adjunctive therapy. Anchorage-independent 

growth assays, used as a simple in vitro system to represent tumour growth, demonstrated 

that while IKK inhibition was effective at reducing spheroid formation, this anti-tumour 

effect was further amplified upon dual treatment with rapamycin. Colony regrowth was 

slowed and a reduction in overall colonies was reduced after dual treatment, when compared 

to monotreatment. This work demonstrates the therapeutic potential of NF-κB inhibitors 

when combined with the classical treatment with mTORC1 inhibitors. Combined drug 

inhibition of mTORC1 and NF-κB might be more cytotoxic, resulting in the tumours not 

regrowing after treatment ends. IKK inhibition broadly reduced other phenotypic aspects of 

TSC2-deficient cells, which included proliferation and migration. This is also represented in 

STAT3 activity, wherein combinatorial treatment was more effective at reducing Y705 

STAT3-phosphorylation over longer time periods. Additionally, while IKK inhibition could 

reduce mRNA expression of some inflammatory targets such as FN1 and PDCD1LG2, it 

would increase the expression of others, such as CD276. Combinatorial treatment with 

rapamycin seemed to nullify this effect, preserving the inhibitory capacity of some targets 

whilst dampening the pro-inflammatory signalling which was elicited by IKK inhibition in 

others.   

This study also highlighted the complex signalling interplay between NF-κB, STAT3, and 

mTORC1. Perhaps most striking is the biphasic response of IKK inhibition on STAT3 

activity. For instance, STAT3 phosphorylation rapidly increased upon IKK inhibition before 
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dampening down at later timepoints. This highlights the complex, multi-faceted connections 

between inflammatory dysregulation in TSC, and is also likely due to the poorly 

characterised action of unphosphorylated STAT3.  An increase in unphosphorylated STAT3 

may be leading to a surge in IL-6 expression (383), which then drives STAT3 phosphorylation 

on the tyrosine site (Figure 6.1). However, not all of the details are clear with regards to how 

this signalling interplay occurs precisely within the context of TSC. While this study has 

made headway on delineating these processes, the overall sentiment is that further research 

must be conducted in the complex inflammatory signalling interplay in TSC.  
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Figure 6.1. Indirect inhibition of phospho-STAT3 activity by NF-κB pathway inhibition leads to an 

increase in available unphosphorylated STAT3. Unphosphorylated STAT3 then upregulates IL-6, 

which in turn promotes STAT3 re-phosphorylation on Y705. Illustration produced in BioRender. 

The cGAS/STING pathway has had little research in the context of TSC. Most related 

research has had varied conclusions, suggesting that cGAS/STING/TBK1 activation can both 

negatively or positively regulate mTORC1 (555,556), however no research appears to 

investigate the inverse. It is possible that in TSC, the cGAS/STING/TBK1 signalling pathway 

lies upstream of NF-κB activity. Here, the study reported heightened TBK1 activation in 

TSC2-deficient cells, and it is believed that this is at least partially responsible for the 

heightened activation of NF-κB. From this study, it is hypothesised that NF-κB contributes to 

the overall production of cytokines such as IL-6 that drives a positive inflammatory feedback 

loop. This is worsened in vivo with the recruitment of immune cells, particularly within brain 

tumours, which produce cytokines to prime neurons in a hyper-excitatory state, leading to 
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TANDs like epilepsy. Since epilepsy results in even further cytokine production, TANDs may 

result in a hyper inflammatory state that exacerbates the condition, suggesting why epilepsy 

in TSC is correlated with a worsening of the neuropsychiatric burden (557). Since TSC-

associated epilepsy is among one of the leading causes of death and reduced quality of life in 

TSC patients, it is important to identify the causes and potential treatments to reduce epilepsy 

(111). This study does not present substantial proof that mTORC1 is a central driver of TBK1 

activity but offers some insight. TBK1 activity could not be reduced significantly by 

mTORC1 inhibition over a 48 h treatment period, however this may be due to an insufficient 

duration of treatment. However, connecting the results presented herein with existing 

literature may make this claim more feasible. For instance, mTORC1 activity is known to 

regulate mitochondrial function (558) and mitophagy (559). This process is highly important 

for mitochondria in neurons, wherein mitochondria are continuously remodelled and recycled 

to prevent a build-up of ineffective, poorly functioning damaged mitochondria (560,561). In 

neurons, mitochondria are shuttled to remote axonal regions to provide ATP and assist in 

buffering calcium flux during synaptic transmission (562). Faulty mitochondria are known to 

leak cytosolic mtDNA which can stimulate the cGAS/STING pathway (418). The current 

literature generally links a TSC-implicated build-up of faulty mitochondria to TANDs like 

epilepsy due to increased cellular stress in excitatory neurons and astrocytes (563,564). 

Increased cellular stress from mitochondrial dysfunction also has links to a variety of 

neurodegenerative conditions such as Alzheimer’s disease and Parkinson’s disease (565). It is 

known that cGAS/STING activation can be derived from faulty mitochondria, but the 

neuroinflammatory implications of this signalling remain unexplored (555). Here, it could be 

suggested that an accumulation of faulty mitochondria is leading to an excess of cytosolic 

mitochondrial DNA. This is recognised within the cGAS/STING pathway, leading to TBK1 

phosphorylation. p-TBK1 then activates NF-κB, leading to inflammatory signals that worsen 

the development of TANDs. Seahorse XF was performed to try to analyse mitochondrial 

dysfunction, but ultimately proved unsuccessful, and would be a useful datapoint for future 

work. While not explored in this work, treatments to inhibit TBK1 activation may be 

beneficial in TSC. Amlexanox is a TBK1 inhibitor used for the relief of ulcers and other 

inflammatory conditions (566), and future research could explore the effect of amlexanox in 

TSC. Data on mitochondrial function in TSC is limited and with varied outcomes. One study 

identified higher extracellular acidification rates (ECAR) and lower oxygen consumption 

rates (OCR) in TSC2(+/−) cells (567), and another demonstrated low OCR and high ECAR in 

LAM cells (568). Others have showed that TSC2-deficient cells present higher OCR and 
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ECAR (569,570). These differences may be due to the design of the study and cell type. If we 

speculate that high ECAR and low OCR levels are resultant of the presence of a build-up of 

faulty mitochondria, then this may be implicated in the stimulation of NF-κB in TSC. 

Ultimately, a build-up of faulty mitochondria may be the event that kick starts the 

inflammatory positive feedback mechanisms which are hypothesised here. Once these 

mechanisms exist for a certain period (and are worsened by pro-inflammatory events such as 

seizures and immune infiltration), they may become independently functional of mTORC1 

activity and thus not respond to traditional mTORC1 inhibition. It has been shown that long-

term treatment of Everolimus has greater effects in the reduction of TSC-associated epilepsy, 

meaning that longer treatment durations could be more efficacious in the reduction of 

neuroinflammation (571). A speculative representative diagram of this proposed mechanism 

of inflammation is shown here (Figure 6.2) 

Figure 6.2. Proposed mechanism of the development of inflammation in TSC2-deficient cells. Loss of 

functional TSC2 results in mTORC1 hyperactivation, which in turn leads to an inhibition of 

autophagy and mitophagy. This results in a build-up of faulty, damaged mitochondria. Damaged 

mitochondria release ROS and mtDNA to the cytoplasm, leading to cGAS/STING activation. TBK1 is 

phosphorylated through STING activation, resulting in NF-κB activity which drives 

neuroinflammatory processes and TAND development. Illustration produced in BioRender. 
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A rheumatoid arthritis gene signature was identified in TSC patient derived tumours and cell 

line models, which lead to identifying IL-1β as a potential drug target.  To explore this 

further, TSC2-deficient cells were treated with DCN, an IL-1β inhibitor that is used in the 

treatment of rheumatoid arthritis, and the effect of treatment was tested on the inflammatory 

pathways. DCN proved effective to reduce inflammatory signalling, although DCN did not 

show a significant reduction in RelA phosphorylation. However, other components of the NF-

κB pathway showed a trend in reduction, including NF-κB1 and NF-κB2. Importantly, DCN 

potently reduced STAT3 activation as well as mTORC1 activity. The reduction in mTORC1 

activity was believed to be attributed to a reduction in the mTORC1 core components, LST8 

and mTOR. Unpublished in-lab data demonstrated that these core mTOR components can be 

reduced at the transcriptomic level by STAT3 inhibition, as well as upregulating DEPTOR, 

suggesting a potential mechanism for DCN’s ability to reduce mTORC1 activity.  

DCN’s drug action is to inhibit IL-1β signalling, which would theoretically result in 

inhibition of NF-κB, since IL-1β typically stimulates NF-κB through the canonical pathway. 

It is generally understood that DCN can reduce NF-κB activity in this way (476). While this 

effect was limited in vitro, more prominent inhibition of NF-κB may arise in vivo from DCN, 

since DCN is metabolised to rhein in humans (572). While both DCN and rhein function to 

suppress the IL-1β receptor, rhein is also able to regulate IL-1β signalling by reducing the 

production of IL-1 converting enzyme (ICE), which prevents the cleavage of pro-IL-β to 

mature IL-1β (477). Rhein also blocks MEK/ERK signalling (477). Still, DCN should present 

with some inhibition of the NF-κB pathway in vitro, since it is able to prevent the functional 

assembly of IL-1β receptors. It is possible that some of the effects of DCN shown in this 

study are due to the capability of DCN to block the IL-6 receptor (487), however it is 

unknown whether rhein would also exert this activity. Regardless, the correlation of a 

rheumatoid arthritis gene signature in TSC has not been investigated prior to this study, and 

nor has the translational usage of rheumatoid arthritis drugs in TSC been previously 

considered. The data presented within this study suggests that DCN may have significant 

disease altering effects in TSC. IL-1β is significant within the context of epilepsy, since 

microglia-derived IL-1β can promote hyperexcitability of neurons, and excessive cytokine 

production is also linked to neuronal cell death (217). Due to the mTORC1-inhibiting 

potential of DCN, this study may even propose the substitution of traditional mTORC1 

inhibition by rapamycin with DCN treatment. Issues with the usage of DCN in treating TSC 

should be acknowledged. Firstly, DCN (or rhein) is not typically believed to cross the blood 
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brain barrier (540). As mentioned previously though, the blood brain barrier may be 

compromised within TSC, and this may allow rhein to exert anti-inflammatory effects within 

the brains of TSC patients. Inflammation would also increase the permeability of the BBB 

(573). Within this study, it is not possible to directly assess the condition of the BBB, and this 

may warrant further investigation. Additionally, due to the renal mode of rhein clearance 

from the body, it could be suggested that TSC patients with impaired renal function (due to 

angiomyolipoma) could be at risk of complications from DCN treatment, as DCN treatment 

is typically administered at a low dose in patients with renal complications (574). However, 

DCN has also demonstrated positive effects on renal function by suppressing inflammation 

(575). Aside from these points, DCN generally presents with relatively mild side effects, with 

gastrointestinal issues and mild skin reactions being the most prevalent adverse events (476). 

Further research may determine the potential applicability for this drug in the treatment of 

TSC.  

In conclusion, this study has provided insights on the significant role that inflammation plays 

in the disease state of TSC. Specifically, dysregulated NF-κB signalling was identified, and it 

has been shown that inhibition of the NF-κB pathway is able to reduce a range of 

inflammatory biomarkers in TSC. While non-neuronal in vitro models shared some similar 

inflammatory characteristics to neuronal in vitro models of TSC, the variation in 

inflammatory activation demonstrate that non-neuronal models are insufficient for modelling 

neuroinflammation in TSC. Thus, usage of the neuronal models highlighted important 

mechanisms of NF-κB-driven neuroinflammation, and suggested the cGAS/STING pathway 

as an overall source of this inflammation. Lastly, the study showed potential repurposing of 

the rheumatoid arthritis drug, diacerein, for the treatment of inflammation in TSC. Future 

work may seek to further investigate the state of NF-κB signalling in TSC patient-derived 

brain tumours. In vitro RNA-sequencing would be beneficial to employ in this regard and 

would provide a useful comparison to in vivo TSC patient-derived brain tumour datasets. 

Future studies could also seek to further investigate the applicability of DCN for the 

treatment of TSC, with further research into IL-1β signalling to support this. Furthermore, 

additional readouts of NF-κB activity could be employed by investigating the nuclear 

localisation of NF-κB transcription factors to a higher level. 
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