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Summary 

 

Tuberous sclerosis (TSC) is a genetic tumour syndrome characterised by the formation 

of tumours in multiple organs, including the kidneys. TSC is caused by mutations in the 

TSC1 or TSC2 gene leading to aberrant activation of the mTOR signalling pathway. The 

mTOR signalling pathway regulates numerous biological processes such as cell growth, 

proliferation, metabolism and epithelial-to-mesenchymal transition (EMT). The mTOR 

inhibitor rapamycin (rapalogs) is effective for TSC-associated tumours. However, not all 

TSC-associated tumours respond to rapalogs and tumours usually regrow after 

treatment withdrawal. Therefore, this study aims to test alternative therapeutic 

approaches for treating TSC-associated renal tumours and to investigate mechanisms 

of tumorigenesis in Tsc2+/- mice. 

Firstly, this study presented a new model of EMT activation during tumour progression 

from cysts through papillary adenomas to solid carcinomas in the kidneys of Tsc2+/- mice. 

Effect on EMT and anti-tumour efficacy of the ATP-competitive inhibitor of mTOR, 

AZD2014, was compared with rapamycin in these mice. Both AZD2014 and rapamycin 

inhibited EMT and significantly reduced tumour burden as indicated by number and size 

of tumours. Nevertheless, AZD2014 was not superior to rapamycin for these tumours, 

suggesting that the anti-tumour efficacy was probably achieved mainly through inhibition 

of mTORC1.   

Secondly, this study revealed that renal tumours of Tsc2+/- mice are metabolically active 

with the increased expression of enzymes associated with glycolysis and glutaminolysis. 

The dual inhibition of glycolysis and glutaminolysis with 3-BrPA and CB-839 significantly 

reduced renal tumour burden in these mice. However, this combination treatment was 

not as effective as rapamycin alone. These results suggest that dual inhibition of 

glycolysis and glutaminolysis is unlikely to offer better therapy than rapalogs for treating 

TSC-associated tumours.  

Finally, this study sought to investigate the role of the glycolytic enzyme, Pkm2, in renal 

tumourigenesis of Tsc2+/- mice using doxycycline-induced gene deletion. Pkm2 was 

successfully deleted in the epithelial cells of renal tubules and Pkm2 loss did not have 

significant effect on renal tumourigenesis.  However, increased expression of Pkm1 was 

observed following Pkm2 deletion in renal tumour cells which may functionally 

compensate for Pkm2 loss to promote tumourigenesis.
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1 CHAPTER ONE 

General Introduction 

1.1 Molecular genetics of tuberous sclerosis 

Tuberous sclerosis (TSC) is an autosomal dominant tumour syndrome characterised by 

tumour formation in multiple organs including the brain, kidney, heart, skin, eyes and 

lungs. The current estimated prevalence of TSC is 1:6000 to 1:12,500 live births.  

1.1.1 History of TSC 

The first manifestations of TSC were described in 1835 by Pierre Francois Olive Rayer 

(Rayer 1835) . Rayer published an atlas illustrating skin diseases, revealing a young man 

with facial erythematous papules. These papules closely resembled facial 

angiofibromas, found in TSC patients. Later in 1862, Friedrich Daniel von 

Recklingghausen identified several cardiac tumours or “myomata” and a “great number 

of scleroses” within the brain of a deceased new-born (von Recklinghausen 1862). This 

was the first report of cardiac rhabdomyomas and cortical tubers, often seen in new-

borns with TSC. It was not until 1879 when the term “tuberous sclerosis” was first used 

by Desire-Magloire Bourneville. Bourneville observed white nodular tumours in the brain 

of a deceased 15-year-old girl who suffered from seizures and facial angiofibromas. He 

coined the term “Tuberous sclerosis of the cerebral convolutions” to describe his 

pathological findings (Bourneville 1880). A year later, a second patient who suffered from 

seizures was examined by Bourneville and showed similar cerebral features (Bourneville 

and Brissaud 1881) (Figure 1.1).  

At the end of the 19th century, Balzar and Menetrier recognised patients with adenoma 

sebaceum facial lesions correlated with frequent seizures and mental retardation (Balzer 

and Menetrier 1885). This led to Heinrich Vogt in 1908 to propose a clinical triad of 

seizures, mental handicap and adenoma sebaceum for the diagnosis of cerebral TSC 

(Vogt 1908). Further studies at the beginning and middle of the 20th century started to
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Figure 1.1 Significant events in the history of Tuberous Sclerosis. Adapted from (Kwiatkowski et al. 2010) 
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 reveal the correlation of renal, skin, cardiac and retinal lesions with cerebral TSC. In 

1942, Moolten coined the term “Tuberous sclerosis complex” to recognise and define the 

disease as a multi-systemic disorder, affecting many organs of the body (Moolten 1942) 

(Figure 1.1).  

The new era of non-invasive imaging technologies in the 1970s enabled more accurate 

and robust methods of TSC diagnosis. Imaging techniques developed included 

computed tomography (CT) of the head (1974), echocardiography, renal ultrasound and 

magnetic resonance imaging (MRI) (1982). This led to the expansion of the diagnostic 

criteria from Vogt’s triad by the identification of new clinical manifestations (Lagos and 

Gomez 1967). This also allowed the diagnosis of patients who presented with no clinical 

symptoms, increasing the prevalence of TSC. An early report estimated that only 29% 

of TSC patients fulfilled Vogt clinical triad, with 6% of patients having none of the triad 

features (Dalsgaard-Nielsen 1935). Therefore, a new, updated diagnostic criteria for 

TSC was published in 1979 based on new imaging techniques (Gomez 1979).  Further 

advancement in experimental techniques towards the end of the 20th century led to the 

identification of TSC1 and TSC2 as the TSC causing genes (Figure 1.1). 

1.1.2  Clinical features of TSC 

TSC has an almost complete penetrance with an extensive variety of clinical features. 

TSC affects nearly all organs of the body, causing a wide range of clinical symptoms. 

Organ systems primarily affected include the brain, kidney, skin, lungs, heart and eyes 

(Figure 1.2) (Rosser et al. 2006; Curatolo et al. 2015; De Waele et al. 2015).  

1.1.2.1 Neurological features 

The central nervous system (CNS) is affected in up to 90% of TSC patients. CNS 

abnormalities are the leading cause of morbidity and mortality in these individuals. 

Neurological manifestations include an array of brain lesions causing epilepsy and other 

neuropsychiatric disorders (Curatolo et al. 2015). 

Neurological brain lesions associated with TSC include cortical tubers, subependymal 

nodules (SENs) and subependymal giant cell astrocytomas (SEGAs) (Figure 1.2A) 

(Grajkowska et al. 2010; Northrup et al. 2013). Cortical tubers are focal malformations in 

cortical development resulting in loss of normal cortical architecture and organisation of 
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the cerebral cortex (Ruppe et al. 2014). Tubers vary in size and number and consist of 

abnormal neurons, giant cells and mis-shaped astrocytes (Curatolo et al. 2015). SENs 

are benign growths primarily occurring on the ependymal layer of the lateral and third 

ventricles within the brain. They occur in up to 80% of TSC patients and can be detected 

prenatally (Northrup et al. 2013). They usually begin asymptomatic but can continue to 

grow, degenerate and calcify (Hosoya et al. 1999). SENs that grow greater than 5mm 

have a risk of developing into SEGAs (Figure 1.2A) (Kim et al. 2001). SEGAs are found 

in 5-15% of TSC patients and are slow-growing brain tumours (Grajkowska et al. 2010). 

They are the greatest risk of morbidity and mortality in children and adolescences 

(Adriaensen et al. 2009). Although usually benign in nature, their location with respect to 

surrounding structures and ability to grow can be life-threatening. SEGAs can cause 

narrowing or blocking of the foremen of Monro preventing cerebral spinal fluid circulation 

through the ventricles and to the brain ventricular system. This can lead to an increased 

intracranial pressure, obstructive hydrocephalus and death (Shepherd et al. 1991; 

Grajkowska et al. 2010). 

TSC brain lesions cause a wide range of neuropsychiatric disorders (TANDs) with 

varying degrees of penetrance and severity, known as TANDs. These neurological 

manifestations include intellectual, behavioural, neuropsychological, psychosocial and 

psychiatric disorders (de Vries et al. 2015). Epileptic seizures can occur in 85-90% of 

individuals and 80% of cases happen before 3 years old (Chu-Shore et al. 2010). These 

seizures include focal seizures and infantile spasms. Seizures are associated with 

neurodevelopment delay and cognitive problems throughout life. Autism spectrum 

disorder is also strongly associated with TSC patients, developing in 40-50% of 

individuals, as well as attention deficit hyperactivity disorder (ADHD) in 30-40% of 

individuals (D'Agati et al. 2009; Curatolo et al. 2010). Behavioural changes are frequently 

seen in TSC patients, including aggressive behaviour, mood swings, self-harm and sleep 

difficulties (Prather and de Vries 2004; Eden et al. 2014). Depression and anxiety are 

diagnosed in adolescences and adults at a higher percentage than the general 

population (Leclezio and de Vries 2015). Moreover, around 50% of patients have various 

degrees of intellectual disability. Of those who have normal or above average intellectual 

ability, individuals may still exhibit neurological deficits, such as attentional and memory 

deficits. A recent study has shown that 30% of school-children with TSC of normal 

intellectual ability still have academic difficulties (de Vries et al. 2009) 
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1.1.2.2 Renal features 

Renal manifestations affect 80-90% of TSC patients and are one of the leading causes 
of morbidity and mortality. Renal lesions associated with TSC include angiomyolipomas 

(Figure 1.2B) (AMLs), renal cysts, oncocytomas and renal cell carcinomas. Renal lesion 

number and size increase with age and are the main cause of mortality in patients over 

30 years of age (Northrup et al. 2013; Pirson 2013; De Waele et al. 2015).  

Angiomyolipomas (AMLs) 

AMLs affect up to 85% of TSC individuals and are derived from the renal parenchyma 

(Rakowski et al. 2006). Tumours consist of abnormal blood vessels, smooth muscle and 

adipose tissue (Figure 1.2B) (De Waele et al. 2015). AMLs often appear multiple and 

bilateral. They have been shown to develop in infancy (Ewalt et al. 1998), grow rapidly 

during childhood and continue to grow more slowly into adulthood (O'Callaghan et al. 

2004; Rakowski et al. 2006). They are the most common cause of morbidity in adults 

with TSC. The size and location of AMLs highly affect patients’ prognosis. Large and 

numerous AMLs interfere with normal kidney function by destruction of renal tissue, 

leading to chronic kidney failure (Clarke et al. 1999). Furthermore, due to their abnormal 

vasculature, AMLs can develop micro- and macro- aneurysms (Adler et al. 1984). TSC 

patients with AMLs larger than 4cm are at risk of spontaneous retroperitoneal 

haemorrhage which can be life threatening (Bissler et al. 2002; Yamakado et al. 2002). 

AML-associated aneurysm rupture risk is around 25-50% in TSC adults (Kessler et al. 

1998).  

Renal cysts 

Renal cysts develop in 30-45% of TSC patients (Rakowski et al. 2006). They may be 

detected prenatally and are derived from kidney nephrons. Microcysts cluster within the 

renal cortex before spreading to the renal medulla (Bernstein and Robbins 1991). They 

can range from small, undetectable cysts to large, multiple cysts. Early onset polycystic 

kidney disease (PKD) can develop from gene deletions in the TSC2 and adjacent PDK1 

genes on chromosome 16p13, leading to TSC2/PDK1 contiguous gene deletion 

syndrome. This syndrome has been found to occur in 2-5% of TSC patients (Sampson 
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et al. 1997). Renal cysts, however, can also occur in TSC1-related disease (Rakowski 

et al. 2006). Renal cysts can cause hypertension and renal failure (Miller et al. 1989).  

Oncocytomas and renal cell carcinoma (RCC) 

Oncocytomas and RCC develop in around 2-4% of TSC patients (Al-Saleem et al. 1998; 

Siracusano et al. 1998; Yang et al. 2014). They typically arise more frequently at a 

younger age in TSC patients than the general population (Henske 2005). Oncocytomas 

originate from the collecting duct of the nephron (Zerban et al. 1987) whereas RCC 

derive from the lining of renal cysts (Robertson et al. 1996). The average age of RCC 

development is 28-50 (Al-Saleem et al. 1998). However, RCC can be diagnosed in 

children (Robertson et al. 1996). TSC-associated RCC can develop with various types 

of histology, such as clear cell, papillary, chromphobe or unclassified RCC (Yang et al. 

2014).  

1.1.2.3 Dermatological features 

Skin or dental manifestations are detected in the majority of TSC patients (Northrup et 
al. 2013; Ebrahimi-Fakhari et al. 2017). These include Hypomelanotic macules, 

angiofibromas (Figure 1.2C), fibrous cephalic plaques, shagreen patches, ungual 

fibromas and confetti skin lesions. These lesions do not necessarily cause any serious 

clinical complications but may cause psychological problems for patients (Muzykewicz 

et al. 2007). Hypomelanotic macules are found in 90% of patients and occur in the 1st 

years of life. They are used as a major clinical diagnostic feature if larger than 5mm 

(Table 1.1). Smaller and more numerous macules are classed as confetti lesions 

(Northrup et al. 2013; Ebrahimi-Fakhari et al. 2017). Facial angiofibromas occur in 75% 

of TSC individuals and develop in infancy. They increase in size and number during 

adulthood and may be mistaken for acne (Figure 1.2C) (Teng et al. 2014). Hamartomas 

nodules consist of connective and vascular tissue and found bilaterally over centro-facial 

areas. Shagreen patches are unique to TSC and are large plaques with an uneven 

surface, usually found on the trunk. They are observed in about 50% of patients 

(Northrup et al. 2013; Ebrahimi-Fakhari et al. 2017). Fibrous cephalic plaques mainly 

occur on the forehead and are found in 25% of TSC patients. Histologically, these are 

very similar to angiofibromas. Ungual fibromas do not develop until adolescence or even 

adulthood and are found in 20% of patients. They can occur adjacent to or underneath 
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nails and increase in size throughout life (Northrup et al. 2013; Ebrahimi-Fakhari et al. 

2017)  

1.1.2.4 Lung manifestations 

Lymphangioleiomyomatosis (LAM) is the most common lung manifestation in TSC 

patients and nearly exclusively affects women (Figure 1.2D) (Castro et al. 1995; Henske 

and McCormack 2012). LAM probably develops from the abnormal proliferation of 

smooth muscle cells and cystic changes within the lung  parenchyma (De Waele et al. 

2015). This leads to a gradual destruction of lung tissue, causing progressive dyspnea, 

hemoptysis and respiratory failure (Castro et al. 1995; Henske and McCormack 2012). 

One hypothesis is that LAM is the result of metastatic spread of smooth muscle cells 

from benign AMLs (Astrinidis and Henske 2004). Up to 80% of women with TSC have 

LAM by the age of 40 (Cudzilo et al. 2013). LAM is very rare in men with TSC and male 

sufferers typically have less severe symptoms (Aubry et al. 2000; Adriaensen et al. 

2011). It is suggested that LAM is hormonally linked. This could partly explain why it 

exclusively affects woman and gets worse during pregnancy (Costello et al. 2000). Lung 

transplantation is often required at end stage disease (Eugene 1998). Other lung 

manifestations in TSC patients include multifocal micronodular pneumocyte hyperplasia 

(MMPH) in 40-85% of individuals and clear cell tumours of the lungs (Franz et al. 2001).  

1.1.2.5 Cardiac tumours 

Cardiac rhabdomyomas are often the first identifiable manifestations of TSC. They can 

be recognised prenatally, after only 22-28 weeks of gestation (Figure 1.2E) (Holley et al. 

1995). Around 96% of new-borns with cardiac rhabdomyomas are diagnosed with TSC 

(Bader et al. 2003). These hamartomas are predominantly located in the ventricles and 

composed of irregular cardiac myocytes. They can affect up to 50% of TSC patients 

(Becker 2000; Freedom et al. 2000; Bader et al. 2003). Although usually asymptomatic, 

larger lesions can obstruct blood outflow and cause congestive heart failure (Nir et al. 

1995; Freedom et al. 2000). Rhabdomyomas found in the heart septum can interrupt 

conduction pathways, causing an array of dysrhythmias such as supraventricular 

tachycardia and Wolff-Parkinson-White syndrome (Freedom et al. 2000; Bader et al. 

2003). Interestingly, cardiac rhabdomyomas have been reported to naturally regress and 

disappear during the first years of life (Nir et al. 1995).  
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1.1.2.6 Ophthalmologic lesions 

Retinal and non-retinal lesions can be observed in the eyes of TSC patients (Rowley et 

al. 2001). Retinal hamartomas can be found in 30-50% of TSC individuals, usually 

bilateral and occur at any age (Robertson 1991; Rowley et al. 2001; Franz 2004). There 

are 3 morphological types of retinal lesions. Non-calcified, flat and smooth surfaced 

hamartomas are the most common lesions and are located in the posterior retinal pole 

(Robertson 1991). Retinal lesions are usually asymptomatic unless they affect the 

macula or optic nerve, leading to vision loss or blindness (Figure 1.2F) (Franz 2004). 

Non-retinal problems include eyelid angiofibromas, cataracts, iris depigmentation and 

colobomas (Rowley et al. 2001)
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Figure 1.2 Clinical manifestations of TSC. (A) Brain MRI highlighting SEGA (white 
arrow). (B) Angiomyolipoma of a human kidney (white arrows). (C) Facial angiofibromas 
of a male with TSC. (D) Chest CT scan of a patient with LAM. (E) Fetal echocardiogram 
showing cardiac rhabdomyomas (White arrows; LA: Left Atrium; LV: Left Ventricle). (F) 
Retinal harmatoma in the eye of a TSC patient (Northrup et al. 2013)  
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1.1.3 Diagnostic criteria of TSC 

TSC is diagnosed with a specific clinical criterion. The diagnostic criteria have been 

changed and updated numerous times since Vogt’s triad in 1908 (Gomez 1979; Roach 

et al. 1992; Roach et al. 1998; Roach and Sparagana 2004; Northrup et al. 2013). A 

2012 international consensus group has recently further updated the recommendations 

for TSC diagnostic criteria (Northrup et al. 2013). This criterion predicts a patient’s TSC 

diagnosis as “definite” or “possible”, on the detection of major or minor clinical symptoms, 

summarised in Table 1.1. Patients with two major features or one major feature and 2 

minor features are classed as “definite” TSC diagnosis. Patients with one major feature 

and one minor feature, or 2 or more minor features are classed as “possible” TSC 

diagnosis. The new updated diagnostic criteria have reduced the number of minor 

features it accepts for diagnosis and includes genetic testing as a major criterion.  

A positive identification of a pathogenic mutation, even in the absence of clinical features, 

can confirm TSC diagnoses. A clear pathogenic mutation is described as a mutation that 

inactivates TSC1 or TSC2 function. Genetic testing, however, is not an absolute 

requirement for diagnosis. This is because a mutation in TSC1 or TSC2 is not identified 

in 10-15% of clinically diagnosed TSC patients. Therefore, a normal result does not 

exclude TSC (Northrup et al. 2013). 
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1.1.4 Identification and cellular functions of TSC genes 

Our understanding of TSC has improved dramatically over the past 30 years. With the 

development of new molecular genetic techniques, two genes responsible for TSC, 

TSC1 and TSC2, have been isolated, characterised and their cellular functions revealed.  

1.1.4.1 TSC1 gene 

The first TSC-causing gene was identified by genetic linkage studies in 1987. Fryer et al 

studied 19 multigenerational TSC families using 26 polymorphic markers. It was reported 

that linkage was found between a TSC-causing gene and the ABO blood group gene on 

chromosome 9q34. This locus was named TSC1 (Fryer et al. 1987; Northrup et al. 1987). 

A follow-up study confirmed this linkage by testing a DNA polymorphism in the v-abl 

gene, a gene proximal to the ABO blood group gene (Connor et al. 1987). However, it 

was noted that some families showed no evidence of linkage between TSC and 

polymorphic markers on chromosome 9q34. Continued genetic linkage studies by 

independent groups indicated the possibility of another TSC-causing gene locus within 

the genome, indicating genetic heterogeneity (Sampson et al. 1989; Janssen et al. 1990; 

Northrup et al. 1992; Sampson et al. 1992).  

The TSC1 gene locus was found to be a gene-rich region with over 30 genes. Positional 

cloning of the TSC1 gene within the locus was performed by comprehensive sequencing 

of a cosmid contig and mutational screening of exons by heteroduplex analysis of a 

group of 20 unrelated familial and 40 sporadic TSC cases (van Slegtenhorst et al. 1997). 

This analysis revealed mobility shifts associated with truncating mutations within the 62nd 

exon screened. These mutations were found in 10 of 60 patient samples screened. The 

complete TSC1 sequence was then determined by genomic and cDNA clone sequence 

comparison (van Slegtenhorst et al. 1997). TSC1 gene is located on chromosome 

9q34.13 and contains 23 exons (Figure 1.3A). The full-length 8.6kb transcript consists of 

a 221bp 5’ untranslated region (exons 1 and 2), 3492bp coding region (exons 3-22) and 

a 4.5kb 3’ untranslated region (exon 23). The coding region is translated into a 130 

kilodalton (kDa) protein containing 1164 amino acids named hamartin or TSC1 (to be 

referred to as TSC1 throughout this thesis) (van Slegtenhorst et al. 1997; Gomez et al. 

1999; Cheadle et al. 2000) (Figure 1.3B). TSC1 is a hydrophilic protein with a single 
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transmembrane domain localised to the centrosome of a cell (van Slegtenhorst et al. 

1997). 

1.1.4.2 TSC2 gene 

By genetic linkage analysis, the TSC2 gene was approximately localised to chromosome 

16p13 (1.5Mb) in 1992, using a polymorphic marker close to the ADPKD1 locus (Kandt 

et al. 1992). The isolation of the TSC2 gene was then reported in 1993 (European 

chromosome 16 Tuberous sclerosis consortium, 1993; Kwiatkowski et al. 1993). 

Positional cloning of TSC2 gene was relatively rapid due to previous work by groups 

investigating alpha-globin and PDK1 genes for disorders of haemoglobin and polycystic 

kidney disease, respectively. Both genes lie in the same region as the TSC2 locus on 

the short arm of chromosome 16 and served as fixed landmarks for TSC2 positional 

information (Gomez et al. 1999).  

A cosmid contig of 300kb in the candidate region of TSC2 was constructed from the 

1.4Mb locus when 1.1Mb was excluded through comparison of chromosome 16p13 

translocation breakpoints between two patients, one with and one without TSC 

(Consortium 1993; Consortium 1994). Probes generated from the contig were used to 

examine DNA in a panel of 255 unrelated TSC patients for rearrangements by pulse field 

electrophoresis and Southern Blotting. Five TSC patients showed genomic deletions of 

30-100kb within the same 120kb genomic segment. From this 120kb segment, 4 genes 

were isolated and only 1 gene showed to be disrupted in all 5 patients. Using 

conventional gel electrophoresis for higher resolution, 4 smaller intragenic deletions 

were found in patients with TSC. This confirmed the identification of the TSC2 gene on 

chromosome 16p13.3 (Consortium 1993; Gomez et al. 1999) (Figure 13.A). TSC2 

contains 42 exons, with 41 coding exons and 1 non-coding exon, spreading over 44kb 

of genomic DNA (Kobayashi et al. 1997b). The coding region of the gene produces a 

5.5kb transcript and is translated into a 198 kDA protein product containing 1807 amino 

acids named tuberin or TSC2 (to be referred to as TSC2 throughout this thesis) 

(Consortium 1993) (Figure 1.3B).
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1.1.4.3  Cellular functions of TSC proteins and their regulation 

TSC1 and TSC2 directly interact with each other to form a stable TSC1-TSC2 protein 

complex (Plank et al. 1998; Van Slegtenhorst et al. 1998). The TSC1-TSC2 complex is 

responsible for the functional activity of the proteins. TSC proteins directly associate with 

each other through their binding domains to maintain complex stability (Figure 1.3B). 

TSC2 is stabilised by TSC1, preventing its ubiquitination and degradation by association 

with HERC1 ubiquitin ligase (Benvenuto et al. 2000; Chong-Kopera et al. 2006). Equally, 

TSC1 is stabilised by TSC2, preventing TSC1 self-aggregation and homomeric protein 

formation (Nellist et al. 1999). The protein complex is further stabilised by a recently 

identified protein unit called Tre2-Bub2-Cdc16 1 domain family member 7 (TBC1D7) 

(Dibble et al. 2012). This subunit is critical for TSC1-TSC2 activity. TSC1-TSC2 can be 

phosphorylated in response to growth factors to further regulate their association, critical 

for their downstream activity. 

The TSC protein complex acts as a tumour suppressor to regulate cell cycle, proliferation 

and cell growth through the mTOR signalling pathway (Inoki et al. 2003a). TSC2 contains 

a domain at its C-terminus which shares homology with Rap1GAP, a GTPase activating 

protein (GAP) (Maheshwar et al. 1997). This domain has a high activity against the small 

G-protein Rheb, a critical regulator of the mTOR pathway. GTP bound Rheb is a potent 

activator of mTOR signalling. TSC2 can exert optimal GAP activity towards Rheb-GTP, 

converting it to its inactive GDP form and inhibit mTOR signalling (Inoki et al. 2003a; Tee 

et al. 2003; Zhang et al. 2003b).  

The TSC complex is considered upstream of mTORC1. Many upstream cellular 
pathways converge on the TSC1-TSC2 complex to regulate mTORC1 signalling. Both 

TSC1 and TSC2 are phosphorylated by upstream kinases to regulate their stability, 

localisation and GAP activity. Phosphorylation of TSC2 by ribosomal S6 kinase 1 (RSK1) 

at Ser1798 (Roux et al. 2004), extracellular signal-regulated kinase (ERK) at Ser540 and 

Ser664 (Ma et al. 2005), and Akt at Ser939, Ser981, Ser1130, Ser1132 and Thr1462 

(Inoki et al. 2002; Potter et al. 2002; Huang and Manning 2008, 2009), inhibits its GAP 

activity through increasing TSC1-TSC2 dissociation and driving mTORC1 signalling 

(Figure 1.3B). Conversely, phosphorylation of TSC2 by AMP kinase (AMPK) at Thr1271 

and Ser1387 (Inoki et al. 2003b) and GSK3 at Ser1337 and Ser1341 (Inoki et al. 2006) 

activates its GAP activity on Rheb, therefore inhibiting mTORC1 signalling (Figure 1.3B).  
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Figure 1.3 Genomic location of human TSC1 and TSC2 genes and protein 
structures. (A) TSC1 gene is located at chromosome 9q34.13. TSC2 gene is located at 
chromosome 16p13.33. (B) TSC1 spans 1164 aa and contains a transmebrane domain 
(purple box), TSC2 binding domain and a coil domain. TSC1 is phophorlyated and 
inactivated by CDK1 at T417, S584 and T1047. TSC1 is phosphorylated and activated 
by GSK3β at S390 and S487. TSC2 spans 1807 aa and contains a TSC1 binding domain 
and a GAP doamin. TSC2 is phosphorlyated and inactivated by ERK1 at S540 and S664, 
Akt at S939, S981, S1130, S1132 and S1462 and RSK1 at S1798. TSC2 is 
phosphorlayted and activated by AMPK at T1271 and S1387 and GSK3β at S1337 and 
S1341. aa: amino acids 
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TSC1 is also regulated by phosphorylation. Phosphorylation by CDK1 at Thr417, Ser584 

and Thr1047 can cause complex dissociation and increased mTORC1 signalling (Figure 

1.3B) (Astrinidis et al. 2003). Phosphorylation of TSC1 by GSK3β at Ser487 and Thr390 

enhances complex stability and TSC2 GAP activity (Figure 1.3B) (Mak et al. 2005; Huang 

and Manning 2008). 

1.1.5 Roles of TSC gene mutations in disease development 

Mutations in TSC1 and TSC2 genes are responsible for the development TSC.  The 

phenotype and severity of the disease are determined by many factors such as 

mutation location within the gene, types of mutation such as missense, nonsense, 

small and large deletions, genes mutated (TSC1 or TSC2), frequency of mosaicism 

and organs involved.  

1.1.5.1 TSC gene mutations 

Over 1500 gene mutations have been identified in TSC1 and TSC2, leading to functional 

inactivation and disease development (Maheshwar et al. 1997; Sampson et al. 1997; van 

Slegtenhorst et al. 1997; Cheadle et al. 2000; Kwiatkowski et al. 2010). The TSC2 gene 

is mutated in around 64% of TSC cases, compared to TSC1 in around 26% of TSC cases 

(Cheadle et al. 2000; Kwiatkowski et al. 2010). Around 10% of TSC patients have no 

mutation identified (NMI) in either TSC1 or TSC2 (Kwiatkowski et al. 2010). TSC2 gene 

mutations are suggested to be more frequent due to a larger genomic size, gene 

complexity and higher number of mutation prone splice sites. Furthermore, mutations in 

TSC1 produce a mild phenotype, leading to potential misdiagnosis of TSC (Dabora et al. 

2001; Sancak et al. 2005; Au et al. 2007). TSC gene mutations consist of “small 

mutations” affecting just a single exon, and “genomic mutations” affecting one or more 

exons. 

The type of small mutations, the TSC genes involved, their location within the gene and 

their mutation frequency vary considerably between TSC patients. The TSC1 gene has 

453 small mutations identified. The most frequent mutations found are deletion and 

nonsense mutations (37.1% and 35.5% of small deletions, respectively). Other mutations 

include splice and insertion mutations (14.8% and 9.5%) and rare missense mutations 

(3.1%). The majority of mutations in the TSC1 gene are located in exon 15, 17 and 18. 
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Mutations are rarely seen in exons 3 and 22 and no mutations have been observed in 

exon 23 (Gomez et al. 1999). TSC2 has 1162 small mutations identified. The most 

common are deletion, nonsense and missense mutations, occurring at around equal 

frequency (22-27% of small deletions). Insertion and splice mutations are less frequent 

(16.2% and 8.5%). Exons 16, 33 and 40 contain the highest frequency of mutations 

within the TSC2 gene whereas mutations within exons 2, 25, 31 and 41 are rare. 

Mutations in exons related to the GAP domain of TSC2 are frequent and can cause a 

severe phenotype (Gomez et al. 1999; Cheadle et al. 2000; Kwiatkowski et al. 2010). 

Most of the small mutations in both TSC1 and TSC2 lead to a truncated and non-

functional protein. 

Genomic deletions/rearrangements, although rare in TSC1 (0.5% of all TSC patients), 

are more common in TSC2 (6% of all TSC patients) (Kozlowski et al. 2007). Over 130 

genomic deletions or rearrangements have been reported in TSC2 compared to 9 in 

TSC1 (Longa et al. 2001; Kozlowski et al. 2007). It has been reported that 73% of large 

TSC2 deletions extend greater than the gene itself (Kozlowski et al. 2007). Large 

genomic deletions towards 3’ end of the gene can extend to the adjacent PKD1 gene 

and cause TSC2/PDK1 contiguous gene deletion syndrome (Sampson et al. 1997). 

1.1.5.2 Hamartoma development in TSC patients 

Hamartoma development is a consequence of TSC1 or TSC2 mutations. The loss of 
mTOR regulation leads to its aberrant activation and increased cell growth and 

proliferation. Knudsons two-hit hypothesis has been the suggested model for the 

initiation of TSC hamartoma development (Knudson 1971; Henske et al. 1996; Au et al. 

1999). This hypothesis proposes that 2 ‘hits’ are necessary, one in each allele of tumour 

suppressor genes, for full gene inactivation and tumorigenesis. Following an inherited 

germline mutation in one allele of TSC1 or TSC2, a second hit on the corresponding 

normal functioning allele is required for hamartoma development. Second hit mutations 

typically occur in somatic cells by large genomic deletion. This results in complete loss 

of TSC1 or TSC2 protein within cells with a second hit. This loss of heterozygosity (LOH) 

can be screened using genetic markers. LOH for TSC1 and TSC2 has been observed in 

up to 60% of AMLs in TSC patients (Henske et al. 1996; Au et al. 1999). Facial 

angiofibromas have shown LOH of TSC1 and TSC2 due to a second hit from UV-induced 

DNA damage from sun exposure (Tyburczy et al. 2014). LOH has also been observed 
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in TSC-associated SEGAs, rhabdomyomas, LAMs and RCCs (Smolarek et al. 1998; 

Chan et al. 2004; Kotulska et al. 2009). TSC-associated lesions can also develop without 

LOH (Tucker and Friedman 2002). Cortical tuber development in TSC patients has 

previously been shown to have no evidence of LOH (Niida et al. 2001). Alternatively, 

epigenetic changes may also lead to inactivation of the second allele of TSC1 or TSC2 

(Jiang et al. 2005; Chakraborty et al. 2008; Lu et al. 2008). In addition, some TSC-

associated lesions may result from TSC1 or TSC2 haploinsufficiency (Henske et al. 

1996). Haploinsufficiency occurs when one copy of the wild type allele is not sufficient to 

produce the wild type phenotype (to suppress tumourigenesis). However, TSC 

haploinsufficiency may only manifest through further pathological changes within a cell. 

Phosphorylation and inactivation of TSC2 by oncogenic activation of ERK and Akt have 

been seen in TSC brain lesions with no evidence of LOH (Han et al. 2004). Therefore, 

pathogenic kinase activation could promote lesion development by enhancing TSC 

haploinsufficiency. Other TSC-associated lesions have been observed without LOH, 

including early renal cysts and rhabdomyomas (Wilson et al. 2005).  

1.1.5.3 Mosaicism 

Mosaicism describes the presence of two or more different populations of cells with 
different genotypes within the same individual. Mosaicism can occur when TSC gene 

mutations develop during embryogenesis after fertilisation. This can lead to a mutation 

only evident in a small fraction of somatic cells, rather than a whole organism. In TSC, 

both somatic mosaicism and germline mosaicism are common (Verhoef et al. 1999). 

Somatic mosaicism occurs due to in utero mutations. TSC patients with large genomic 

mutations have a relatively high frequency of mosaicism (15-25%) (Kozlowski et al. 

2007). The frequency of mosaicism in patients with small mutations is relatively low 

(Sancak et al. 2005). Germline mosaicism occurs when a mutation arises in the germ 

cells (sperm/eggs) of an individual and all other cells are normal. This mutation can be 

passed to the next generation without the parent showing any clinical symptoms of TSC 

(Verhoef et al. 1999). 

In somatic mosaicism, early mutations during embryogenesis can lead to a high 

frequency of mosaicism. A high frequency of mosaicism tends to have higher disease 

severity due to the mutation present in a high proportion of cells and tissues (Gomez et 

al. 1999; Verhoef et al. 1999). A patient with 30% mosaicism of a mutation in the TSC1 
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gene was shown to have very severe TSC manifestations (Kwiatkowska et al. 1999). 

Patients with around 13-15% of mosaicism show only mild TSC clinical features (Jones 

et al. 2001). Patients with low mosaic frequency, thus a low proportion of cells with the 

mutated TSC gene show a low disease severity. However, disease severity and 

phenotype may depend on tissues and organs affected and the chance of second ‘hit’. 

TSC patients with mosaicism also present with less severe symptoms than sporadic TSC 

cases (Sampson et al. 1997; Dabora et al. 2001; Sancak et al. 2005).  

1.1.5.4 TSC gene mutations in cancer  

Cancer develops from the accumulation of numerous genetic and epigenetic changes 

resulting in deregulation of cellular pathways. One of the pathways most frequently 

affected in many cancers is the PI3K/PTEN/Akt/mTOR signalling pathway. mTOR 

signalling is aberrantly activated in over 50% of cancers and the TSC complex is an 

essential negative regulator of mTOR by modulating its upstream signalling (Laplante 

and Sabatini 2012; Dibble and Cantley 2015; Ilagan and Manning 2016; Conciatori et al. 

2018). The TSC complex also integrates signals from other oncogenic pathways to 

control mTOR signalling, such as the Ras/MAPK/ERK pathway(Conciatori et al. 2018).  

Mutations in TSC1 and/or TSC2 themselves have been observed in sporadic adult 

malignancies. Genomic single copy loss of chromosome 9q, where the TSC1 gene 

resides, is a common change in bladder cancer patients (Adachi et al. 2003; Knowles et 

al. 2003; Pymar et al. 2008). Small inactivating mutations in the second allele of TSC1 

have been observed in 14% of bladder cancers, leading to LOH and complete loss of 

TSC1 gene product (Knowles et al. 2003; Pymar et al. 2008). TSC1 LOH and TSC2 LOH 

have been observed in lung adenocarcinoma and pancreatic cancer, respectively 

(Chung et al. 1998; Takamochi et al. 2001). Methylation of gene promotor regions and 

therefore reduced expression of TSC1 and TSC2 have been reported in oral squamous 

cell carcinoma, breast cancer, and endometrial cancer. (Jiang et al. 2005; Chakraborty 

et al. 2008; Lu et al. 2008). Loss of Tsc2 has also been seen in RCC, causing the 

increased expression of HIF2a and tumorigenesis (Liu et al. 2003). It is still unknown 

whether these genetic/epigenetic changes are drivers of tumorigenesis or secondary 

pathological changes. 
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1.2 mTOR signalling pathway 

The mammalian target of rapamycin (mTOR), also known as the mechanistic target of 

rapamycin or FK506-binding protein 12-rapamycin-associated protein 1 (FRAP1), is a 

highly conserved serine/threonine kinase of the phosphoinositide 3-kinase-related 

kinase (PIKK) family. This pathway has evolved to allow cells to transition from anabolic 

to catabolic processes by integrating a variety of upstream signals, allowing them to 

survive and grow in nutrient-variable environments. In early 1990s, genetic screens in 

budding yeast identified TOR1 and TOR2 as effectors of the immunosuppressive 

molecule, rapamycin (Cafferkey et al. 1993). Further biochemical advances in mammals 

lead to the identification of mTOR as the mammalian target of rapamycin (Brown et al. 

1994; Sabatini et al. 1994). mTOR can form two functionally distinct multi-protein 

complexes with different sensitivities to rapamycin: mTOR complex 1 (mTORC1) and 

mTOR complex 2 (mTORC2), that differ in their protein composition, upstream inputs 

and downstream effectors. mTOR contains various HEAT repeats and a FRAP-ATM 

TTRAP (FAT) domain. These domains facilitate the interactions of mTOR with mTORC1 

and mTORC2 components (Figure 1.4A and B) (Sengupta et al. 2010) 

1.2.1 mTORC1 

mTORC1 is the most studied of the 2 complexes and can respond to a range of upstream 

signals including nutrients, growth factors, amino acids, energy levels, oxygen levels and 

cell stress. mTORC1 is rapamycin sensitive and is composed of 6 known components: 

mTOR, regulatory associated protein of mTOR (RAPTOR), mammalian lethal with sec-

13 protein 8 (mLST8), DEP domain containing mTOR-interacting protein (DEPTOR) , 

proline-rich Akt substrate 40 kDa (PRAS40)  and the Tti1/Tel2 complex (Kaizuka et al. 

2010). RAPTOR is a mTORC1 specific component and acts as a scaffold protein, 

important in regulating its assembly, localisation and interaction with its substrates (Hara 

et al. 2002; Dunlop et al. 2009) (Figure 1.4A). PRAS40 and DEPTOR are inhibitors of 

mTOR, important in regulating feedback mechanisms. Upon mTORC1 activation, 

phosphorylation of PRAS40 and DEPTOR by mTOR weakens their association and 

inhibitory effects on the complex, thus promoting mTORC1 signalling (Fonseca et al. 

2007; Peterson et al. 2009).Roles of the mLST8 protein are not  clear as its deletion has 

no effect on mTORC1 function (Kim et al. 2003).  
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Figure 1.4 mTOR protein structure and complexes. (A) The N-terminus of the mTOR 
protein structure contains HEAT repeats, followed by a FAT domain, FRB domain, a 
highly conserved kinase domain and a FATC domain. The individual domains of mTOR 
allow the interactions of various proteins to regulate mTOR activity. (B) mTOR 
complexes. mTOR can assemble into two functionally distinct complexes, mTORC1 and 
mTORC2. mTORC1 contains mLST8, RAPTOR, DEPTOR, PRAS40, tti1 and tel2. 
mTORC2 contains mLST8, RICTOR, DEPTOR, mSIN1, Protor1/1, tti1 and tel2. 
Differences in their protein composition result in their differing functions. Adapted from 
(Laplante and Sabatini 2012). 
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Figure 1.5 mTOR signalling pathway. The main inputs regulating mTORC1 signalling 
include growth factors, amino acids, stress, oxygen levels and energy status. When 
activated by Rheb-GTP, mTORC1 promotes protein synthesis, cell metabolism, 
lipogenesis and EMT and inhibits autophagy and lysosome biogenesis. mTORC2 is 
insensitive to nutrients but can be activated by growth factors and PI3K signalling by 
unknown mechanisms. mTORC2 regulates cytoskeletal organisation and cell 
survival/metabolism through the activation of members of the AGC family, such as Akt, 
SGK1 and PKC. Adapted from (Laplante and Sabatini 2012).
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1.2.1.1 Upstream regulators of mTORC1 

mTORC1 is a master regulator of many cellular processes as it can integrate a wide 

range of upstream signals to balance anabolic and catabolic processes within the cell 

(Figure 1.5). These signals regulate mTORC1 primarily through the direct modification 

of mTORC1 components or through the regulation of Rheb GTPase. Rheb is a small 

GTPase located on endomembrane surfaces and, when GTP bound, can directly interact 

and activate mTOR kinase activity (Tee et al. 2003). As previously discussed, the 

TSC1/TSC2/TBC1D7 complex acts as a GTPase activating protein (GAP) to hydrolysis 

Rheb-GTP into its inactive GDP-bound state, thus inhibiting mTORC1 (Inoki et al. 2003a; 

Tee et al. 2003). Many of the upstream regulators of mTORC1 converge on the 

TSC1/TSC2/TBC1D7 complex to regulate its GAP activity on Rheb, thus influencing 

mTORC1 activity (Huang and Manning 2009). Upstream inputs of mTORC1 include 

growth factors, nutrient sensors, amino acids, energy levels and oxygen levels (Figure 

1.5). 

1.2.1.1.1 Hormones and Growth factors 

Hormones such as insulin and growth factors such as insulin-like growth factor 1 (IGF-

1) can activate mTORC1 through phosphoinositide 3-kinase (PI3K) and Ras signalling 

(Figure 1.5). Upon ligand binding, receptor tyrosine kinases, such as epidermal growth 

factor receptor (EGFR) and insulin-like growth factor receptor (IGFR), undergo trans-

autophosphorlyation to allow recruitment of adaptor protein insulin receptor substrate 1 

(IRS1). Activated IRS1 phosphorylates and activates class I PI3Ks. PI3K catalyses the 

conversion of phosphatidylinositol-4,5-bisphosphate (PIP2) to phosphatidylinositol-

3,4,5-trisphosphate (PIP3) at the cytoplasmic face of the membrane. This conversion 

can be reversed by phosphatase and tensin homolog deleted on chromosome 10 

(PTEN). PIP3 recruits pleckstrin homology (PH) domain containing proteins to the 

membrane, such as PDK1 and Akt to allow their interaction (Vanhaesebroeck et al. 2012; 

Dibble and Cantley 2015; Thorpe et al. 2015). Binding to PIP3 induces a conformational 

change in Akt allowing its phosphorylation by PDK1 at Thr 308 (Mora et al. 2004). Akt is 

further phosphorylated at Ser473 by mTORC2 for full activation (Sarbassov et al. 2005b). 

Phosphorylation of Ser473 alone is not sufficient to induce Akt activity, but it can promote 

the stabilisation of the active conformational state of Akt and increase its phosphorylation 
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rate at Thr308 by 10-fold (Pearce et al. 2010). Fully activated Akt can phosphorylate 

TSC2 at multiple sites (Ser939, Ser981, Ser1130, Ser1132, Thr1462), inhibiting its GAP 

function on Rheb. Phosphorylation of all 5 sites is needed for full inhibition of the TSC 

complex and activation of mTORC1 (Inoki et al. 2002; Potter et al. 2002). 

Phosphorylation and inhibition of AMPK by Akt also enhances mTORC1 signalling.  Akt 

can regulate mTOR activity independently of TSC by directly phosphorylating and 

inhibiting PRAS40 at Thr246 (Haar et al. 2007; Sancak et al. 2007). The mTOR 

component of mTORC1 can directly phosphorylate PRAS40 on S183 and S221, causing 

its dissociation and relieving its inhibitory effect on the complex (Wang et al. 2008). 

Growth factor signalling through RTKs can also activate mTORC1 signalling through the 

Ras/ERK/RSK pathway. RTKs can recruit the Grb2/SOS complex to activate the Ras 

signalling cascade. Ras activates the Raf/Mek1 signalling cascade which 

phosphorylates and activates ERK1/2. ERK1/2 can inhibit TSC2 GAP activity directly by 

phosphorylation at Ser540 and Ser664 or indirectly through activation of p-90-RSK1 (Ma 

et al. 2005). P-90-RSK1 can phosphorylate and inhibit TSC2 at Ser1798 (Roux et al. 

2004). In addition, p-90-RSK1 can phosphorylate RAPTOR at multiple sites to directly 

increase mTOR kinase activity within the complex.   

1.2.1.1.2 Amino acids 

Amino acid availability, along with growth factor signalling is vital for mTORC1 activation 

(Figure 1.6). Amino acids, particularly leucine, arginine and glutamine, are crucial for the 

localisation of mTORC1 to the lysosome membrane, where Rheb-GTPase resides. 

mTORC1 activation only occurs in the presence of amino acids, irrespective of other 

signals. Amino acid sensing by mTORC1 is still not fully understood but involves Rag 

GTPases (Kim et al. 2008; Sancak et al. 2008). There are 4 Rag GTPases in mammals 

forming heterodimers of RagA/B with RagC/D. These heterodimers are anchored to the 

lysosomal membrane by a complex known as the ragulator, shown to be essential for 

mTORC1 signalling. Each heterodimer has opposing GTP loading states, where RagC/D 

is GTP loaded, and RagA/B is GDP loaded. Upon amino acid sensing, the GTP loading 

states are switched, so that RagA/B is GTP-loaded and RagC/D is GDP loaded (Sancak 

et al. 2010). This allows the recruitment and interaction with RAPTOR, and mTORC1 

localisation (Sancak et al. 2008). The ragulator acts as a guanosine exchanging factor 

(GEF) upon amino acid sensing, converting RagA/B to their GTP-loaded state (Bar-

Peled et al. 2012). In addition, folliculin (FLCN) acts as a GAP to RagC/D, converting 
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them to their GDP-loaded state (Tsun et al. 2013). These processes support the 

conversion Rag GTPases to their active state (Figure 1.6).  

Rheb resides on all endomembranes whereas the Rag GTPases and ragulator are only 

found on the lysosomal membrane. This suggests that the lysosome must play an 

important role in amino acid sensing of mTORC1. Recent studies have suggested that 

the ragulator interacts with V-ATPases on the lysosomal surface and senses amino acids 

through an inside-out model (Zoncu et al. 2011). Amino acids accumulate in the lumen 

of the lysosome and signal through V-ATPases, inducing a conformational change in the 

ragulator, initiating its GEF activity and GTP loading of RagA/B (Figure 1.6). 

Furthermore, V-ATPases and the ragulator have been shown to interact with various 

amino acid transporters, such as SLC38A9, important for arginine sensing of mTORC1 

(Jung et al. 2015) (Figure 1.6). Moreover, Glutamine has been observed to induce GTP-

loading of RagA/B through glutaminolysis. a-ketoglutarate, produced by glutaminolysis, 

is thought to mediate GTP-loading of RagA/B and mTORC1 activation, but the 

mechanisms are yet to be determined (Duran et al. 2012). RagA/B loading state can also 

be regulated upstream by leucine. Sestrins (SESN1-3) are the main leucine sensors for 

mTORC1, regulating RagA/B GTP-loading via GATOR1/2 (Figure 1.6). GATOR1 has 

GAP activity on RagA/B, reverting it to its inactive GDP-loaded state, and GATOR2 is an 

inhibitor of GATOR1 (Bar-Peled et al. 2013). In the presence of leucine, sestrins relive 

their inhibitory effect on GATOR2 leading to the inhibition of GATOR1, allowing the active 

conformation of Rag A/B (Chantranupong et al. 2014). Furthermore, arginine can be 

sensed by mTORC1 (Figure 1.6). Arginine can bind and inhibit CASTOR1, an inhibitor 

of GATOR2. This allows GATOR2 inhibition of GATOR1 and sequential activation of 

mTORC1 (Chantranupong et al. 2016). Arginine can also inhibit TSC1/2 GAP activity 

through an unknown mechanism, thus leading to mTORC1 activation by Rheb (Carroll 

et al. 2016). Further signalling of Rag GTPases and the importance of mTOR and 

lysosome localisation for its activation is reviewed here (Tee and Johnson 2017). 
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Figure 1.6 mTORC1 amino acid sensing pathway. Amino acid availability regulates 
the localisation of mTORC1 to the surface of the lysosome, where Rheb-ATP resides. 
Amino acid availability is necessary for activation of mTORC1. Upon amino acid sensing, 
GATOR1 can be inhibited by arginine and leucine (through GATOR2). The ragulator and 
v-ATPase also undergo conformational change activating the GEF activity of the 
ragulator on RagA/B. How v-ATPase and the ragulator sense amino acids is still not fully 
understood.  GEF activity loads RagA-GTP whilst folliculin GAP activity promotes Rag-
C hydrolysis. The now active dimer of RagA-GTP and RagC-GDP recruits mTORC1 to 
the lysosome surface to interact with Rheb. Rheb is GTP-loaded through growth factor 
signalling. Adapted from (Bar-Peled and Sabatini 2014) 
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1.2.1.1.3 Cellular stress 

Many cellular stress pathways can signal through the TSC complex and regulate mTOR 

signalling. Inhibition of mTOR signalling can occur when a cell is ATP-deficient, to 

transition from anabolic to catabolic processes, and direct a cell to ATP producing 

pathways. AMP-dependant protein kinase (AMPK) is activated under low ATP conditions 

by liver kinase B1 (LKB1) (Ballif et al. 2005) or Ca2+/CaM-dependent protein kinase β 

(CaMKKβ) (Hawley et al. 2005) by phosphorylation of its α-subunit at Thr172. AMPK can 

inhibit mTOR directly by phosphorylating RAPTOR at Ser722 and Ser792, leading to 14-

3-3 binding and allosteric inhibition (Gwinn et al. 2008). AMPK can also phosphorylate 

TSC2 at Ser1387 and Thr1271, increasing its GAP activity and decrease in mTOR 

activation (Inoki et al. 2003b) (Figure 1.5). Hypoxic conditions can also lead to mTORC1 

suppression. The expression of regulated in DNA damage and development 1 (REDD1) 

is increased through stabilisation of HIF1a, enabling it to activate the TSC complex 

through a yet unknown mechanism (Brugarolas et al. 2004; DeYoung et al. 2008) (Figure 

1.5). This allows a cell to conserve more ATP for vital homeostatic processes. 

Furthermore, DNA damage can signal through mTORC1, primarily through p-53-

dependent transcription. p-53 induces the expression of Tsc2 and Pten. Both genes are 

involved in the suppression of mTORC1 (Feng et al. 2005) 

1.2.1.2 Downstream effectors 

In response to upstream signals, activation of mTOR involves the synthesis of 

macromolecules such as proteins, lipids and nucleic acids. It also regulates many cellular 

pathways, such cell metabolism, autophagy, epithelial to mesenchymal transition (EMT) 

and lysosome biogenesis. These processes are vital for cellular growth and proliferation 

(Figure 1.5). 

1.2.1.2.1 Protein synthesis 

A high protein output is required for cellular growth and division. Upon activation, 

mTORC1 directly phosphorylates translational regulator ribosomal protein S6 kinase 1 

(S6K1) and eukaryotic translation initiation factor 4E (eIF4E)-binding protein 1 (4E-BP1) 

(Figure 1.5). The phosphorylation of S6K1 at 2 sites is needed for its full activation. 
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mTORC1 phosphorylates one of these sites at Thr389 (Martin and Blenis 2002). S6K1 

has a wide range of downstream effectors to enhance protein translation. S6K1 primarily 

enhances protein synthesis by activating ribosomal protein S6, a vital component of the 

40S ribosomal subunit for protein translation. Secondary to this, S6K1 can phosphorylate 

eukaryotic translation initiation factor 4B (eIF4B) at Ser422. eIF4B, together with eIF4A, 

aid the unwinding of secondary structures in the 5’ untranslated region of mRNA 

(Sarbassov et al. 2005a; Ma and Blenis 2009). eIF4A activity is prevented by PDCD4 

and can block mRNA unwinding. S6K1 can also phosphorylate PDCD4 to target it for 

degradation (Dorello et al. 2006). Furthermore, mTORC1 is important in the translation 

of 5’ tract oligopyrimidine (TOP) mRNA. 5’ TOP mRNA encodes important protein 

components for translational machinery. It was originally thought that S6K1 was 

responsible for this translation. However, it has been observed that S6K1 is not required 

for 5’TOP translation (Tang et al. 2001). The mechanism by which mTORC1 drives 

5’TOP translation is currently not known.  

mTORC1 phosphorylation of 4E-BP1 releases its binding of cap-binding protein eIF4E. 

This enables eIF4E to form a multiunit complex with eIF4F and other elongation factors 

for cap-dependent translation. Phosphorylation of 4E-BP1 at Thr37 and Thr46 by 

mTORC1 primes it for subsequent phosphorylation at Thr65 and Thr70 to allow its 

release from eIF4E. Under low growth factors levels, 4E-BP1 binds eIF4E to inhibit 

protein translation initiation (Ma and Blenis 2009) 

mTORC1 can indirectly increase protein synthesis through various mechanisms. 

mTORC1 can activate tripartite motif-containing protein-24 (TIF-1A), involved in the 

expression of ribosomal RNA (rRNA) for ribosome biogenesis (Mayer et al. 2003). 

mTORC1 can also inhibit Maf1, to allow the expression of 5S rRNA and transfer RNA 

(tRNA) transcription (Shor et al. 2010).  Furthermore, mTORC1 enhances the synthesis 

of pyrimidines through the phosphorylation of carbamoyl-phosphate synthetase 2, 

aspartate transcarbamoylase and dihydroorotase (CAD).  mTORC1 mediated translation 

has been fully reviewed previously (Ma and Blenis 2009). 

1.2.1.2.2 Lipid synthesis 

Lipids synthesis is vital for the generation of membranes in proliferating cells. mTORC1 

can signal through sterol regulatory element-binding protein 1 and 2 (SREBP1/2) 

transcription factors to express genes associated with fatty acid and cholesterol 
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synthesis (Figure 1.5). SREBP1/2 normally reside as inactive precursors on the 

endoplasmic reticulum. mTORC1 can cleave inactive SREBPs to render them active 

through multiple mechanisms, including through S6K1 (Duvel et al. 2010). The release 

of SREBPs from the endoplasmic retinaculum allow their translocation to the nucleus. 

Moreover, mTORC1 can phosphorylate and inhibit Lipin1, an inhibitor of SREBPs 

(Peterson et al. 2011). Peroxisome proliferator-activated receptor g (PPAR-g) is a major 

regulator of adipogenesis and its expression and activity is also increased by mTORC1 

(Kim and Chen 2004). 

1.2.1.2.3 Autophagy 

Autophagy is the catabolic process within cells resulting in lysosomal degradation of 

damaged organelles and macromolecules. It is activated under nutrient starved 

conditions to recycle molecules and produce energy to resume cell homeostasis. 

mTORC1, as a major cellular nutrient sensor, is a regulator of autophagy. (Ravikumar et 

al. 2010). mTORC1 strongly inhibits autophagy by regulating the function of unc-51 like 

autophagy activating kinase 1 (ULK1) protein complexes necessary for autophagy 

induction (Figure 1.5). mTORC1 phosphorylates ULK1 at Ser758. This inhibits 

autophagy by preventing the interaction and phosphorylation of ULK1 by AMP-

dependant protein kinase (AMPK), a potent activator of autophagy and required for 

protein complex initiation (Ganley et al. 2009). mTORC1 also inhibits ULK1 indirectly by 

phosphorylating and inhibiting autophagy/beclin1 regulator 1(AMBRA1) at Ser52. Active 

AMBRA1 allows Lys-63-linked ubiquitination of ULK1 by TNF receptor-associated factor 

6, E3 ubiquitin protein ligase (TRAF6). This ubiquitination is responsible for ULK1 

stabilisation, activation and thus autophagy initiation (Nazio et al. 2013). 

mTORC1 can regulate autophagy at a transcriptional level by controlling the localisation 

of transcription factor EB (TFEB) (Figure 1.5). This transcription factor plays an important 

role in the transcription of lysosomal and autophagy genes. mTORC1 enhances the 

cytoplasmic localisation of TFEB through phosphorylation at Ser142 and Ser211, 

causing it to bind to Rag GTPases on the lysosome surface. The cytoplasmic 

sequestration of TFEB prevents transcription of these genes (Martina et al. 2012). 
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1.2.1.2.4 Epithelial-mesenchymal transition (EMT) 

EMT is a complex molecular program whereby polarised epithelial cells convert into non-

polarised mesenchymal cells, capable of locomotion. EMT involves complex changes in 

gene expression, enabling the individual characterisation of epithelial and mesenchymal 

cells. In some types of cancer, individual tumour cells can express both epithelial and 

mesenchymal genes. This partial EMT is suggested to play an important role in tumour 

progression and metastasis by giving cells a greater plasticity (Lecharpentier et al. 2011; 

Jolly et al. 2016b; Nieto et al. 2016). It is believed to enhance reverse process of EMT 

(mesenchymal-epithelial transition (MET)) for metastatic colonisation at a secondary site 

(Lecharpentier et al. 2011).  The expression or repression of genes associated with EMT 

can be regulated by mTOR signalling.  It has previously been observed that mTORC1 

and mTORC2 both contribute to cell motility (Liu et al. 2006; Gulhati et al. 2011). 

Furthermore, EMT progression has been reported to correlate with an increase in cell 

size and phosphorylation of S6 and 4E-BP1. Activation of the mTOR pathway can 

regulate cytoskeletal remodelling, through Rho-like GTPases. Rho-like GTPases, 

comprising of Rho, Rac and cdc42 subfamilies, are important regulators of actin 

remodelling and cell locomotion. mTOR inhibitor, rapamycin, can increase the levels of 

cyclin-dependant kinase inhibitor p27, an inhibitor of RhoA activation (Moss et al. 2010) 

and silencing of mTORC2 can prevent cell spreading and actin reorganisation in 

fibroblasts (Jacinto et al. 2004; Sarbassov et al. 2004). mTORC1 and mTORC2 inhibition 

in a mouse model of advanced colorectal cancer has been also shown to attenuate cell 

migration and invasion by preventing cytoskeletal reorganisation associated with 

decreased RhoA and Rac1. This inhibition also increased MET (Gulhati et al. 2011). The 

inhibition of cell migration and invasion by rapamycin through decreased levels of RhoA 

and Rac1 has also been demonstrated in other cancer models (Liu et al. 2010; Zong et 

al. 2014). 

1.2.1.3 Feedback loops 

mTORC1 can regulate upstream signalling via various feedback loops. The best 

characterised feedback loop involves mTORC1 suppression of PI3K/Akt signalling. 

There are several rapamycin sensitive phosphorylation sites on IRS1 and IRS2 which 

can be phosphorylated by both mTORC1 and S6K1 (O'Reilly et al. 2006). The activation 

of mTORC1 and subsequent activation of S6K1, therefore, can phosphorylate and inhibit 
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IRS1 to reduce signalling through PI3K (O'Reilly et al. 2006). This has been best 

observed in Tsc2 null mouse embryonic fibroblasts (MEFs) which show a decrease in 

Akt phosphorylation at T308 and are insensitive to insulin. Furthermore, a mouse model 

with S6k1 deletion are insensitive to insulin and resistant to obesity due to loss of S6K1-

dependent feedback through IRS1 (Um et al. 2004). Decreased Akt signalling through 

mTORC1 activation can also impact TSC2 and PRAS40 activity on mTOR. Loss of Akt 

phosphorylation leads to inhibition of mTORC1 via reduced phosphorylation of TSC2 

and PRAS40 (Fonseca et al. 2007; Huang and Manning 2009). This enables cells to 

finely tune the level of mTORC1 signalling.  

Consistent with findings in Tsc2 null MEFs, phosphorylation of Akt at S473 was 

attenuated in liver tumours of Tsc2+/- mice and in human TSC-associated renal AMLs 

(Manning et al. 2005; Huang et al. 2009). These observations suggest that feedback 

inhibition of PI3K/Akt signalling may contribute to the low malignant potential of TSC-

associated tumours. In contrast to findings in Tsc2 null MEFs and liver tumours of Tsc2+/- 

mice, a recent study has demonstrated that feedback suppression of Akt was lost in renal 

lesions including cysts, papillary adenomas and solid carcinomas (as evidenced by 

increased phosphorylation of Akt and its substrates such as eNOS at S1177, MDM2 at 

S166, GSK3α at S21 and GSK3β at S9 (Yang et al. 2015)). The disruption in feedback 

mechanisms in these tumours may be due to changes in expression, phosphorylation or 

stability of numerous pathway components 

In addition to IRS proteins mitigating feedback loops, growth factor receptor-bound 

protein 10 (Grb10), a negative regulator of PI3K signalling, has also been shown to 

accumulate and repress PI3K/Akt signalling upon its activation by mTORC1 in Tsc1 and 

Tsc2 MEF cells (Yu et al. 2011). Moreover, S6K1 activation can reduce the expression 

of RTKs such as platelet derived growth factor receptor a and b (PDGFRa/b) in Tsc1 or 

Tsc2 null MEFs (Zhang et al. 2007) and EGFR to further reduce PI3K signalling in 

pancreatic tumours of a xenograft mouse model (Wei et al. 2015). Taken together, 

mTORC1-mediated feedback loops appear to be more complicated than initially thought 

and warrant further investigations.  

1.2.2 mTORC2 

mTORC2 is the rapamycin-insensitive complex of mTOR, consisting of mTOR, mLST8, 

DEPTOR, Tti/Tel2, as well as the mTORC2 specific components rapamycin-insensitive 
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companion of mTOR (RICTOR) (Sarbassov et al. 2004), mammalian stress-activated 

map kinase-interacting protein 1 (mSIN1) (Jacinto et al. 2006) and protein observed with 

rictor 1/2 (protor1/2) (Pearce et al. 2007) (Figure 1.4B). RICTOR, like RAPTOR in 

mTORC1, is a scaffold protein responsible for mTORC2 assembly and the interaction 

with its specific substrates (Sarbassov et al. 2004). mSin1 is also a scaffold protein, 

important for its interaction with downstream substrate, serum- and glucocorticoid-

induced protein kinase 1 (SGK1). Protor 1/2 are responsible for SGK1 interaction 

(Pearce et al. 2011). Like mTORC1, mLST8 function is still unknown in mTORC2. 

However, it has been shown to be essential for mTORC2 activity.  

As previously mentioned, mTORC2 is insensitive to the mTOR inhibitor, rapamycin. 

Consistent studies demonstrate no inhibition of its downstream effectors after acute 

treatment. It has been observed that the rapamycin-FKBP12 complex necessary for 

inhibition is unable to bind mTORC2. However, there is evidence of long-term rapamycin 

treatment inhibiting mTORC2 (Phung et al. 2006; Sarbassov et al. 2006). As the 

rapamycin-FKBP12 complex is unable to bind intact mTORC2, there must be another 

mechanism preventing its signalling. It is suggested that the rapamycin-FKBP12 

complex can bind newly synthesised mTOR, thus preventing the assembly of mTORC2 

(Sarbassov et al. 2006) 

1.2.2.1 Upstream regulation and downstream effectors 

Compared to mTORC1, less is understood about how mTORC2 is regulated. mTORC2 

is insensitive to nutrients but can be stimulated by growth factors and PI3K signalling 

although the mechanisms are unknown. Ribosomes may be involved as mTORC2 binds 

them in a PI3K-dependent manner (Zinzalla et al. 2011). This suggests an upstream 

regulatory mechanism linking both mTORC1 and mTORC2. mTORC2 phosphorylation 

of Akt at Ser473 can enhance mTORC1 activity whilst mTORC1 signalling can induce 

ribosomal synthesis (Willems et al. 2012). More investigation is needed to fully 

understand upstream regulation of mTORC2. 

mTORC2 has different substrates from mTORC1 that can control cell growth and 

proliferation (Jacinto et al. 2004; Sarbassov et al. 2005b). Members of the AGC 

subfamily, such as Akt, SGK1 and protein kinase C-a (PKCa) are known substrates of 

mTORC2 (Figure 1.5). mTORC2 is responsible for the phosphorylation of Akt at Ser473, 

priming it for its full activation by PDK1 at T308.  However, phosphorylation of Akt at 
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T308 can occur independently of S473 phosphorylation (Sarbassov et al. 2005b; Pearce 

et al. 2010). Dephosphorylation of Ser473 can occur by PHLPP phosphatases (PHLPP1 

and 2) (Brognard et al. 2007). mTORC2 is also responsible for the phosphorylation of 

Ser450 on Akt for its stability (Oh and Jacinto 2011). Akt is involved in many downstream 

signalling pathways associated with cell survival, glucose uptake, cell cycle progression 

and apoptosis. SGK1 activation by mTORC2 is necessary for controlling ion transport 

and cell growth (Garcia-Martinez and Alessi 2008). mTORC2 can also regulate 

cytoskeletal dynamics, primarily through its activation of PKC (Jacinto et al. 2004; 

Ikenoue et al. 2008) and controls cell shape and structure through Rho-GTPases (Figure 

1.5) (Figure 1.5) (Jacinto et al. 2004; Chen et al. 2015). Recently, mTORC2 has been 

found to play a role in regulating EMT (Liao et al. 2014; Gupta et al. 2016; Sakre et al. 

2017). 

1.2.3 mTOR hyperactivation in cancer and tumour syndromes 

Deregulation of the mTOR pathway is frequently implicated in tumorigenesis (Laplante 

and Sabatini 2012). Cancer cells utilise processes downstream of mTOR to accumulate 

biomass for cell growth and proliferation. These processes include increased protein 

translation and lipid synthesis for dividing cells. mTOR is also involved in metabolic 

transformation, angiogenesis and metastasis of tumour cells (Guertin and Sabatini 2007; 

Laplante and Sabatini 2012). Although mutations in mTOR are uncommon, mutations in 

upstream components are frequent. Components of the mTOR pathway include many 

proto-oncogenes and tumour-suppressor genes, of which mutations can lead to mTOR 

hyperactivation and insensitivity to nutrients and other upstream regulators. Proto-

oncogenes include PI3K, Akt, Rheb, S6K1, eIF4E and cyclin D1 (Dibble and Cantley 

2015). Gene amplification of growth factor receptors that are upstream of PI3K are also 

common. Activating mutations of proto-oncogenes can lead to sporadic cancer. 

Amplification of PI3KCA gene leads to constitutively activate mTOR signalling, 

implicated in many cancer subsets (Samuels et al. 2004). Loss of tumour suppressor 

genes also results in tumorigenesis. Tumour suppressor genes associated with the 

mTOR pathway include PTEN, TSC1/2, LKB1, REDD1, TP53 and BLCN1 (Laplante and 

Sabatini 2012). The development of tumour syndromes such as TSC and Cowden 

disease is a result from loss of the tumour suppressor proteins TSC1 or TSC2 and PTEN, 

respectively (Krymskaya and Goncharova 2009). PTEN is the second most commonly 

mutated gene in human cancers, following TP53 (Milella et al. 2015). As discussed in 
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1.1.5.4, TSC gene mutations have been observed in some types of cancer, such as 

bladder and lung cancer (Takamochi et al. 2001; Knowles et al. 2003) Frequent 

mutations within the PI3K/Akt/TSC1-TSC2/mTOR pathway have been reported in renal 

and head and neck cancers (Giudice and Squarize 2013). Frequent mutations in the 

RAS/RAF/MAPK pathway have also been observed in many cancers (Molina and Adjei 

2006). Members of this pathway can directly inhibit TSC1/2 and thus activate mTOR. 

The current understanding of the mTOR pathway has been mainly achieved through the 

study of rare genetic diseases, such as TSC (Tee et al. 2003; Huang and Manning 2009). 
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1.3 mTOR and cancer metabolism 

mTOR is a master regulator of cellular metabolism. Increased mTOR signalling leads to 

a metabolic transformation in cancer cells to give them a proliferative advantage. 

Metabolic reprogramming ensures cancer cells to acquire the nutrients needed to fulfil 

their bioenergetic, biosynthetic and redox needs for rapid proliferation (Vander Heiden 

et al. 2009). mTOR activation results in the oncogenic expression of genes involved in 

glycolysis and glutaminolysis, for the metabolism of glucose and glutamine, respectively 

(Cantor and Sabatini 2012; Altman et al. 2016; Nagarajan et al. 2016). This can render 

cancer cells addicted to these nutrients and an increase flux in these pathways.  

1.3.1 Glycolysis 

Glucose is the most abundant nutrient in the plasma and is central for normal metabolic 

function. The glycolysis pathway comprises of several committed and non-committed 

reactions to produce pyruvate (Figure 1.7). In oxygen rich conditions, pyruvate is 

converted into acetyl CoA and fed into the tricarboxylic acid cycle (TCA) for 

macromolecule and ATP biosynthesis. Cancer cells undergo metabolic transformation 

to favour aerobic glycolysis. Glucose is consumed at an elevated rate and secreted as 

lactate, even under normal oxygen conditions, rather than completely oxidised through 

oxidative phosphorylation (Warburg 1956). This phenomenon was first observed by Otto 

Warburg in the late 1920s and is known as the “Warburg effect” (Warburg 1927). A high 

flux of aerobic glycolysis provides cells a proliferative advantage by producing sufficient 

amounts of ATP, macromolecules and reducing agents (Hay 2016). The Warburg effect 

is a traditional metabolic phenotype observed in cancer cells.  

1.3.1.1 Energy production 

Proliferating cancer cells require high amounts of energy in the form of ATP. Glycolysis 

is naturally an ineffective way of generating ATP. For every 1 molecule of glucose, only 

2 molecules of ATP are produced, compared to 38 molecules through oxidative 

phosphorylation. However, glycolysis has a higher rate of ATP production, up to 100 

times faster. When glucose levels are not rate limiting, an increase flux through glycolysis 

generates higher levels of ATP quicker than oxidative phosphorylation (Warburg 1956; 

Pfeiffer et al. 2001). A recent study has shown that when the demand of ATP by a cell is 
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increased, aerobic glycolysis is increased whilst oxidative phosphorylation stays 

constant (Epstein et al. 2014). This provides evidence of aerobic glycolysis being utilised 

for rapid  ATP production when cellular bioenergetic demands change. Cancer cells have 

an abnormally high rate of glucose uptake for maximum ATP production to meet their 

bioenergetic needs (Figure 1.7)   

1.3.1.2 Macromolecule synthesis  

Cancer cells increase their biomass through the synthesis of macromolecules in 

preparation for cell division. The abnormal rate of glucose uptake and increased flux 

through glycolysis results in an accumulation of intermediate glycolytic substrates which 

are shunted into various biosynthetic pathways (Figure 1.7)(DeBerardinis et al. 2008; 

Vander Heiden et al. 2009; Cairns et al. 2011). This accumulation is facilitated by the 

attenuation of the final step of glycolysis by pyruvate kinase M2 (PKM2) (to be discussed 

later). Upon entering the cell via glucose transporters (many of which are programmed 

to be highly expressed in cancer for maximum glucose uptake (Szablewski 2013)), 

glucose is immediately converted to glucose-6-phosphate (G6P) by hexokinases. This 

is an important committed step of glycolysis to trap glucose within the cell. Five 

hexokinases exist, all encoded by separate genes (Wilson 2003). Hexokinase I is 

ubiquitously expressed in most tissues. Hexokinase II is highly expressed in cancer cells 

and not normal adult cells to accelerate the high flux of glucose through biosynthetic 

pathways (Mathupala et al. 2001; Patra et al. 2013). G6P is a convergence point for 

many interconnected biosynthesis pathways, including the pentose phosphate pathway 

(PPP), glycogen synthesis and the hexosamine pathway (Figure 1.7)(Hay 2016). Entry 

into these pathways is further enhanced by oncogenic signalling pathways. 

The PPP comprises of two individual branches: the oxidative and non-oxidative 

branches. The oxidative branch is responsible for the synthesis of reduced nicotinamide 

adenine dinucleotide phosphate (NADPH) and ribonucleotides. Enhanced glucose 

uptake produces increased levels of NADPH for maintaining redox balance during 

macromolecule biosynthesis, particularly lipid biosynthesis (Patra and Hay 2014). 

NADPH is also necessary to sustain the reduced form of the antioxidant glutathione to 

combat the increased exposure to reactive oxygen species (ROS) during rapid 

proliferation. The non-oxidative branch is required for the generation of pentose 

phosphates for ribonucleotides synthesis, involving the recruitment of further glycolytic 

intermediates, such as fructose-6-phosphate (F6P) and glyceraldehyde-3-phosphate
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Figure 1.7 Glycolysis and glutaminolysis in cancer cells. Cancer cells reprogram 
their metabolism to favour aerobic glycolysis. The uptake of both glucose and glutamine 
is increased through the increased expression of transporters. Glucose is converted to 
lactate to produce reduced NADH required to maintain high glycolytic flux, thus depleting 
the Krebs cycle, important for ATP and macromolecular synthesis. Glutamine is 
converted to α-ketoglutarate through glutaminolysis to replenish the Krebs cycle through 
anaplerosis. This metabolic transformation ensures cancer cells acquire the ATP and 
macromolecules required for rapid growth and proliferation. Glycolytic and glutaminolytic 
intermediates can also be shunted into branching synthetic pathways throughout 
glycolysis and glutaminolysis. Some of these pathways require both glucose and 
glutamine for biosynthesis. Thick black arrows indicate increased flux. Thin dotted black 
arrows indicate decreased flux. Some enzymes that are overexpressed in cancer cells 
are shown. Adapted from  (Cantor and Sabatini 2012)
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 (G3P) (Patra and Hay 2014; Hay 2016). Ribonucleotides are essential for DNA and RNA 

synthesis in proliferating cells. G6P is also shunted into the hexosamine pathway, in 

conjunction with acetyl-CoA, glutamine and UTP, for the generation of uridine 

diphosphate N-actylglucosamine (UDP-GlcNAc). This molecule is important in the 

glycosylation and post-translational modification of proteins (Love and Hanover 2005).  

In addition to G6P, the glycolytic intermediate 3-phosphoglycerate (3PG) can 

accumulate and be utilised in the serine biosynthesis pathway (Figure 1.7). Serine 

produced in this pathway is used for the generation of non-essential amino acids, 

glutathione (in conjunction with glutamine metabolism) and nucleic acids in the folate 

cycle (Yang and Vousden 2016). Phosphoglycerate dehydrogenase (PHGDH) 

expression is amplified in breast cancer and melanoma cells and is necessary for their 

proliferation (Mullarky et al. 2011; Possemato et al. 2011). Increased channelling into the 

serine biosynthesis pathway can be enhanced by the low activity of PKM2 (Gui et al. 

2013).  

1.3.1.3 Pyruvate Kinase M2 (PKM2)  

PKM2 is an isoenzyme that catalyses the final ATP-generating step of glycolysis, the 

conversion of phosphoenolpyruvate (PEP) to pyruvate (Figure 1.7. It is one of 4 

isoenzymes that exist of pyruvate kinase: PKM1 and PKM2, encoded from the Pkm gene 

by alternative splicing; PKL and PKR, encoded from the Pklr gene by alternate promoters 

(Noguchi et al. 1986; Noguchi et al. 1987). PKM1 is expressed in muscle and brain tissue 

whereas PKM2 is expressed in highly proliferating cells, such as adult stem cells and 

embryonic cells (Mazurek et al. 2005; Wong et al. 2015). PKM2 is also expressed in a 

large subset of cancers, such as colon carcinoma and RCC, due to its ability to provide 

cells a proliferative advantage over PKM1 (Brinck et al. 1994; Christofk et al. 2008).  

Pyruvate kinases are active when in a tetrameric conformation. PKM1 is constantly in an 

active tetrameric conformation, whereas PKM2 is allosterically regulated between a high 

active tetrameric conformation and low active dimeric conformation (Mazurek et al. 2005; 

Gui et al. 2013; Wong et al. 2015). PKM2 in its low active dimeric state attenuates the 

final step of glycolysis. This facilitates the upstream accumulation and diversion of 

glycolytic metabolites into biosynthetic pathways, as described above, for anabolic 

growth and sustained proliferation (Cairns et al. 2011; Hay 2016). Dimeric PKM2 also 

enhances the Warburg effect through the conversion of pyruvate to lactate (Wong et al. 
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2015). The ability to finely regulate PKM2 activity is important to meet the physiological 

requirements of a cancer cell. The high active tetramer formation enhances ATP 

synthesis and cellular energy levels by driving the production of pyruvate whereas the 

low activity dimer formation can enhance macromolecular biosynthesis and anabolic 

growth of a cell (Gui et al. 2013).  

Metabolite concentrations of glycolytic intermediates can finely regulate the 

conformational state of PKM2 and its function (Luo et al. 2011; Garcia-Cao et al. 2012; 

Gui et al. 2013). The metabolites serine and fructose-1,6-bisphosphate (FBP) are potent 

activators of PKM2 activity by increasing the tetrameric form of PKM2. This provides 

feedback regulation of macromolecule biosynthesis (Gui et al. 2013). Reactive oxygen 

species (ROS) are negative regulators of PKM2 to enhance intermediate shunting into 

the PPP pathway for redox homeostasis (Anastasiou et al. 2011). PKM2 expression and 

activity are also regulated by oncogenic pathways such as the mTOR signalling (to be 

discussed in detail in 1.3.3.3). 

The role of PKM2 in cancer, however, is still a subject of debate. Increased PKM2 

expression has been reported in advanced cancers and shown to be associated with a 

poor prognosis. Pkm2 deletion in mouse models of leukaemia also delayed the onset of 

leukemogenesis (Wang et al. 2014) . Expression of PKM2 in lung cancer cell lines and 

xenograft models of lung cancer conferred a proliferative advantage for tumour growth 

and is required for aerobic glycolysis (Christofk et al. 2008). Moreover, PKM2 acts as a 

protein kinase and a transcriptional coactivator of genes involved in cell proliferation, 

migration and apoptosis (Wong et al. 2015).  Some recent studies, however, suggest 

that Pkm2 is not required for tumourigenesis and, in contrast, loss of Pkm2 promotes 

tumour formation in some types of cells/tissues. Pkm2 conditional deletion accelerated 

tumour growth in a Brca1-loss-driven mouse model of breast cancer (Israelsen et al. 

2013). Germline deletion of Pkm2 promoted metabolic stress and tumour formation in a 

mouse model of hepatocellular carcinoma (Dayton et al. 2016). Furthermore, Pkm2 is 

not required for tumourigenesis in a colon cancer model initiated by conditional deletion 

of Apc (Lau et al. 2017). It would be interesting to see whether Pkm2 is required for 

development of TSC-associated tumours 
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1.3.1.4 Lactate secretion 

The secretion of lactate plays an integral role in tumour progression. Lactate secretion 

is required to maintain an elevated flux through glycolysis. The glycolysis pathway 

requires NAD+ as a cofactor for the regular function of some of its enzymes, such as 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and PHGDH. NAD+ levels are 

quickly depleted by its conversion to NADH from the high glycolytic flux. The increased 

expression of lactate dehydrogenase-A (LDHA), as seen in cancer cells, catalyses the 

conversion of pyruvate to lactate, a reaction regenerating NAD+ to maintain glycolytic 

flow (Figure 1.7)(Hirschhaeuser et al. 2011; Hay 2016). Furthermore, lactate may 

support tumour growth through its secretion into the microenvironment through 

monocarboxylate transporters (MCTs). Acidification of the tumour microenvironment has 

been shown to enhance tumour invasion (Gatenby et al. 2006). Lactate has also been 

shown to be taken up by stromal cells, converted back to pyruvate and used as an energy 

substrate by nearby tumour cells to replenish the TCA intermediates and fuel further ATP 

synthesis (Sonveaux et al. 2008; Feron 2009). 

1.3.2 Glutaminolysis 

Glutamine, like glucose, is a vital nutrient for cancer cells. It is the most abundant amino 

acid in the plasma and its uptake is increased dramatically in tumours (Eagle 1955; 

Kovacevic and McGivan 1983). Glutamine is considered a non-essential amino acid and 

is maintained at high levels in the blood. Cancer cells utilise glutamine for cell 

bioenergetics, biosynthesis and redox balance (Figure 1.7) (DeBerardinis et al. 2007). 

Glutamine is an essential nitrogen donor and couples with glycolysis for the biosynthesis 

of nucleotides, hexosamines and amino acids. Its uses also extend to its carbon 

backbone as a major biosynthetic precursor (DeBerardinis and Cheng 2010; Altman et 

al. 2016; Hosios et al. 2016). Glutamine metabolism, along with the Warburg effect, is a 

traditional metabolic characteristic seen in proliferating tumour cells (Kovacevic and 

McGivan 1983). 

Glutamine can be used as a biosynthetic precursor. Upon entering the cell via glutamine 

transporters, glutamine can immediately be required for nucleotide synthesis or UDP-

GlcNAc synthesis (Figure 1.7)(DeBerardinis et al. 2007). Glutamine can also be 

transported to the mitochondria and converted to glutamate by mitochondrial 
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glutaminases. Glutaminases exist as multiple tissue-specific forms, encoded by 2 

mammalian genes: kidney-type glutaminase (GLS1) and liver-type glutaminase (GLS2) 

(Curthoys and Watford 1995). GLS1 can be further spliced into glutaminase C (GAC) or 

kidney type glutaminase (KGA) (Elgadi et al. 1999). Both GLS1 and GLS2 differ in their 

tissue expression and regulation. GLS1 expression has consistently been increased in 

many experimental tumour models in rats and mice (Knox et al. 1969; van den Heuvel 

et al. 2012; Gross et al. 2014). This increase correlates with tumour growth and GLS1 

inhibition has been shown to attenuate tumour progression (Gao et al. 2009). GLS1 has 

also shown evidence of positively regulating glucose uptake in prostate cancer cells, 

indicating feedback mechanisms between glucose and glutamine metabolism (Pan et al. 

2015). Interestingly, it has recently been suggested that GLS2 may have tumour 

suppressor functions in some cancer subsets and is a target of p53 (Zhang et al. 2013; 

Liu et al. 2014a).  

Glutamate produced by glutaminases has the potential to enter many significant 

biosynthesis pathways. It can be utilised for glutathione synthesis, a source of an amino 

group for non-essential amino acid synthesis or converted to α-ketoglutarate (Figure 1.7) 

(DeBerardinis et al. 2007). Conversion to α -ketoglutarate is performed by either 

glutamate dehydrogenase (GDH) or aminotransferases, such as phosphoserine 

aminotransferase 1 (PSAT1), part of the serine biosynthesis pathway (Moreadith and 

Lehninger 1984). GDH can be regulated by the mTOR pathway and is allosterically 

regulated by leucine and ATP levels (Li et al. 2012; Csibi et al. 2013). 

1.3.2.1 Anaplerosis of the TCA cycle  

Cancer metabolism by aerobic glycolysis and secretion as lactate results in depletion of 

TCA cycle intermediates. The TCA cycle produces many substrates that can act as 

precursors for biosynthetic pathways. It is also crucial for ATP synthesis through the 

generation of NADH and FADH2 for oxidative phosphorylation. Glutamine-derived α-

ketoglutarate provides an alternative source of carbon to replenish the TCA cycle through 

a process called anaplerosis (Figure 1.7)(DeBerardinis et al. 2007; DeBerardinis and 

Cheng 2010; Mayers and Vander Heiden 2015; Altman et al. 2016). A study in glioma 

cells of both rats and humans using nuclear magnetic resonance (NMR) spectroscopy 

to follow 13C-labeleled substrates showed the glutamine carbon backbone as a major 

anaplerotic precursor for the TCA cycle (Portais et al. 1996; DeBerardinis et al. 2007). 

Glutamine deprivation has also shown a significant reduction in TCA cycle intermediates 
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fumarate and malate. This indicates that the carbon backbone of glutamine is essential 

for the maintenance TCA cycle intermediates and synthesis of macromolecules (Yuneva 

et al. 2007).  Glutamine-derived α-ketoglutarate is used by the TCA cycle to produce 

metabolites such as citrate via the process of reductive carboxylation for fatty acid 

synthesis (Wise et al. 2011). In addition, glutamine-derived malate can be converted to 

pyruvate by the malic enzyme and produce NADPH necessary for redox stability 

(DeBerardinis et al. 2007). Pyruvate can be further converted to acetyl-CoA and recycled 

back into the TCA cycle or is converted to lactate by LDHA for NAD+ regeneration 

(Moreadith and Lehninger 1984). The glutamine carbon backbone can also be 

incorporated into glucose by gluconeogenesis in glucose deprived conditions, providing 

more evidence of feedback mechanisms between the two metabolic routes. 

Furthermore, glutamine-derived oxaloacetate can be transaminated with excess 

glutamate by aspartate aminotransferase (AST) to produce aspartate for nucleotide 

biosynthesis and additional α-ketoglutarate (Patel et al. 2016).  

1.3.3 Metabolic transformation driven by mTOR  

mTOR hyperactivation induces metabolic reprogramming of cancer cells, as described 

previously, via many mechanisms (Duvel et al. 2010; Zha et al. 2014). mTORC1 has 

been shown to enhance glutamine metabolism and anaplerosis by activating GDH. This 

is achieved by suppressing SIRT4, an inhibitor of GDH, through the degradation of 

cAMP-responsive element binding 2 (CREB2) (Csibi et al. 2013). SIRT levels are 

decreased in many cancers exhibiting mutations in the mTOR pathway (Csibi et al. 

2013). mTORC2 also regulates metabolic rewiring through Akt phosphorylation. 

mTORC2 phosphorylates  Akt at S473 and T450 leading to full activation of Akt and a 

variety of signalling mechanisms to meet the changing bioenergetic needs of a cancer 

cell (Elstrom et al. 2004). Akt1 stimulates the generation and translocation of glucose 

transporters and the phosphorylation and activation of many key glycolytic enzymes, 

such as hexokinases (Robey and Hay 2009). Moreover, Akt activation activates 

mTORC1 signalling through the inhibition of TSC2 and FOXO3a (Inoki et al. 2002; Khatri 

et al. 2010). mTORC1 enhances metabolic flux through glycolysis and glutaminolysis by 

elevating the expression of transcription factor families such as hypoxia-inducible factor 

1 (HIF1) and MYC.
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1.3.3.1 Hypoxia-inducible factor transcription factors 

The HIF transcription factors are responsible for gene expression changes during 

hypoxic conditions to ensure cell survival. The HIF complex are heterodimers comprised 

of HIF1α and HIF1β subunits. HIF1β is constitutively expressed whereas HIF1α is 

regulated by cellular oxygen concentrations. In high oxygen conditions, proline residues 

on HIF1α are hydroxylated by prolyl hydroxylase enzymes. This results in the recruitment 

of the tumour suppressor, von Hippel-Lindau (VHL), an E3 ubiquitin ligase, for 

subsequent ubiquitin-mediated degradation of HIF1α (Brahimi-Horn et al. 2007). In 

hypoxic conditions, HIF1α is stabilised and binds to HIF1β and other cofactors for the 

transcription of many genes associated with glycolysis containing hypoxic response 

elements (HRE) (Lu et al. 2005). However, oncogenic activation of mTOR or mutations 

within the VHL protein, as seen in Von Hippel-Lindau syndrome, stabilises and activates 

HIF1α in normoxic conditions, and results in overexpression of metabolic genes (Inoki et 

al. 2005; Guertin and Sabatini 2007; Gossage et al. 2015). mTORC1 promotes HIF1α 

mRNA transcription via signal transducer and activator of transcription 3 (STAT3) and 

translation via eIF4F and S6K1 and is rapamycin sensitive (Duvel et al. 2010; Laplante 

and Sabatini 2013; Dodd et al. 2015). A recent study using Tsc2 null MEFs found that 

HIF1α transcription was increased 7-fold in hypoxic conditions and was also rapamycin 

sensitive (Dodd et al. 2015). This may result in a significant increase in glycolysis in these 

mTOR-driven tumours. 

Oncogenic activation of mTOR and HIF1 complex provides growth and survival 

advantages for a cancer cell by modulating energy metabolism and switching to aerobic 

glycolysis. Genes involved in these changes include LDHA, MCT1 and pyruvate 

dehydrogenase kinase (PDK) to prevent pyruvate entry into the TCA cycle for rapid ATP 

production (Kim et al. 2006; Hirschhaeuser et al. 2011). HIF1 complex also induces the 

expression of glycolytic transporters and enymes to enhance glucose uptake and 

utilisation, such as glucose transport 1 (GLUT1), GLUT3, hexokinase II (HKII) and 

enzymes involved with intermediate shunting to biosynthetic pathways (Duvel et al. 

2010). 
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1.3.3.2 MYC transcription factors 

The MYC family of proteins are a group of transcription factors able to bind gene 

promotors containing enhancer box (E-Box) sequences. They strongly regulate many 

genes associated with cell metabolism and the Warburg effect. The amplification of MYC 

genes are frequently seen in cancers (Stine et al. 2015). mTORC1 signalling is an 

essential regulator of MYC expression. mTORC1 is required for STAT3 dependent 

transcription of c-myc and its cap-dependent translation (Laplante and Sabatini 2013; 

Csibi et al. 2014). mTORC1 can also indirectly affect MYC stability through the 

autophagy protein AMBRA1. AMBRA1 promotes dephosphorylation of MYC by protein 

phosphatases, leading to its destabilisation and degradation. mTORC1 signalling 

inactivates AMBRA1 to reduce MYC degradation (Cianfanelli et al. 2015). Furthermore, 

mTORC2 has been recently found to increase MYC levels through the acetylation of 

FoxO1 and FoxO3. This mechanism releases MYC from its suppressive miR-34c-

dependent network and the increased MYC levels correlates with a reduced survival time 

in glioblastoma patients (Masui et al. 2013).   

MYC collaborates with HIF1 to regulate the expression of key enzymes involved in 

glycolysis such as LDHA and induce the metabolic transformation of cancer cells (Shim 

et al. 1997; Dang et al. 2008). MYC transcription factors also regulate the expression of 

key enzymes involved in the glutaminolysis pathway (DeBerardinis et al. 2007). MYC-

transformed cells have been shown to become addicted to glutamine that is required for 

cell survival (Yuneva et al. 2007). Another study using a conditional transgenic mouse 

model showed that MYC overexpression drives the initiation of renal cell carcinoma 

through upregulation of glutamine metabolism (Shroff et al. 2015). MYC is involved in 

the expression of glutamine transporters, GLS and GDH (Wise et al. 2008). MYC induces 

GLS expression by suppressing miR-23a and miR-23b, transcriptional repressors of 

GLS expression (Gao et al. 2009). These pathways couple with HIF1 complex for 

anaplerosis of the TCA cycle.  

1.3.3.3 mTOR regulation of PKM2 

PKM2 is suggested to be required for mTOR-mediated aerobic glycolysis. Expression of 

PKM2 correlates with mTOR activation and is sensitive to mTOR inhibition (Iqbal and 

Bamezai 2012). Consistently, increased PTEN expression inhibits PKM2 expression 

(Garcia-Cao et al. 2012). PKM2 knockdown in Tsc2-/- MEFs is enough to decrease 
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glucose consumption and lactate production (Sun et al. 2011). mTOR signalling controls 

PKM2 expression through its regulation of HIF1 and MYC (Figure 1.8)(Sun et al. 2011). 

The PKM gene contains a HIF Response Element (HRE), making it a target of HIF1 

dependent transcription (Sun et al. 2011). In addition, MYC has been recognised to 

promote specific mRNA splicing of PKM2. In their pre-mRNA, PKM1 contains exon 9 

and excludes exon 10, whereas PKM2 includes exon 10 and excludes exon 9 (Figure 

1.7). MYC enhances the splicing and expression of PKM2 by increasing the expression 

of heterogenous nuclear ribonucleoproteins (hnRNPs). These proteins bind exon 9 to 

prevent its inclusion into the mRNA, leading to exon 10 inclusion to favour PKM2 

expression (Figure 1.8)(David et al. 2010). MYC co-operates with HIF1 dependent 

transcription of PKM for PKM2 expression (Sun et al. 2011). Interestingly, PKM2 has 

been observed to increase mTOR signalling through a positive feedback loop in RCC 

and breast cancer cell lines. This is achieved by the PKM2 dependent phosphorylation 

and inhibition of Akt substrate 1 (AKT1S1), an inhibitor of mTOR (He et al. 2016). PKM2 

can also be phosphorylated by ERK1/2 for its nuclear translocation to act as a cofactor 

for c-myc expression (Yang et al. 2012).  

 

 

 

 

 

 

 

 

 

 

Figure 1.8 Alternative splicing of PKM1 and PKM2 controlled by mTOR signalling. 
The PKM gene contains 11 exons and produces 2 protein products by alternative 
splicing. Alternative splicing can be finely controlled by c-myc expression. PKM pre-
mRNA is produced through HIF1a dependent transcription. c-myc expression, partly 
controlled by mTOR signalling, upregulates hnRNPs which can bind and inhibit exon 9, 
causing its exclusion from the mRNA, and expression of PKM2. 
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1.4 Animal models of TSC 

TSC animal models have been developed to understand mechanisms underlying 

disease development and to test various treatment strategies for TSC-associated 

tumours. Models derived from Drosophilia, rat and mouse were fundamental in these 

investigations and are described below.  

1.4.1 Use of Drosophila in understanding functions of TSC genes. 

Drosophila was a powerful model used to help understand the function of TSC genes as 

tumour suppressors. Tsc1 and Tsc2 orthologue genes were first reported in Drosophila 

and further studies identified mutations in either Tsc2 or Tsc1 leading to increases in cell 

size (Ito and Rubin 1999; Tapon et al. 2001). Genetic studies of Tsc1 and Tsc2 in 

Drosophila led to the identification of a TSC1-TSC2 complex which interacted with Rheb 

GTPase to regulate TOR signalling (Zhang et al. 2000; Gao et al. 2002; Garami et al. 

2003; Zhang et al. 2003b). S6K activation was found in Drosophila larvae and eggs 

deficient of the TSC complex (Radimerski et al. 2002). Other studies using Drosophila 

include the identification of TORC1 as an inhibitor of autophagy (Scott et al. 2007), the 

relationship between the TSC complex and Scylla/Charbdis (Drosophila homologue of 

REDD/RTP801) in response to hypoxic conditions (Reiling and Hafen 2004) and the 

discovery of Rag GTPases for amino-acid mediated TORC1 activation (Sancak et al. 

2008).   

1.4.2 Rat model of TSC-associated tumours: the Eker Rat 

The Eker rat was first described  in 1954 (Eker 1954), and was used as an animal model 

for hereditary RCC (Eker et al. 1981; Everitt et al. 1992).The Eker rat was predisposed 

to develop kidney lesions such as cysts, cyst with papillary projections and solid 

carcinomas. These lesions were observed as early as 2 months of age. By 12 months of 

age, these lesions exhibit complete penetrance in Eker rats. Kidney lesions mostly 

developed in the outer cortex (Eker et al. 1981). Further analysis found that the majority 

of cystic and solid carcinomas developed from collecting duct and proximal tubular 

epithelial cells, respectively (Wolf et al. 1995). Eker rats also develop brain hamartomas 

similar to human TSC patients (Yeung et al. 1997). Other primary tumours observed in 

Eker rats include pituitary adenomas (55% at 2 years old), uterine leiomyomas and 
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leiomyosarcomas (47-62% 14 months-2 years old) and splenic haemangiomas (23-68% 

14 months-2 years old) (Hino et al. 1994). 

Genetic linkage analysis was performed years later after the identification of the Eker rat 

to determine the disease-causing genes. The gene was localised to rat chromosome 

10p12, a region homologue to human chromosome 16p13.3, encoding TSC2 (Yeung et 

al. 1993; Hino et al. 1994). At this region, a mutation occurred resulting from the insertion 

of a 6.3 kb intracisternal A particle (IAP) on one allele (Tsc2ek/+)(Kobayashi et al. 1995). 

This insertion resulted in a disruption of codon 1272 in the rat Tsc2 gene. This leads to 

a disrupted transcript and approximately a 30% deletion of the 5’ end, containing the 

TSC2 catalytic domain (Yeung et al. 1994).To confirm Tsc2 as the disease causing gene,  

a wild-type Tsc2 gene was introduced into the Eker rat. The introduced wild-type Tsc2 

gene was found to suppress the Eker rat phenotype efficiently (Orimoto et al. 1996; 

Kobayashi et al. 1997a).  

1.4.3 Mouse models of TSC-associated tumours 

Mouse models of TSC have been developed. They can be classified as conventional 

and conditional models. These models are particularly useful for investigating 

mechanisms underlying development of TSC-associated tumours and for testing agents 

and strategies of prevention and therapy of these tumours.   

1.4.3.1 Conventional mouse models of TSC 

The first Tsc2 mouse models were developed in 1999 by 2 independent groups 

(Kobayashi et al. 1999; Onda et al. 1999). A gene targeting construct was created by 

inserting a neomycin cassette into exon 2 of a Tsc2 genomic DNA clone. The DNA was 

electroporated into J1 embryonic stem cells. Clones that successfully underwent 

homologous recombination of the gene construct were selected and injected into a 

blastocyst and transferred to pseudopregnant female mice. Offspring were then interbred 

to produce Tsc2 null homozygotes. Tsc2-/- mice were embryonically lethal and no viable 

offspring were observed past E12.5. In utero death was caused by a severely hypoplastic 

liver, delay in development, circulatory failure and delay in neural tube closure. The 

survival of Tsc2+/- mice was normal and similar to Tsc2+/+ littermates.  The development 

of benign renal tumours in Tsc2+/- mice, however, began during the first year of life, with 

full penetrance at 18 months of age (Figure 1.9C and D). These renal tumours included 
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cysts, papillary adenomas and solid carcinomas. Liver haemangiomas were observed in 

50% of Tsc2+/- mice at around 18 months (Figure 1.9E). Lung tumours were observed in 

33% (Figure 1.9F) and angiosarcomas in 7% at 18 months (Figure 1.9A and B)(Onda et 

al. 1999). The development of renal cell carcinoma was also observed in 5-10% of 

heterozygotes at 18 months of age. 

Mouse models by constitutively deleting Tsc1 alleles in germline were also developed 

using a similar approach to that used for generating Tsc2 mouse models. Tsc1 models 

have a less severe phenotype than Tsc2 models (Kobayashi et al. 2001; Kwiatkowski et 

al. 2002; Wilson et al. 2005). As with Tsc2-/- mice, Tsc1-/- mice were embryonically lethal 

but viable cells survive up to a day later than Tsc2-/- mice (Kwiatkowski et al. 2002). 

Moreover, the number of viable cells that survived between E11 and E12.5 was greater 

in Tsc1-/- than Tsc2-/- mice (30% vs 13%) (Kobayashi et al. 2001). Death of embryos was 

due to delay in development and delay in neural closure (Kobayashi et al. 2001; 

Kwiatkowski et al. 2002; Wilson et al. 2005). Tumours found in Tsc1+/- mice include renal 

cystadenomas and liver haemangiomas, similar to Tsc2+/-. However, the incidence and 

progression of renal tumours was higher in Tsc2+/- mice (Kobayashi et al. 2001; 

Kwiatkowski et al. 2002). A study by Wilson et al demonstrated strain-dependent disease 

severity of Tsc1 mouse models. There was an increase in mortality among Tsc1+/- mice 

(27%) on a C57BL/6 background compared to other backgrounds. Forty four percent of 

C3H mice developed macroscopically visible renal lesions while only 8% in C57BL/6  and 

13% in BALB/c mice had macroscopically visible renal lesions  at 3-6 months of age. All 

backgrounds had visible microscopic lesions at 15-18 months of age. Kobayashi et al 

(2001) failed to observe any macroscopic visible lesions in their Tsc1 model by 9-12 

months. Renal cell carcinoma was also strain dependant in Tsc1+/- mice, with 80% of 

BALB/c mice developing RCC by 18 months and C3H and C57BL/6 rarely developing 

RCC by 18 months (Wilson et al. 2005).  

Similar to observations in human TSC-associated tumours, a second (somatic) hit of 

Tsc1 or Tsc2 was observed in tumours of Tsc1+/- or Tsc2+/- mice. About 24% of renal 

tumours and 50% of liver haemamgiomas were identified with LOH in Tsc2+/- mice. These 

observations suggested that alternative mechanisms of Tsc2 inactivation may be 

common in these tumours (Onda et al. 1999). Loss of the wild-type allele was detected 

in 42% (5/12) renal lesions, two out of five hepatic haemangiomas, one out of two uterine 

lesions and one out of one lung lesion (a kidney metastasis) in Tsc1+/- mice (Wilson et 

al. 2005). Oncogenic pathways, particularly mTORC1 and mTORC2 signalling, are 
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aberrantly activated in renal tumours including cysts, papillary adenomas and solid 

carcinomas in Tsc1+/- or Tsc2+/- mice.  

1.4.3.2 Conditional mouse models of TSC 

The Cre/loxP system has been used to generate mouse models through specifically 

deleting Tsc1 or Tsc2 in particular tissues or cell types (Stricklett et al. 1999; Meikle et 

al. 2005; Reith et al. 2013) Tissue- and age-specific deletion of Tsc1 or Tsc2 can be 

achieved through spatial and temporal control by tissue-specific promotor-driven and 

tetracycline- or tamoxifen-inducible expression of Cre (Traykova-Brauch et al. 2008; Rao 

and Monks 2009; Espana-Agusti et al. 2016). This method is useful to produce 

heterozygous or homozygous deletions in specific tissues to avoid embryonic lethality. 

Deleting a gene of interest in a particular tissue could also minimise or reduce adverse 

effects.    

Tsc1lox/lox mice were produced by homologues recombination (Kwiatkowski et al. 2002).  

A targeting vector containing a loxp-flanked neomycin resistance-thymidine kinase gene 

cassette preceding exon 17 and a third loxp site downstream of exon 18 was produced 

and electroporated into embryonic stem cells from mice on a 129/S4/Sv background. 

Correctly targeted cells were collected and injected into C57BL/6J blastocysts. Mice 

were backcrossed for germline transfer in multiple backgrounds and the resulting 

heterozygotes were bred to produce homozygotes on a mixed background. Tsc2lox/lox 

mice were generated by a similar procedure, but loxp sites flanked exon 3 of the Tsc2 

gene (Pollizzi et al. 2009a). Exon 3 encodes a strip of amino acids near the N-terminus 

of the protein. Mice homozygous for Tsc1lox/lox or Tsc2lox/lox were viable, fertile and normal 

in size. Breeding these mice with mice containing tissue-specific Cre recombinase and 

inducible systems can result in deletions of floxed exons described in above models in 

specific tissues at specific ages and associated disease phenotypes can be assessed.  

Tsc1lox/lox or Tsc2lox/lox mice have been used to investigate gene roles in some of the most 

affected tissues in TSC patients. These include the kidneys, skin, heart and brain 

(Uhlmann et al. 2002; Meikle et al. 2005; Ehninger et al. 2008; Tsai et al. 2012; Prabhakar 

et al. 2013; Reith et al. 2013; Leech et al. 2015; Rozas et al. 2015). Conditional tissue 

specific deletions leading to conditions other than TSC-associated tumourigenesis will 

not be discussed here. A conditional knockout allele of Tsc1 with modified myosin light 

chain 2v promotor (MLC2v)-creKI in ventricular myocytes presented phenotypes 

resembling TSC-associated rhabdomyomas. These mice showed no difference in 
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development compared to Tsc1flox/flox mice at 3 months but survived no longer than 8 

months. No abnormalities in the kidneys or liver were observed, a typical phenotype of 

Tsc1+/- mice (Meikle et al. 2005). Conditional deletion of Tsc1 or Tsc2 was also reported 

in Purkinje cells of the brain in two separate studies, leading to an increased repetitive 

behaviours and other behavioural defects associated Autism Spectrum Disorder (ASD) 

but no tumour-related phenotypes (Tsai et al. 2012; Reith et al. 2013). A TSC-associated 

brain lesion model was reported after injecting an adeno-associated virus (AAV) 

combined with Cre-recombinase into the cerebral ventricles of Tsc1lox/lox mice. These 

mice developed brain lesions similiar to cortical tubers, SENs, leading to hydrocephalus 

(Prabhakar et al. 2013). More recently, a conditional knockout allele of Tsc1 with a 

Darpp32-Cre allele resulted in accelerated formation of kidney cystadenomas and paw 

angiosacromas. Full penetrance in all mice was seen within 6 weeks. Paw 

angiosacromas are easily observable, suggesting a non-invasive technique for analysing 

drug efficacy against TSC-related tumours (Leech et al. 2015).
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Figure 1.9 Macroscopic tumour development in Tsc2+/- mice. Mice dissected at 18 
months of age display tumours varying in location, size and aggressiveness. (A and B) 
External paw angiosacromas (arrows). (C and D) Renal tumours varying in size and 
location (Black arrows and circle). (E) Large liver tumour (within black circle) and rough 
surface of liver containing many little tumours. (F) TSC-associated lung tumour (pale 
colour; black circle) 
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1.5 Molecularly targeted tumour therapy 

1.5.1 Targeting mTOR 

Constitutive activation of the mTOR signalling pathway has been observed in many 

cancers and tumour syndromes including TSC. mTOR inhibitors have been developed 

and used to treat various types of cancer and TSC-associated tumours.  These inhibitors 

include allosteric inhibitors rapamycin and its derivatives (Rapalogs), and ATP-

competitive inhibitors, targeting the catalytic site of mTOR.  

1.5.1.1 Rapamycin and rapalogs 

Rapamycin is a macrolide produced by the soil bacterium Streptomyces hygroscopicus. 

This bacterium was first isolated from a soil sample collected on Easter island (Rapa 

Nui) in 1965. Rapamycin was later isolated from the bacterium in 1970s (Vezina et al. 

1975). Rapamycin was discovered to have a wide range of anti-fungal, anti-tumour and 

immunosuppressive properties (Martel et al. 1977; Sehgal 1998). It is a potent allosteric 

inhibitor of mTORC1 by forming a gain-of-function complex with the intracellular FK506-

binding protein (FKBP12). The complex directly binds the FRB domain of mTOR and 

inhibits mTOR (Li et al. 2014). The rapamycin-FKBP12 complex is generally unable to 

bind and inhibit mTORC2 but it shows evidence of mTORC2 inhibition after prolonged 

treatment (Sarbassov et al. 2006). 

Rapamycin is an effective immunosuppressant and was approved in 1999 for the 

prevention of graft rejection in kidney transplants. It strongly suppresses interleukin-2 

(IL-2) stimulated T-cell proliferation, which is required for prevention of allograft rejection. 

It was  approved in 2002 as an anti-restenosis drug following balloon angioplasty due to 

its ability to inhibit the growth of vascular smooth muscle (Benjamin et al. 2011). As 

mTOR is a key driver of cell growth and proliferation in many cancers and tumour 

syndromes, rapamycin has been studied as an anti-cancer drug (Eng et al. 1984). 

Rapamycin acts as a cytostatic and can arrest cells in G1 phase of the cell cycle in 

pancreatic, breast and prostate cancer, amongst other cancer subtypes (Seufferlein and 

Rozengurt 1996; Grewe et al. 1999; Yu et al. 2001). However, due to its poor water 

solubility and stability, synthetic rapamycin analogues have been developed to improve 

its pharmacokinetic properties and efficacy. These include temsirolimus (CCI-779) (Rini 
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2008), everolimus (RAD001) (Gabardi and Baroletti 2008) and ridaforolimus (AP23573) 

(Mita et al. 2008). These rapalogs have been analysed in a variety of cancer cells in vitro, 

in vivo and, in some cases, in clinical trials (Wander et al. 2011).  

1.5.1.1.1 Pre-clinical treatment with rapamycin and rapalogs in TSC-associated 

tumours 

TSC-associated tumours have hyper-activation of mTORC1. Several pre-clinical studies 

have shown that rapamycin and rapalogs are effective for treating TSC-associated 

tumours in rat and mouse. Two month rapamycin treatment resulted in the significant 

reduction in tumour size without any evidence of non-tumour toxicity, as seen by serial 

non-invasive ultrasound imaging in the Eker rat. However, further analysis confirmed 

drug resistance in a small proportion of tumours after prolonged therapy (Kenerson et al. 

2005). The rapalog CCI-779 reduced the severity of kidney cystadenomas (62-92% 

reduction in tumour number) without any significant toxicity in Tsc2+/- mice (Lee et al. 

2005). The rapalog everolimus was highly effective for renal cystadenomas (up to 99% 

reduction) in Tsc2+/- mice (Guo and Kwiatkowski 2013). Everolimus suppressed cell 

proliferation, as indicated by decreased number of tumour cells positive for Ki67. 

However, tumour growth reversal occurred by 8 weeks after treatment stopped. This 

provided further evidence of the cytostatic effect of rapalogs (Pollizzi et al. 2009b). 

Topical rapamycin also reduces the growth of subcutaneous TSC-associated tumours in 

nude mice (Rauktys et al. 2008). Long term rapamycin has been successful at blocking 

the development of renal tumours in Tsc2+/- mice (Yang et al. 2015). 

1.5.1.1.2 Clinical trials 

Clinical trials have been performed to evaluate the efficacy of rapamycin and its raplogs 

for TSC-associated tumours in patients (Franz et al. 2006; Bissler et al. 2008; Tabernero 

et al. 2008; Krueger et al. 2013; Franz and Capal 2016). A 24-month, non-randomised 

open-label trial assessed the effect of sirolimus on angiomyolipomas and 

lymphangioleiomyomatosis in TSC patients. In this study, the volume of 

angiomyolipomas regressed up to 50% after 1-year treatment but tumour regrowth 

began upon treatment cessation. Patients with LAM had an increase in lung function, as 

seen by increases in lung capacity and FEV1, after 1 year treatment but improvements 

also began to reverse after treatment stopped (Bissler et al. 2008). Similar results have 
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been reported in a study to treat TSC-associated angiomyolipomas using everolimus 

(42% tumour response rate but regrowth after treatment stopped) (Bissler et al. 2013). 

Furthermore, everolimus has shown clinical efficacy in TSC-associated renal carcinoma 

(Kim et al. 2014). Further clinical studies have been carried out to test the efficacy of 

everolimus on SEGAs in patients with TSC. Everolimus treatment caused both 

regression and/or stabilisation of SEGAs in TSC patients but interruption of treatment 

again resulted in regrowth of SEGAs (Franz et al. 2006). These studies have led to Food 

and Drug Administration (FDA) approval of everolimus for the treatment of TSC-

associated renal AML, SEGAs and TSC-associated partial-onset seizures (Hasskarl 

2018). 

1.5.1.1.3 Mechanisms of rapamycin/rapalogs limited activity 

Rapamycin/rapalogs have shown promise in treating TSC-associated tumours and RCC. 

However, as mentioned above, tumours can regrow upon withdrawal of 

rapamycin/rapalogs and drug resistance can develop in treating TSC-associated 

tumours (Benjamin et al. 2011).These limited activities of rapamycin/rapalogs possibly 

involve different mechanisms. First, rapamycin/rapalogs are cytostatic rather than 

cytotoxic and thus, drug withdrawal is likely to cause tumour growth (Franz et al. 2006; 

Bissler et al. 2008; Pollizzi et al. 2009b). Second, rapamycin/rapalogs do not normally 

inhibit mTORC2, promoting tumour cell survival through Akt signalling (O'Reilly et al. 

2006; Tabernero et al. 2008). Third, rapamycin/rapalogs are only partial inhibitors of 4E-

BP1 (Feldman et al. 2009; Thoreen et al. 2009). Long-term treatment has shown a 

gradual increase in phosphorylated 4E-BP1 and development of resistance (Benjamin, 

2011). Fourth, inhibition of mTORC1 by rapamycin/rapalogs leads to suppression of 

negative feedback loops, resulting in activation of PI3K/Akt signaling (Harrington et al. 

2004). Finally, mutations of mTOR or FKBP12 may prevent rapamycin/rapalog binding 

to mTOR and mutations in other proteins associated with the mTOR pathway may confer 

resistance (Huang and Houghton 2001).  

To overcome its limited efficacy as a monotherapy, combination of rapamycin/rapalogs 

with other agents has been tested for treating TSC-associated tumours (Rao et al. 2005; 

Pollizzi et al. 2009b; Cirstea et al. 2010; Yang et al. 2017). Everolimus has been used in 

combination with the vascular endothelial growth factor receptor (VEGFR) inhibitor, 

sorafenib, for treating renal tumours in a Tsc2+/- mouse model. Combinational treatment 
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signififanctly reduced tumour number and size of solid renal tumours, whereas 

everolimus and sorafenib alone did not (Yang et al. 2017). The Pi3K/mTOR inhibitor, 

NVP-BEZ235 has also been used in combination with rapamycin in Tsc2+/- mice, and 

shows to be as effective at suppressing tumour development, but does not completey 

elminate tumour burden in these mice. Furthermore, recovery of tumour growth was 

observed when treatment was discontinued (Pollizzi et al. 2009b). However, combination 

of rapamycin/rapalogs with other agents remains to be examined for treating TSC-

associated in clinical settings.  

1.5.1.2 ATP-competitive inhibitors of mTOR 

ATP-competitive inhibitors of mTOR are small synthetic molecules developed that target 

the kinase activity of mTOR. They bind the ATP-binding site of mTOR and thus block the 

phosphorylation and signalling of both mTORC1 and mTORC2. These inhibitors often 

overlap with PI3K inhibition due to the similarity between the kinase domains of mTOR 

and PI3Ks. However, the efforts of developing these mTOR inhibitors are focused on 

improving their selectivity to target mTOR. ATP-competitive inhibitors of mTOR are 

expected to overcome the limitations linked with rapamycin and have consistently shown 

greater anti-proliferative effects in pre-clinical studies (Feldman et al. 2009; Thoreen et 

al. 2009; Yu et al. 2009). Examples of ATP-competitive inhibitors of mTOR are shown in 

Table 1.2.  

ATP-competitive inhibitors have exhibited effective IC50 inhibition of mTOR, inhibition of 

both mTORC1 and mTORC2, and anti-proliferative efficacy. Compared to rapamycin, 

ATP-competitive inhibitors are more efficient at inhibiting 4E-BP1 and have greater anti-

tumour efficacy in a wide range of cancer cells in vitro and xenograft models in vivo 

(Schenone et al. 2011). However, the suppression of feedback loops have been reported 

to affect the efficiency of ATP-competitive inhibitors of mTOR. The increased signalling 

in RTK-PI3K-PDK1 through mTOR inhibition (as discuss previously) can enhance the 

phosphorylation of Akt at T308, which can be sufficient enough to accelerate tumour cell 

survival (O'Reilly et al. 2006; Peterson et al. 2009). Further investigation is warranted to 

further assess the role of feedback loops during treatment with these inhibitors. The 

development of ATP-competitive inhibitors (3rd generation inhibitors) that improve the 

dual inhibition of mTOR and PI3K, are currently under development and may help 

overcome some of these problems (Rodrik-Outmezguine et al. 2016). 
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AZD-2014 is a novel ATP-competitive inhibitor of mTOR, developed in 2013 from the 

optimisation of AZD-8055 (Pike et al. 2013). It is a potent inhibitor of mTOR (IC50 

0.0028uM) and is highly selective to the PIKK family. AZD2014 has been investigated in 

pre-clinical studies to evaluate its anti-tumour efficacy. AZD2014 significantly 

suppresses both mTORC1 and mTORC2 signalling and inhibited proliferation and 

growth of cancer cells in a variety of cultured cancer cell lines and various tumours of 

xenograft models (Huo et al. 2014; Kahn et al. 2014; Guichard et al. 2015; Leung et al. 

2015; Zheng et al. 2015; Li and Cui 2016; Yu et al. 2016). AZD2014 also appeared to 

have superior anti-tumour efficacy to rapalogs in these pre-clincal investigations (Zheng 

et al. 2015). TSC-associated tumours consistently show aberrant activation of mTORC1 

and mTORC2 and can have only partial response to rapalogs. It would be worthwhile to 

test whether ATP-competitive inhibitors of mTOR, particularly AZD2014, can improve 

therapy for these tumours. 

 

Table 1.2 ATP-competitive inhibitors of mTOR under investigation  
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1.5.2 Targeting tumour metabolism 

The reprogramming of cell metabolism within tumours provides an alternative 

opportunity for therapy of mTOR-driven tumours. Aberrant activation of mTOR drives the 

expression of genes associated with glycolysis and glutaminolysis that can be utilised by 

targeted therapy. This strategy may be used to specifically kill tumour cells that are 

addicted to glucose and glutamine (Altman et al. 2016; Hay 2016; Martinez-Outschoorn 

et al. 2017).  

1.5.2.1 Inhibition of glycolysis 

Aerobic glycolysis, (Warburg effect) is a fundamental characteristic of tumour cells 

(Pelicano et al. 2006). The growth and proliferative advantage attained through 

increased glycolytic flux renders these cells addicted to glucose. Many different 

strategies for utilising and targeting the increased flux through glycolysis have been 

investigated for anti-tumour therapy. Aerobic glycolysis can be inhibited by targeting 

GLUTs and glycolytic enzymes as listed in Table 1.3 (Nagarajan et al. 2016; Martinez-

Outschoorn et al. 2017). Although glucose metabolism is increased in tumour cells, the 

same enzymes and transporters are also utilised in normal cells. Inhibition of glycolysis 

therefore may result in adverse effects on these normal cells. However, identifying those 

transporters and enzymes that are preferentially used by cancer cells may provide 

potential therapeutic targets.  

3-Bromopyruvate (3-BrPA) is an alkylating agent and a structural analog of pyruvate. (Lis 

et al. 2016). It is highly effective at killing cells with a high ATP demand through its potent 

inhibition of tumour-specific HKII (Sun et al. 2015). Other 3-BrPA targets include 

glycolytic enzyme GAPDH and the mitochondrial enzyme succinate dehydrogenase. 3-

BrPA anti-tumour efficacy has been investigated in a wide range of in vitro and in vivo 

cancer models (Ko et al. 2001; Ko et al. 2004; El Sayed et al. 2012; Sun et al. 2015; Lis 

et al. 2016). 3-BrPA anticancer activity through ATP depletion has been demonstrated 

in prostate, RCC, gastric and multiple myeloma cell lines (Chen et al. 2009; Majkowska-

Skrobek et al. 2014; Nilsson et al. 2015; Valenti et al. 2015; Xian et al. 2015). In vivo 

anti-tumour efficacy of 3-BrPA has also been reported in animal models as a single 

therapy or in combination with rapamycin (Ko et al. 2004; Zhang et al. 2015).  
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Activation of mTORC1 causes addiction of Tsc1 or Tsc2 null MEFs to glucose. Targeting 
glycolysis in TSC-tumours, therefore, may provide an alternative approach for treatment 

other than mTOR inhibitors. Glycolytic inhibition with 2-deoxyglucose (2-DG) has 

previously shown significant decrease in tumour growth in Tsc2 null xenograft models, 

suggesting glucose deprivation as an effective treatment for mTOR-driven tumours 

(Jiang et al. 2011). 3-BrPA represents an alternative inhibitor of glycolysis due to its 

reported low toxicity, to be tested for TSC-associated tumours.  

 

Table 1.3 Strategies targeting glycolysis for cancer treatment 

 

 

 

 

 



1.5 Molecularly targeted therapy 
 

 
 

58 

1.5.2.2 Inhibition of glutaminolysis 

Tumour cells are dependent on glutamine for survival (Kovacevic and McGivan 1983; 

DeBerardinis et al. 2007). Glutaminolysis provides an alternate route to refuel the 

depleted Krebs cycle from aerobic glycolysis, via anaplerosis, for the synthesis of 

important macromolecules for tumour growth and proliferation. Many different classes of 

compounds have been developed to target glutaminolysis for anti-tumour therapy, some 

of which are listed in Table 1.4 (Hensley et al. 2013; Altman et al. 2016). Most of these 

compounds are still in the early stages of research or have been limited by their adverse 

effects. GLS inhibitors such as CB-839, however, have shown promise in early preclinical 

trials of cancer and have entered clinical trials (Gross et al. 2014; Guo et al. 2016). 

CB-839 is an allosteric, highly potent and selective inhibitor of GLS. It has been 

investigated in a variety of different cancer cell lines and xenografts models for its anti-

tumour efficacy. CB-839 has displayed impressive anti-proliferative effects in pre-clinical 

trials as a single agent or in combination with other chemotherapeutic agent in solid and 

haematological cancer cell lines, with minimal toxicity (Gross et al. 2014; Jacque et al. 

2015; Tanaka et al. 2015; Guo et al. 2016; Lampa et al. 2017). CB-839 has also shown 

a substantial reduction in tumour growth in animal models of breast cancer, lung cancer 

and RCC (Gross et al. 2014; Momcilovic et al. 2017).  

Activation of mTORC1 is associated with glutamine addiction (Choo et al. 2010) and 

increased glutaminolysis in Tsc2 deficient MEFs (Csibi et al. 2013). However, further 

investigation is necessary to determine whether TSC null tumours also have increased 

glutamine uptake and glutaminolysis in vivo. Blocking of glutamine anaplerosis in 

combination with glycolytic inhibition causes significant cell death in Tsc2-/- but not Tsc2+/+ 

MEF cells (Csibi et al. 2013). However, it remains to be examined whether inhibition of 

glutaminolysis in combination with glycolysis inhibition, can potently induce cell death in 

TSC-associated tumours in vivo. 
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Table 1.4 Strategies targeting glutaminolysis for cancer treatment 
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1.6 Aims 

Rapamycin and rapalogs are currently used for treating TSC-associated tumours. 

However, partial tumour response to rapamycin/rapalogs, development of drug 

resistance, and tumour regrowth upon drug withdrawal warrants new therapeutic 

strategies to treat TSC-associated tumours. These strategies could also be translated 

into other cancers and tumours with hyperactivated mTOR signalling. In this project, both 

mTOR and cellular metabolism were targeted with therapeutic agents to assess their 

efficacy on renal tumours in Tsc2+/- mice. The potential roles of Pkm2 in the 

tumourigenesis of the kidneys in these mice was also examined. 

The aims of this project are: 

• To compare the anti-tumour efficacy of the ATP-competitive dual inhibitor of 

mTORC1 and mTORC2, AZD2014, with that of rapamycin for the treatment of 

renal tumours in Tsc2+/- mice. AZD2014 has previously demonstrated to be 

superior to rapamycin in pre-clinical studies for treating renal cell carcinoma and, 

therefore, is expected to be better than rapamycin for treating TSC-associated 

renal tumours. This project focused on comparison of AZD2014 and rapamycin 

for their anti-tumour efficacy by estimation of tumour number and size, and 

molecular mechanisms of drug action by analysis of Western blot and 

Immunohistochemistry. 

• To compare the anti-tumour efficacy of the dual inhibition of glycolysis and 

glutaminolysis with that of rapamycin for the treatment of renal tumours in Tsc2+/- 

mice. Inhibition of glycolysis or glutaminolysis has been tested widely for tumour 

therapy in in vitro and in vivo studies but results have not been very promising. 

Dual inhibition of glycolysis and glutaminolysis may be a better strategy for 

tumour therapy. However, this strategy has not been tested in vivo, although one 

in vitro study suggested dual inhibition of glycolysis and glutaminolysis could be 

effective for treating ovarian cancer cells. Therefore, this project was to test the 

anti-tumour efficacy of dual inhibition of glycolysis and glutaminolysis for renal 

tumours in Tsc2+/- mice in comparison with rapamycin by estimation of tumour 

number and size, and to analyse molecular mechanisms of drug action by 

analysis of Western blot and Immunohistochemistry. 
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• To investigate the effect of conditional deletion of Pkm2 on tumourigenesis in the 

kidneys of Tsc2+/- mice. It is still a matter of debate whether Pkm2 plays a role in 

tumourigenesis of different tumour types, and Pkm2 was highly expressed in 

TSC-associated tumours. This project proposed to examine the possible 

contribution of Pkm2 on tumourigenesis in the kidneys of Tsc2+/- mice by 

estimation of tumour number and size. The effect of Pkm2 deletion on mTOR 

signalling was also to be analysed using Western blot and 

Immunohistochemistry. 
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2 CHAPTER TWO 

 

Materials and Methods 

2.1 Materials 

2.1.1 Cell lines 

Immortalised TP53-/-Tsc2+/+ and TP53-/-Tsc2-/- MEFs were described previously (Zhang 

et al. 2003a). The Tsc2-KT12 and KT17 tumour cells were prepared from solid tumours 

of the kidneys in Tsc2+/- mice as described previously (Yang et al. 2013). 

2.1.2 Animals 

The Tsc2+/- mouse model was provided by Dr David J. Kwaitkowski (Onda et al. 1999). 

Wild type BALB/c mice were supplied by Charles River, UK. Genetically engineered mice 

B6;129S-Pkmtm1.1Mgvh/J (C57BLK/6 background); Tg(tetO-cre)1Jaw/J (C57BL/6 

background) and B6.Cg-Tg(Pax8-rtTA2S*M2)1Koes/J (C57BL/6 background) were 

purchased from Jackson Laboratories, Maine, USA. 

2.1.3 Reagents, chemicals and enzymes  

2.1.3.1 General laboratory reagents, chemicals and enzymes 

b- Mercaptoethanol (Sigma, UK, cat no: M3148) 

Agarose powder (Eurogentec, UK, cat no: EP-0010-05) 

Bovine Serum Albumin (BSA) (Sigma, UK, cat no: A7906-50G) 

Dimethyl sulfoxide (DMSO) (Sigma, UK, cat no: D8418) 

Dithiothreitol (DTT) (Sigma, UK, cat no:43816-10mL) 

ECL blocking agent (GE Healthcare, UK, cat no: RPN418) 

Eosin (0.5%, aqueous) (Sigma, UK, cat no: HT110280)
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Ethanol (Thermo Fisher Scientific, UK, cat no: E/06500F/17) 

Ethidium bromide (Sigma, UK, cat no: E7637) Gel-loading dye (6x) and 100bp DNA 
ladder (New England Biolabs, UK, cat no: B7025) 

Gill No 1 Haematoxylin (Sigma, UK, cat no: GHS132) 

Glacial Acetic Acid (Sigma, UK, cat no: PHR1748) 

Glycerol (Sigma, UK, cat no: G6279) 

0.5 EDTA (Promega, UK, cat no: V423B) 

ImmPACTä NovaREDä Peroxidase substrate kit (Vector laboratories, UK, cat no: SK-
4800)  

Isopentane (Fisher Scientific, UK, cat no: P/1030/17) 

Isopropanol (Fisher Scientific, UK, cat no: P/7490/17) 

Hydrochloric acid (HCL) (Sigma, UK, cat no: 320331) 

Hydrogen peroxide (30%) (VWR, UK, cat no: 23615.261) 

MagicMark XP western protein standards (Thermo Fisher Scientific, UK, cat no: 
LC5602) 

Membrane blocking agent (GE Healthcare, UK, cat code: RPN2125) 

Methanol (Thermo Fisher Scientific, UK, cat no: M/3900/17) 

Methylated spirits (Fisher Scientific, UK, cat no: M/4450/17) 

PCR Taq master mix (2x) (New England Biolabs, UK, cat no: M0270L) 

Protein block (Abcam, UK, cat no: 64226) 

Polyethylene glycol 400 (PEG-400) (Sigma, UK, cat no: 1546445) 

Sodium chloride (Thermo Fisher Scientific, UK, cat no: S/3160/60) 

Sodium Dodecyl Sulfate 10% (SDS) (Sigma, UK, cat no: 5030) 

Trizma® Base (Sigma, UK, cat no: 154563) 

Tris-HCl (pH 7.5) (Sigma, UK, cat no: 154563)  

Tri-sodium citrate dihydrate (Thermo Fisher Scientific, UK, cat no: S/3320/60) 

Tween-20 (Sigma, UK, cat no: P4780) 

Tween-80 (Sigma, UK, cat no: P1754) 
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VectaMount Permenant Mounting Medium (Vector Laboratories, UK, cat no: H-5000) 

Xylene (VWR, UK, cat no: 28975.360) 

2.1.3.2 Cell culture chemicals reagents 

Crystal violet (Sigma, UK, cat no: C0775-25G) 

Dulbecco’s Modified Eagle Medium (DMEM) (Invitrogen Life Technologies, UK, cat no: 
41966-029) 

Fetal Bovine Serum (FBS) 10% (Invitrogen Life Technologies, UK, cat no: 10270-106) 

Minimum essential medium non-essential amino acids (MEM NEAAs) 100X (Invitrogen 
Life Technologies, UK, cat no: 11140-035) 

Penicillin/Streptomycin (Pen/Strep) (Invitrogen Life Technologies, UK, cat no: 15140-
122) 

2.1.3.3 Chemical agents for treatment  

3-Bromopyruvic acid (3-BrPA) (10g) (Sigma, UK, cat no: 16490-10G) 

AZD-2014 (1g) (MedKoo Biosciences, USA, cat no: 204520) 

CB-839 (8x230mL) (Calithera Biosciences, California, USA, Batch: 36220-80C).  

Doxycycline (Sigma, UK , cat no: D9891-100G) 

Rapamycin (1g) (LC Laboratories, USA, cat no: R-5000) 

Vehicle solution (aq. 25% HPBCD/10mM Citrate/ pH2) (8x230mL) (Calithera 
Biosciences, California, USA, Batch: 36220-79V) 

2.1.4 Buffers and solutions 

50x TAE Buffer 

For 1L: 242g Trizma® Base (MW=121.1) was dissolved in 600mL of ddH20 then 100mL 

0.5 M EDTA and 57.1mL Glacial Acetic Acid was added. Volume was brought to 1L with 

ddH20. 

1x TAE Buffer 

For 1L: 20mL 50X TAE buffer was added to 980mL ddH20 
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10x Tris Buffered Saline (TBS) 

For 2L: 160g NaCL and 48.4g Trizma® Base were dissolved in 1500mL ddH20. pH was 

adjusted to 7.6 with Hydrochloric acid (HCl) (approximately 30mL for 2L). Buffer was 

finally autoclaved for 20 minutes, 

1x TBS-T 

For 1L: 100mL 10X TBS was added to 900mL ddH20 followed by 1mL Tween-80 

10mM Sodium Citrate Buffer 

For 1L:  2.94 g Tri-sodium citrate dihydrate was dissolved in dH2O (pH adjusted to 6.0 

with 1N HCI) 

Tissue Lysis Buffer 

For 50mL: 5mL 100mM Tris HCl (pH 8.5), 0.5mL EDTA, 1mL 10% SDS and 2mL 5M 

NaCl were mixed in a 50mL Falcon tube. Total volume was made up to 50mL with ddH20. 

Five µL Proteinase K (Qiagen) was added to the lysis buffer before use at a ratio of 

1:200.  

TE Buffer 

For 50mL: 500µL 10mM Tris-HCL and 200µL 0.5mM EDTA were mixed. Total volume 

was made up to 50mL with ddH20. 

1x MES SDS Running Buffer (SDS-PAGE) 

For 1L: 950mL ddH20 was added to 50mL 20x NuPAGE® MES SDS Running Buffer 

(Invitrogen Life Technologies) 

1x Transfer Buffer 

For 1L: 850mL ddH20 and 100mL methanol were added to 50mL 20x NuPAGE Transfer 

(Invitrogen Life Technologies) 

IHC stripping solution 

For 200ml: 50g 5% SDS, 1mL 0.5% b- Mercaptoethanol and 10mL 50mM Tris HCL were 

mixed and made up to a total volume of 200mL with ddH2O.
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NuPAGE LDS buffer  

0.5mL was provided by Invitrogen Life Technologies 

ECL Advanced Western Blotting detection solutions 

For 2mL: 1mL of Solution A was mixed with 1mL of solution B. 

Formaldehyde Raymond Lamb tissue fixative (100%) 

For 1L at 20%: 200mL formaldehyde was added to 800mL ddH2O 

2.1.5 PCR Primers  

PCR Primers for Pax8.rtTA, TetOCre, Pkm2 and Tsc2 were synthesised by Eurogentec 

as shown in Table 2.1  

 

 

 

 

 

Table 2.1 Primer sequences and annealing temperatures used for PCR of genes 

2.1.6 Antibodies 

2.1.6.1 Primary antibodies 

Β-Actin (Cell Signalling, USA, cat no: 4970) 

Phospho-S6 Ribosomal Protein (Ser235/236) (Cell Signalling, USA, cat no: 4858) 

Phospho-Akt (Ser473) (Cell Signalling, USA, cat no: 3787) 

Phospho-Akt (Thr450) (Cell Signalling, USA, cat no: 9267) 

Gene Annealing 
temperature (ºC) Amplicon size

Forward CAAACCCACCTCCTCAAGCTTC
Reverse AATGCGGCCTCAACAATCG
Reverse AGACTGCCTTGGGAAAAGCG
Forward CCATGTCTAGACTGGACAAGA
Reverse CTCCAGGCCACATATGATTAG
Forward GCGGTCTGGCAGTAAAAACTATC
Reverse GTGAAACAGCATTGCTGTCACTT
Internal Positive Control Forward CTAGGCCACAGAATTGAAAGATCT
Internal Positive Control Reverse GTAGGTGGAAATTCTAGCATCATCC
Forward CCTTCAGGAAGACAGCCAAG
Reverse AGTGCTGCCTGGAATCCTCT

Transgene: 
100 Control: 
324

51.7TetO-Cre

WT: 578  
Mutant: 68060PKM2

Primer sequence

56 WT: 86  
Mutant: 105Tsc2

Pax8rtTA2
S*M2

60 Transgene: 
595 Control: 
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Phospho-Akt (Thr308) (Cell Signalling, USA, cat no: 2965) 

Anti-PKC alpha (phospho T638) (Abcam, UK, cat no: ab32502) 

PKC alpha (Phospho S657) (Santa Cruz, USA, cat no: sc-208) 

Anti mTOR (phosphor S2481) (Abcam, UK, cat no: ab137133) 

Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (Cell Signalling, USA, cat no: 4370) 

RAF-1 (p-S259) (Abcam, UK, cat no: ab173539) 

4E-BP1 (Cell Signalling, USA, cat no: 9644) 

Phospho-4E-BP1 (Thr37/46) (Cell Signalling, USA, cat no: 2855) 

Anti-phospho-FRAP1 (pSer2448) (Sigma, UK, cat no: SAB4300178-100UG) 

Phospho-p70 S6 Kinase (Thr389) (Cell Signalling, USA, cat no: 9205) 

Anti-phospho-MDM2 (pSer166) (Sigma, UK, cat no: SAB4503937-100UG) 

Vimentin (Cell signalling, USA, cat no: 5741) 

E-Cadherin (Cell signalling, USA, cat no: 3195) 

Anti-Fibronectin (Abcam, UK, cat no: ab2413) 

Anti-Glutaminase (Abcam, UK, cat no: ab156876) 

Anti-Carbonic Anhydrase (Abcam, UK, cat no: ab184006) 

Hexokinase II (Cell signalling, USA, cat no: 2867) 

GAPDH (Cell signalling, USA, cat no: 2118) 

Glutamate dehydrogenase (GDH) (Cell signalling, USA, cat no: 12793) 

MCT1 (Insight Biotechnology, UK, cat no: C00668H) 

Ki67 (Abcam, UK, cat no: 15580) 

Active Caspase-3 (Abcam, UK, cat no: 2302) 

2.1.6.2 Secondary antibodies 

Secondary horseradish peroxidise-conjugated antibody against rabbit for western 
blotting was purchased from Cell Signalling Technology, USA, cat no: 7074. 

SignalStainâ Boost IHC Detection Reagent (HRP, Rabbit) for IHC was supplied by Cell 

Signalling Technologies, USA, cat no: 8114. 
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2.1.7 Kits 

All Prep DNA/RNA/Protein Mini kit was supplied by Qiagen, UK 

2.1.8 Equipment 

Thermal cycler for PCR was obtained from Bio-Rad, UK. TissueRuptor and TissueRuptor 

disposposable probes were purchased from Qiagen, UK. The Invitrogen NuPage Novex 

gel system was purchased from Invitrogen Life Sciences, UK. Cytomation wax pens were 

supplied by DAKO, UK. 

2.1.9 Miscellaneous 

PCR 0.2mL strips were bought from VWR, UK. Soft-Ject® 0.5mL insulin U-100 fixed 

needles (30G) for animal treatment were supplied by Henke Sass Wolf, Germany. 24 x 

40mm coverslips for H&E and IHC were obtained by Thermo Fisher Scientific, UK. 

NuPAGE 4-12% Bis-Tris mini gels (12, 15 and 17 well) were ordered from Invitrogen Life 

Technologies, UK. Hybond ECL Nitrocellulose Membranes was provided by GE 

Healthcare, UK and 3MM Whatman filter paper was bought from Thermo Fisher 

Scientific, UK. 

2.2 Methods 

2.2.1 Cell culture and treatment 

For MTT assay, 4x103 cells per well were grown in a microtiter plate overnight in triplicate 

for each treatment group in DMEM containing 10% FBS, 50 units/ml penicillin and 50 

µg/ml streptomycin at 37°C in a humidified 5% CO2 incubator. Cells were then treated 

with DMSO, AZD2014 or rapamycin at designated concentrations for 48 hours and MTT 

assay was performed. For colony formation assay, 250 cells were plated in a 10cm dish 

in triplicate and grown overnight for each treatment group as for MTT assay. Cells were 

then treated for 48 hours with DMSO, AZD2014 or rapamycin at designated 

concentrations and left for additional 7 days in fresh medium without AZD2014 and 

rapamycin. Cell colonies stained with crystal violate were counted. For protein 

preparation, 105 cells were grown on one well of 6 well plates overnight in triplicate for 
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each treatment group in serum-free DMEM and treated for 24 hours with DMSO, 

AZD2014 or rapamycin at indicated concentrations in DMEM containing 10% FBS 

2.2.2 Animal husbandry and breeding 

All animal procedures were performed in accordance with the UK Home Office guidelines 

and approved by the Ethical Review Group of Cardiff University (PPL No. 30/3073; PIL 

No. I042529CA). Mice were kept under standard laboratory conditions in the JBIOS 

animal research facility, University Hospital Wales, Cardiff, in filter topped cages and 

provided with a standard rodent diet and de-chlorinated water. All cages were held in a 

19-23°C, 55+/- 10% humidity room and provided with a 12-hour light/dark cycle (7am-

7pm) each day. All litters were weaned 4 weeks after birth and males and females were 

transferred to separate cages. Identification of mice was performed by ear punches, 

which were collected for subsequent genotyping.   

To test treatment efficacy, Tsc2+/- were backcrossed on the balb/c strain at least 10 times 

to produce Tsc2+/- balb/c mice and randomly allocated into different treatment groups 

with balanced sex, age and littermates. To test the roles of Pkm2 in renal tumourigenesis, 

B6.Cg-Tg(Pax8-rtTA2S*M2)1Koes/J (Traykova-Brauch et al. 2008), B6;129S-

Pkmtm1.1Mgvh/J (Israelsen et al. 2013), Tg(tetO-cre)1Jaw/J (Gossen and Vujard 1992) and 

Tsc2+/- (Onda et al. 1999) mice were bred through multiple-rounds of breeding to produce 

Pax8.rtTA+/Pkm2lox/lox/TetO.Cre+/Tsc2+/- mice. These mice are expected to induce the 

kidney-specific deletion of Pkm2 after doxycycline treatment.  

2.2.3 Genotyping 

2.2.3.1 DNA extraction 

Ear punches collected from mice were used for DNA extraction. These samples were 

placed into 1.5mL eppendorfs and stored in -20°C. For DNA extraction, 0.2mL of tissue 

lysis buffer plus proteinase K (see 2.1.4) was added to each eppendorf containing ear 

punch. Eppendorfs were incubated in a 55°C water bath overnight (16-18 hours). 

Following incubation, eppendorfs were allowed to cool for 5-10 minutes before adding 

0.2mL isopropanol to each tube. Samples were mixed thoroughly and then centrifuged 

at 13,500rpm for 10 minutes at room temperature. The supernatant was discarded and 
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0.1mL 70% ethanol was added to each tube. Samples were centrifuged for a further 5 

minutes at room temperature. Supernatant was removed carefully using a pipette and 

tubes were allowed to air-dry at room temperature for approximately 10 minutes. After 

drying, 100µL TE buffer was added to each sample and incubated in the 55°C water bath 

for 90 minutes. Following incubation, samples containing DNA were vortexed and 

centrifuged. DNA samples were used for PCR or stored at -20°C.  

2.2.3.2 Polymerase chain reaction 

The PCR reaction was set up in 0.2mL PCR tubes and each tube contained 9µL PCR 

reaction mixture and 1µL of the genomic DNA prepared from ear punches. The 9µL PCR 

reaction mixture contained 5µL Taq 2X Master mix 1µL primer mix and 3µL nuclease 

free water. Primers used for genotyping for specific genes are shown in Table 2.1.  

PCR was performed using a Bio-Rad T100 thermal cycler. The PCR protocol for 
genotyping was as follows: 

1. 95°C for 3 minutes 

2. 94°C for 30 seconds 

3. X °C for 30 seconds (For specific primer annealing temperature, see Table 2.1) 

4. 72°C for 30 seconds  

5. Repeat steps 2-4 34x 

6. 72°C for 5 minutes 

7. 12°C for ¥ 

PCR tubes were centrifuged for 5 seconds and immediately used for gel electrophoresis 

or stored at -20°C.  

2.2.3.3 Agarose gel electrophoresis 

Agarose gels were prepared using 1X TAE buffer and agarose powder. Three or 1.5% 

agarose gels were used for electrophoresis. Agarose powder was dissolved through 

heating in a microwave for approximately 2-minutes. Ethidium bromide (0.05µL/mL) was 

added and mixed before gel setting in a gel mould, to aid visualisation of DNA bands 

under UV light. Two µL of Gel loading dye (6X) was added to each PCR sample and 

mixed thoroughly. Gel was submerged in 1X TAE buffer and PCR samples were added 
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into separate gel wells, including a well for a 1Kb DNA fragment ladder. Gel 

electrophoresis was run at 100V for approximately 1 hour. PCR products were then 

visualised using a BioDoc-ITâ Imaging System through its UV exposure and compared 

to the DNA fragment ladder to confirm DNA product size. Gel images were saved 

electronically and printed using a Digital UP-895MD Graphic Printer.  

2.2.4 Animal treatment  

Animals were treated with therapeutic agents for renal tumours or with doxycycline to 

induce cre expression. 

2.2.4.1 AZD2014  

AZD2014 was thoroughly dissolved in dimethyl sulfoxide (DMSO) at a concentration of 

80mg/mL. Solution was then aliquoted and stored in -80°C. On day of treatment, an 

AZD2014 aliquot was thawed and diluted with a vehicle solution of 5% PEG-400 and 

0.5% Tween-80 (sterile), to give a concentration of 5mg/mL. Mice were treated at 

20mg/kg AZD2014 via intra-peritoneal injection (IP), once a day 5 days a week for two 

months. 

2.2.4.2 Rapamycin 

Rapamycin was prepared at 50mg/mL in DMSO. Rapamycin was aliquoted, stored and 

prepared as described for AZD-2014 but with a final concentration of 1mg/mL. Mice were 

treated at 5mg/kg Rapamycin via IP, once a day 5 days a week. 

2.2.4.3 3-Bromopyruvate (3-BrPA) 

3-BrPA was thoroughly dissolved in saline at concentration of 10mg/mL. 3-BrPA solution 

was aliquoted and stored at -80°C. On day of treatment, a 3-BrPA aliquot was thawed 

and diluted with saline to give a final concentration of 0.4mg/mL. Mice were treated at 

2mg/kg via IP, once a day 5 days a week. 
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2.2.4.4 CB-839 

CB-839 (20mg/mL) and its vehicle (aq. 25% HPBCD/10mM Citrate/ pH2) were prepared 

by Calithera in 230mL bottles. Bottles were vortexed, aliquoted and stored at -80°C. Mice 

were treated with CB-839 at 200mg/kg via gavage twice a day, 7 days a week.  

2.2.4.5 Combination treatments 

Combination treatments in this study include: 3-BrPA + Rapamycin, CB-839 + 

Rapamycin and 3-BrPA + CB-839. Each combination treatment was given at the same 

dosage through the same route as a single treatment.  

2.2.4.6 Doxycycline  

Doxycycline at a concentration of 2mg/mL was prepared in drinking water, supplemented 

with 5% sucrose. Drink bottles with doxycycline were changed with fresh solutions every 

Monday, Wednesday and Friday for 10 days. 

2.2.5 Animal dissection 

On the final treatment day of all studies, mice were treated as normal and transferred to 

a procedure room for necropsy analysis and tissue harvesting.  

2.2.5.1 Necropsy analysis, dissection and tissue harvesting 

Mice were killed by cervical dislocation. Mice were fully examined for external lesions, 

lumps or traumas and recorded before dissection. During dissection, all organs were 

examined for lesions and any lesions recorded. Small pieces of the kidney, liver, spleen, 

heart, lungs, small intestine, brain and muscle, and the remaining liver, spleen, heart, 

lungs, small intestine and brain were quickly snap frozen in isopentane for use in 

molecular analysis. Isopentane was placed in a beaker chilled by liquid nitrogen.  Both 

kidneys, a section of the large lobe of the liver and half the brain were quickly transferred 

and fixed in buffered formalin saline (ph 7.0) for 24 hours before being processed. Snap 

frozen tissues were transferred to cryotubes and stored at -80°C.  
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2.2.6 Histology 

2.2.6.1 Tissue fixation, embedding and sectioning 

Kidneys fixed in buffered formalin saline were processed and sectioned for H&E analysis 

and immunohistochemistry. Kidneys were transferred to a LEICA TP1050 tissue 

processor for dehydration, cleaning and embedding. This process involved dehydration 

in 70, 95 and 100% ethanol at 1-hour intervals each. Kidneys were then cleaned in 2 

rounds of xylene for 45 minutes and 1 hour. Kidneys were then immersed in molten 

paraffin wax (60°C) for 1 hour x 2 and 1.5 hours. Each kidney was finally embedded in a 

mould filled with molten paraffin wax and allowed to set and harden on a cold plate. 

Embedded kidneys were then sectioned using a LEICA RM2235 microtome. Six coronal 

sections of 5μm were prepared at a 200μm interval from both kidneys of each mouse to 

investigate treatment efficiency. Ten coronal sections of 5μm were prepared at a 200μm 

interval from both kidneys of each mouse to test the roles of Pkm2 in tumourigenesis. 

Sections from all studies were placed in a 45°C water bath and collect onto 25 x 75 

1.00mm polysine slides. Three pairs of kidneys were collected per slide. Slides were 

allowed to dry on a hot plate and left in a 45°C oven overnight. Tissue, fixation and 

sectioning was kindly performed by Derek Scarborough. 

2.2.6.2 Haematoxylin and eosin (H&E) staining 

For H&E staining, kidney sections were deparaffinised in xylene for 3x3 minutes then 

rehydrated in 100%, 70%, 50% ethanol and tap water for 2 minutes each. Sections were 

stained with Gill No 1 haematoxylin for 2 minutes followed by a wash in tap water for 

2x30 seconds Sections were then stained with 0.5% Aqueous eosin for 4 minutes 

followed by further washing in tap water for 30 seconds. Slides were dehydrated and 

cleaned in 50% ethanol for 30 seconds, 70% ethanol for 30 seconds, 100% ethanol for 

2x1 minute and xylene for 2x2 minutes. VectaMount Permanent Mounting Medium was 

used to mount slides with a cover slip and slides were left to dry at room temperature 

overnight. 
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2.2.6.3 Slide scanning 

Haematoxylin and Eosin (H&E) stained slides were scanned at 20x magnification using 

the ScanScopeâ CS microscope slide scanner (Aperio Technologies, UK) to produce 

virtual slides. 

2.2.6.4 Tumour burden assessment 

Virtual H&E slides were used for lesion identification and quantification using the Aperio 

ImageScopeä software  (http://www.aperio.com/?gclid=CNXN-

8by4aUCFclNfAods3eg1w). All lesions were located, characterised, measured and 

recorded. Individual renal lesions were photographed at their maximum size with a 

reference scale. Images were then exported to the ImageJ software for tumour 

quantification (http://rsbweb.nih.gov/ij). Each renal lesion was characterised by cystic, 

papillary adenomas, solid carcinomas, micro-cyst, micro-papillary or micro-solid. Each 

renal lesion maximum cross-sectional area and fluid filled cross-sectional area was 

measured to assess lesion size and cellular area. Total lesion number, lesion size and 

lesion cellular area of each individual mouse was calculated. Tumour burden analysis 

was conducted blindly in terms of treatment.  

2.2.7 Immunohistochemistry (IHC) 

For IHC, kidney sections were placed in an EasyDipä Slide Staining Rack (Simport) (up 

to 10 slides) and were deparaffinised in xylene for 3x3 minutes then rehydrated in 100% 

ethanol, 70% ethanol, 50% ethanol and water, each for 2 minutes. Pre-staining treatment 

was performed by placing the rack in glass beaker containing 400mL 10mM sodium 

citrate buffer (pH 6.0) and autoclaving for 20 minutes. The rack of slides was allowed to 

cool for 20 minutes before rinsing in ddH2O for 2x2 minutes. Slides were incubated in 

100mL 3% hydrogen peroxide for 10 minutes and then washed with ddH2O and TBST 

buffer for 2 minutes each. Slides were removed from the rack, circled with a cytomation 

wax pen and placed on a Slide Staining Tray System (Azer Scientific). Four drops of 

Protein block (3% horse serum) were applied to each slide and incubated for 10 minutes 

at room temperature to block non-specific background staining and then washed with 

TBST for 2 minutes. Slides were incubated overnight at 4°C or 60 minutes at room 

temperature with 150µL of the appropriately diluted primary antibody. Slides were then 
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washed in TBST 3x3 minutes and 3 drops of SignalStainâ Boost IHC Detection Reagent 

(HRP, Rabbit) were applied to each slide and incubated for 30 minutes at room 

temperature. The slides were then further washed with TBST 3x3 minutes. Slides were 

stained with 150µL ImmPACTä NovaREDä for 10 minutes and washed with ddH2O for 

2x2 minutes (ImmPACTä NovaREDä solution is prepared before use according to the 

manufactuers protocol). Following washing, slides were counter-stained with 100% 

haematoxylin for 3 minutes and rinsed with tap water and ddH2O for 2x2 minutes. 

Sections were dehydrated and cleaned in 50% ethanol for 15 seconds, 70% ethanol for 

15 seconds, 100% ethanol for 40 seconds and xylene for 2x2 minutes. VectaMount 

Permanent Mounting Medium was used to mount slides with a cover slip and slides were 

left to dry at room temperature overnight. IHC slides were converted to virtual slides as 

explained in 2.2.6.3. 

2.2.7.1 Multiple sequential IHC (MS-IHC) 

MS-IHC was performed to co-localise multiple antigens in the same cells. A crucial step 

of MS-IHC was to completely strip previous primary antibodies to ensure efficiency and 

specificity of subsequent primary antibody-antigen reactions (Figure 2.1). The protocol 

used for stripping primary antibodies was modified from (Kim et al. 2012). For MS-IHC, 

previous IHC-stained slides were incubated in xylene for 10 minutes to remove 

coverslips, and then incubated at 50°C in IHC stripping solution (see 2.1.4) for 60 

minutes to strip primary antibodies, and finally the protocol was followed for IHC as 

described above. 

2.2.8 Protein, RNA, DNA extraction and purification 

The AllPrepâ DNA/RNA/Protein Mini Kit (Qiagen) was used for extraction of proteins 

and nucleic acid from frozen animal tissues. Approximately 10-30mg of animal tissue 

was rapidly transferred to 600mL RLT (mixed with b-mercaptoethanol at a ratio of 100:1 

(1000µL RLT + 10µL b-mercaptoethanol)) in a 2mL round-bottom tube and quickly 

homogenised using a TissueRuptor (30 seconds operation). Samples were centrifuged 

for 3 mins at 12,000rpm and transferred to an ALLPrep DNA spin column placed in a 

2mL collection tube. The ALLPrep DNA column was centrifuged for 30 seconds at 

12,000rpm. The ALLPrep DNA column containing the sample DNA was stored at 4°C for 

later DNA purification. Four hundred and thirty microliters of 100% ethanol was  
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Figure 2.1 Multiple sequential IHC (MS-IHC). Multiple sequential IHC was used to 
detect the expression of more than one protein on the same kidney sections. Two 
adjacent kidney sections prepared from a Tsc2+/- mouse of 14 months old were used to 
stain Vimentin. Vimentin antibody was then completely stripped and stained with control 
(diluent) to reveal no specific staining, as seen in 2nd round IHC. Sections were then re-
stained with Vimentin in 3rd IHC, with similar staining as seen in 1st IHC. 
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transferred to the flow-through and readily mixed. Seven hundred microliters of the 
mixture was transferred to an RNeasy spin column placed in a 2mL collection tube and 

centrifuged for 15 seconds at 12,000rpm. If mixture exceeded 700µL, successive 

centrifugations were performed in the same RNeasy spin column. The RNeasy spin 

column was then placed in a new 2mL collection tube and stored at 4°C for later RNA 

purification.  

2.2.8.1 Protein purification 

One volume (830µL) of Buffer APP was added to the flow-through and mixed vigorously. 

The mixture was left to incubate for 10 minutes for protein to precipitate. The mixture 

was then centrifuged for 10 minutes at 13,000rpm. The supernatants were removed to 

reveal the protein pellet and cleaned with 500µL of 70% ethanol. Samples were 

centrifuged for a further 5 minutes at 13,000rpm and the supernatant was removed using 

a pipette, being careful not to disturb the pellet. Protein pellets were left to dry at room 

temperature and up to 200µL of ALO Buffer (volume determined on pellet size) was 

added to each sample for resuspension. DTT was added to ALO Buffer before 

resuspension (50µL DDT + 100µL ALO Buffer). Following resuspension, samples were 

incubated at 95°C for 5 minutes and left to cool at room temperature. Samples were 

centrifuged for 1 minute at 13,000rpm, aliquoted and stored at -80°C or used for western 

analysis immediately.  

2.2.8.2 RNA purification  

Seven hundred µL of RW1 wash buffer was added to RNeasy spin columns. Columns 
were centrifuged for 15 seconds at 12,000rpm. The supernatant was discarded, and the 

columns were washed with 500µl RPE wash buffer for 15 seconds at 12,000rpm, twice. 

Following the 2nd wash, the samples were centrifuged for 2 minutes at 12,000rpm to 

collect any residual wash buffer. The RNeasy spin columns were then placed in new 

1.5mL collection tubes and the RNA was eluted by adding 50µL RNase-free water to the 

spin column and centrifuging for 1 minute at 12,000rpm. Samples were aliquoted, with 1 

aliquot to be used for quantification and the other stored at -80°C. RNA concentration 

was quantified using the ND8000 8-sample NanoDrop Spectrophotometer in ng/µL. 
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2.2.8.3 DNA purification 

Five hundred µL AW1 wash buffer was added to each DNA spin column. Columns were 

centrifuged for 15 seconds at 12,000rpm. The supernatant was discarded and a further 

500µL of AW2 wash buffer was added to the columns. Columns were centrifuged again 

for 15 seconds at 12,000rpm and the supernatant discarded. Columns was centrifuged 

for a further 2 minutes at 12,000rpm to remove any residual wash buffer. The ALLPrep 

DNA spin columns were placed in new 1.5µL collection tubes and the DNA was eluted 

using 100µL preheated 70°C EB buffer. Columns were left to incubate for 2 minutes in 

the EB buffer before centrifuging for 1 minute at 12,000rpm. DNA elutes were then stored 

at -20°C. 

2.2.9 Western blot analysis 

Electrophoresis was performed using the Invitrogen Novex gel system. NuPage Novex 

4-12% Bis-Tris gels of 12, 15 or 17 wells were used for the separation of small and 

medium sized proteins. Protein samples and RNase free water of varying volumes were 

added to NuPage LDS Sample Buffer (2.5µL) to bring a total volume of 10µL. Samples 

were then incubated at 70°C for 10 minutes, left to cool at room temperature and 

centrifuged for 1 minute at 13,000rpm. Samples were loaded into the wells of the NuPage 

4-12% Bis-Tris gel and run with 1X NuPage MES SDS Running Buffer at a constant 

200V for 35 minutes. Following electrophoresis, Proteins were transferred to a Hybond 

ECL Nitrocellulose membrane within a 1X NuPage Transfer Buffer at a constant 30V for 

1 hour. Blotting pads, 3 MM Whatman filter paper and ECL membrane were pre-treated 

in 1X NuPage Transfer Buffer.  

The ECL membrane was then blocked after protein transfer in 10mL 1X TBST with 3% 
Advance Blocking Agent for 1 hour at room temperature on an orbital shaker. The 

membrane was then rinsed with 1X TBST. The primary antibody to be used for 

investigation was diluted with 10mL 1X TBST with 3% Advance Blocking Agent 

(according to the manufacturers protocol) and left to incubate with the membrane for 1 

hour at room temperature on an orbital shaker. Membrane was then washed with 1X 

TBST for 10 minutes and washed again in 1X TBST for 3x3 minutes. Membrane was 

then incubated with secondary antibody conjugated with horse radish peroxidase (HRP) 

in 10mL 1X TBST with 3% Advance Blocking Agent (1:10,000 dilution) for 1 hour at room 
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temperature. The membrane was then washed with 1X TBST for 10 minutes and washed 

again in 1X TBST for 3x3 minutes. For detection, 2mL ECL Advanced Western Blotting 

detection solution was used to cover the membrane and kept in darkness for 5 minutes 

at room temperature. Following incubation with detection mixture, the membrane was 

drained and placed in a clear plastic sleeve and transferred in darkness to a BioSpectrum 

Imaging System for visualisation. Membrane was exposed for 60 minutes with 1-minute 

image exposures (60 images) to collect maximum chemiluminescent signal. A Digital 

UP-895MD Graphic Printer was used to print exposure photo and scanned images were 

electronically saved. Densitometry data was analysed using ImageJ software.  

2.2.10 Statistics  

2.2.10.1 Power analysis 

Data from previous studies were used to determine sample sizes. The mean number of 

renal lesions was estimated at 60 (SD=13) in the Tsc2+/- mice at the age of 12 months. 

Assuming that at about 30% reduction in tumour number will be detected in mice treated 

with therapeutic agents or with specific deletion of Pkm2 in the kidneys in comparison 

with vehicle treated mice, at least 8 mice in each group will be used. This sample size 

allows a statistical power of 0.8 with an α error of 0.05.  

2.2.10.2 Statistical tests 

The Mann-Whitney U test was used to compare lesion number, size and cellular area 
between treatment groups and for proliferation analysis. Two-tailed Fishers exact test 

was used for the comparison of vimentin expression in cystic/papillary adenomas and 

solid carcinomas, and FSP1 expression in cystic/papillary adenomas and solid 

carcinomas. Two tailed unpaired Student’s t-Test was used for the comparison of relative 

intensity of Western analysis between vehicle and treatment groups. P < 0.05 was 

considered to be statistically significant.  
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3 CHAPTER THREE 

 

Comparison of AZD2014 with Rapamycin for their Effect on 

Tumour Burden and Tumour-associated EMT in the Kidneys of 

a Tsc2+/- Mouse Model 

 

3.1 Introduction 
Mutations in Tsc1 or Tsc2 genes result in aberrant activation of mTOR signalling and 

tumorigenesis in TSC patients. Rapamycin and its derivatives (rapalogs; for 

convenience, rapalogs will include rapamycin and its derivatives, unless otherwise 

specified) are potent inhibitors of mTORC1 signalling. Rapalogs have shown good 

efficacy in pre-clinical and clinical trials for treating TSC-associated tumours (Bissler et 

al. 2008; Davies et al. 2011; Bissler et al. 2013). However, the response to rapalogs is 

only partial and tumour regrowth is apparent upon treatment cessation. TSC-associated 

tumours have also shown evidence of resistance after long-term rapamycin treatment 

(Benjamin et al. 2011). It is suggested that the limited activity of rapalogs is due to lack 

of inhibition on mTORC2 and loss of negative feedback regulation, leading to increased 

PI3K/Akt signalling (Harrington et al. 2004; O'Reilly et al. 2006; Tabernero et al. 2008). 

Akt activation promotes survival and growth of tumour cells. Partial inhibition of rapalogs 

on 4E-BP1 phosphorylation is also suggested to contribute to their limited therapeutic 

efficacy (Feldman et al. 2009; Thoreen et al. 2009). 

ATP-competitive inhibitors of mTOR have been developed to overcome the limitations 

of rapalogs (Benjamin et al. 2011). AZD2014 is a novel ATP-competitive inhibitor of 

mTOR and has shown significant anti-tumour efficacy in many cancer cell lines and 

xenograft models of cancer (Pike et al. 2013; Guichard et al. 2015; Zheng et al. 2015). It 

effectively inhibits both mTORC1 and mTORC2, and also dramatically suppresses 

epithelial to mesenchymal transition (EMT) in hepatocellular cell lines (Liao et al. 2014). 

EMT is suggested to promote tumour progression, metastasis and resistance to 

chemotherapy in many types of cancer and tumour syndromes, including RCC (Nieto et 

al. 2016; Piva et al. 2016). The mTOR signalling pathway is an important regulator of 

EMT and its overactivation drives tumour progression (Guertin and Sabatini 2007; 

Gulhati et al. 2011). EMT has
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 been reported in TSC-associated AML and LAM, and the mesenchymal marker vimentin 

has been detected in TSC-associated RCC (Barnes et al. 2010; Yang et al. 2014; Bi et 

al. 2017).  

In this study, the EMT status of TSC-associated tumours from both human and mouse 

were examined. The therapeutic efficacy of AZD2014 was tested in comparison with 

rapamycin on cultured TSC-associated tumour cells, and on renal tumours in Tsc2+/- 

mice. The effects of AZD2014 and rapamycin on mTOR signalling and EMT were also 

compared on tumour cells in vitro and in vivo. 
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3.2 Results 

3.2.1 mTOR signalling and partial EMT in renal tumours of Tsc2+/- mice and 

TSC patients  

Tsc2+/- mice spontaneously develop different types of renal lesions including cysts, 

papillary adenomas and solid carcinomas (Onda et al. 1999) (Figure 3.1). Non-treated 

Tsc2+/- mice at 16 months of age were culled to investigate mTOR signalling and EMT in 

renal lesions by IHC (Figure 3.2). As expected, mTORC1 and mTORC2 were activated 

in all cysts papillary adenomas and solid carcinomas, as seen by the increased 

phosphorylation of S6 at 235/236 and Akt at S473 (Figure 3.2A). The expression of 

epithelial marker E-cadherin was consistently expressed in all cystic and papillary 

adenoma cells. However, expression of E-cadherin was slightly reduced, variable or 

absent in solid carcinoma cells. Expression of mesenchymal markers vimentin, FSP1 

and a-SMA in cystic lesions was minimal. In more advanced papillary adenomas and 

solid carcinomas, expression of mesenchymal markers increased significantly (Figure 

3.2A and B). As seen in Figure 3.2A, epithelial and mesenchymal markers appeared to 

be co-expressed in tumour cells of TSC-associated renal lesions when IHC was applied 

to consecutive kidney sections. indicative of partial EMT. To confirm this observation, 

multiple sequential IHC (MS-IHC) was performed to detect multiple antigens on the same 

kidney sections (Figure 3.3; Methods 2.2.7.1 for details). The same kidney sections were 

subjected to 3 rounds of staining with E-cadherin, vimentin and FSP1 with complete 

stripping of each antibody per round. Many hybrid epithelial-mesenchymal tumour cells 

were observed as evidenced by co-expression of E-cadherin, vimentin and FSP1 (Figure 

3.3; red circles). These results suggest that partial EMT is associated with tumour 

progression in the kidneys of Tsc2+/- mice. 

Renal AML and RCC of TSC patients were also examined for mTOR signalling and EMT 

using MS-IHC (Figure 3.4A and B). Activation of mTORC1 and mTORC2 was observed 

in these tumours as indicated by the increased phosphorylation of S6 at S235/236, Akt 

at S473 and PKC at T638 (Figure 3.4A). Furthermore, these tumours showed consistent 

expression of vimentin and FSP1, and variable expression of E-cadherin. Interestingly, 

the co-expression of E-cadherin and vimentin or E-cadherin and FSP1 was frequently 

seen in many individual tumour cells (Figure 3.4B). These data revealed the existence 

of hybrid epithelial and mesenchymal cells (partial EMT) in human TSC-associated 
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tumours. These results together with the findings made in Tsc2+/- mice suggest that 

partial EMT in TSC-associated renal tumours is a common feature shared by human and 

mouse and increases as tumours progress from cysts to papillary adenomas and solid 

carcinomas. 
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Figure 3.1 H&E staining of renal lesions in Tsc2+/- mice. Tsc2+/- mice develop microscopic lesions from 2 months and macroscopic lesions 
from 12 months of age. Renal lesions can be identified and characterised by H&E staining. Renal lesions found in Tsc2+/- mice include cysts 
(left), papillary adenomas (middle) and solid carcinomas (right). Lesions grow and become more aggressive through aging. Solid black lines 
indicate scale bars. 
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Figure 3.2 mTOR signalling and partial EMT in renal lesions of Tsc2+/- mice. Kidneys 
from Tsc2+/- mice were dissected at 16 months old for investigation by IHC. Sections 
contained cysts, papillary adenomas and solid carcinomas (A) Activation of mTOR 
signalling and EMT in renal lesions of Tsc2+/- mice by IHC. Phosphorylation of S6 at 
S235/236 and Akt at S473 were used as markers for mTORC1 and mTORC2 signalling, 
respectively. Protein levels of E-cadherin (epithelial marker), vimentin (mesenchymal 
marker), FSP1 (mesenchymal marker) and α-SMA (mesenchymal marker) were used as 
markers for EMT activation. Black arrows indicate individual tumour cells stained by 
vimentin, FSP1 or α-SMA. Solid black lines represent scale bars. (B) Detection of 
vimentin in renal lesions of Tsc2+/- mice by IHC. Sections were stained with mesenchymal 
marker vimentin to show protein levels in cysts, papillary adenomas and solid 
carcinomas. Solid black lines represent scale bar. 

A 

B 
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Figure 3.3 Co-expression of EMT markers in renal lesions of Tsc2+/- mice by MS-

IHC. The same kidney section from non-treated Tsc2+/- mice were subjected to 3 rounds 
of IHC to detect co-expression of EMT proteins. Markers used for EMT assessment were 
E-cadherin, vimentin and FSP1. Individual cells co-expressing EMT markers in red 
circles. Black boxes indicate higher power views of adjacent image. Solid black lines 
indicate scale bars. 
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Figure 3.4 mTOR activation and partial EMT in TSC-associated tumours from TSC 

patients.  mTOR activation and partial EMT was analysed by MS-IHC. (A) mTOR 
signalling in TSC-associated tumours from TSC patients. Sections of patient derived 
TSC-associated tumours were subjected to 3 rounds of IHC with complete stripping 
between each round. Phosphorylation of S6 at S235/236 was used as a marker for 
mTORC1 signalling. Phosphorylation of Akt at S473 and PKC at T638 were used as 
markers for mTORC2 signalling. No antibody (haematoxylin) was used as an IHC 
control. Black boxes indicate higher power views of adjacent image. AML: 
Angiomyolipoma; RCC: Renal cell carcinoma (B) Co-expression of EMT markers in TSC-
associated tumours from TSC patients. Sections of patient derived TSC-associated 
tumours were subjected to 3 rounds of IHC to assess the co-expression of EMT markers 
E-cadherin, vimentin and FSP1. No antibody (haematoxylin) was used as an IHC control. 
Black boxes indicate higher power views of adjacent image. Black arrows point to 
individual tumour cells with the co-expression of E-cadherin and vimentin or FSP1. Solid 
black lines indicate scale bars. AML: Angiomyolipoma; RCC: Renal cell carcinoma

A 

B 
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3.2.2 Effect of AZD2014 and rapamycin on survival, proliferation and EMT 

of Tsc2-/- MEFs and TSC2-associated renal tumour cells 

Using MTT and colony formation assays, the effect of AZD2014 and rapamycin was first 

compared on the survival and proliferation of Tsc2-/- MEFs and TSC2-associated renal 

tumour cells derived from Tsc2+/- mice (Figure 3.5). It was found that both AZD2014 and 

rapamycin effectively reduced survival and suppressed proliferation of Tsc2-/- MEF cells 

and TSC2-associated tumour cells in a dose-dependent manner (Figure 3.5A and B). 

Importantly, Tsc2-/- MEFs and TSC-associated tumour cells were much more sensitive 

to AZD2014 and rapamycin treatment than Tsc2+/+ MEFs.  

The effect of AZD2014 and rapamycin on mTOR signalling and EMT were then 

evaluated by western blot in TSC2-associated kidney tumour cells (Figure 3.5C and D). 

AZD2014 and rapamycin dramatically inhibited mTORC1 in a dose-dependent manner, 

as indicated by markedly reduced phosphorylation of S6 at S235/236 and 4E-BP1 at 

T37/T46. Low concentrations of rapamycin were very potent at inhibiting mTORC1 in 

TSC2-associated tumour cells compared to only high concentrations with AZD2014 

(Figure 3.5C).  AZD2014 showed a dose-dependent inhibitory effect whilst rapamycin 

exhibited a variable inhibitory effect on mTORC2 as indicated by reduced 

phosphorylation of mTOR at S2481 and Akt at S473 in TSC2-associated tumour cells 

(Figure 3.5C). Vimentin levels were also reduced in TSC2-associated tumour cells 

treated with AZD2014 or rapamycin (Figure 3.5D). In TSC2-KT12 tumour cells, E-

cadherin expression was induced by low doses of AZD2014 and rapamycin while in 

TSC2-KT17 tumour cells, E-cadherin expression was reduced by either treatment 

(Figure 3.5D).  

These data suggest that AZD2014 may be useful for treating TSC-associated tumours. 
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Figure 3.5 Effect of AZD2014 and rapamycin on survival, proliferation and mTOR signalling/EMT in cultured Tsc2-/- MEFs and TSC2-
associated tumour cells. (A) Tsc2-/- MEFs, TSC2-KT12 and TSC2-KT17 tumour cells were treated for 48 hours with AZD2014 and rapamycin 
at indicated concentration in DMEM containing 10% FBS. An MTT assay was used to assess cell viability. (B) Tsc2-/- MEFs, TSC2-KT12 and 
TSC2-KT17 tumour cells were treated as in (A). Cells were left to grow for 7 days without AZD2014 and rapamycin in DMEM containing 10% 
FBS and stained with crystal violate for colony formation assay. (C) TSC2-KT12 and TSC2-KT17 tumour cells derived from Tsc2+/- mice were 
grown overnight in serum-free DMEM and treated for 24 hours with DMSO, AZD2014 or rapamycin at indicated concentrations in DMEM 
containing 10% FBS. Protein samples from treated cells were prepared for western blot analysis to determine mTOR activation. Phosphorylation 
of S6 at S235/236, 4E-BP1 at T37/46, mTOR at S2481 and Akt at S473 was examined in Tsc2-associated tumour cells by western analysis. b-
actin was used as a loading control (D) TSC2-KT12 and TSC2-KT17 tumour cells were treated as in (C) Expression of vimentin (mesenchymal 
marker) and E-Cadherin (epithelial marker) in Tsc2-associated tumour cells by western analysis. b-actin was used as a loading control.
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3.2.3 Therapeutic efficacy of AZD2014 and rapamycin for renal tumours in 

Tsc2+/- mice 

To test the efficacy for treating TSC2-associated renal tumours, the maximum tolerated 

dosage (MTD) of AZD2014 was first established in Tsc2+/- mice in a two-week pilot study. 

All Tsc2+/- mice used here were bred on the balb/c background and genotyped through 

PCR (as described in materials and methods, 2.2.3) (Figure 3.6). Mice were treated once 

a day by intraperitoneal injection at increasing dosages every 2 days until toxicity was 

observed. Rapid weight loss was observed at 25mg/kg. Therefore, it was determined 

that the lower dosage of 20 mg/kg body weight once a day five times a week was the 

maximum dosage tolerable in these mice via intraperitoneal injection.  

A total of 24 Tsc2+/- mice were obtained and randomly allocated into three groups (n=8 

each) (Table 3.1). These mice were treated from the age of 14 months with vehicle, 

AZD2014 (20 mg/kg) or rapamycin (5mg/kg) for two months. All animals survived until 

termination of treatment and no animals showed significant weight loss or other 

observable clinical signs. After treatment, animals were killed, and kidneys were 

collected for tumour burden assessment by histological analysis. To evaluate tumour 

burden, renal lesions were characterised, counted and measured for their whole area 

and cellular area (as described in methods 2.2.6.4). The lesion type, total lesion number, 

total lesion area and total lesion cellular area were documented for each animal and 

compared between treatment groups (Figure 3.7). Tumour burden was compared by 

analysing all lesions (cystic/papillary/solid), cystic/papillary adenomas only and solid 

carcinomas, only. AZD2014 and rapamycin both significantly reduced total lesion 

number (P=0.0012; P=0.0002), total lesion size (P=0.0047; P=0.0047) and total lesion 

cellular area (P=0.0047; P=0.0002) of all lesions (Figure 3.7, Table 3.2).  Similarly, 

AZD2014 and rapamycin both significantly reduced total number (P=0.0017; P=0.0002) 

and cellular area (P=0.0002; P=0.0148) of cystic/papillary adenomas. Only AZD2014 

significantly reduced the total size of cystic/papillary adenomas (P=0.0019) and not 

rapamycin (P=0.5737) (Figure 3.7, Table 3.3). Further, both AZD2014 and rapamycin 

significantly reduced total number (P=0.0003; P=0.0003), size (P=0.0095; P=0.0002) 

and cellular area (P=0.0095; P=0.0002) of solid carcinomas (Figure 3.7, Table 3.4). No 

other significant difference in anti-tumour efficacy was found between AZD2014 and 

rapamycin. These results suggest that both AZD2014 and rapamycin effectively stop 

tumour progression in the kidneys of Tsc2+/- mice. 
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Figure 3.6 Tsc2+/- mouse genotyping. DNA was extracted from mouse ear punches 
and used for identification by PCR. Primers for Tsc2 PCR are shown in Table 2.1 
(Materials and Methods). PCR products were run on 3% agarose gel and visualised on 
an UV gel doc.  The mutated Tsc2 allele was 105bp and the wildtype Tsc2 allele was 
86bp. Lanes 4, 5, 6, 8 and 10 indicate mice heterozygous for Tsc2. 

 

Table 3.1 Treatment summary 

 

Treatment Group Number of Tsc2 +/- mice Number   of 
males 

Number        
of females

Treatment               
start age 
(months)

Treatment               
end age (months) Dosage*

Number of animals killed 
due to sickness  before 
end of treatment**

Vehicle 8 4 4 14 16 10ul/g 0
AZD2014 8 3 5 14 16 20mg/kg 0
Rapamycin 8 3 5 14 16 5mg/kg 0
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Figure 3.7 Anti-tumour efficacy of AZD2014 and rapamycin in renal lesions of 
Tsc2+/- mice. Twenty-four Tsc2+/- mice were randomly allocated to 3 treatment groups: 
AZD2014, rapamycin or vehicle (n=8). Mice were treated at 14 months of age for 2 
months. On treatment end date, mice were culled and kidneys collected for histological 
analysis. Kidneys were fixed, processed, sectioned and stained with H&E to assess 
tumour burden. Kidney tumours were located, counted, characterised and measured for 
comparison of treatment efficacy. Left panel: Comparison of total lesion number, size 
and cellular area of all types of lesion (cyst, papillary and solid). Middle panel: 
Comparison of total cystic/papillary adenoma number, size, and cellular area. Right 
panel: Comparison of total solid carcinoma number, size and cellular area. Horizontal 
bars represent the median. P<0.05 is considered significant. 
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Table 3.2 Comparison of all lesions in Tsc2+/- mice by histological analysis (Mann 
Whitney test) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.3 Comparison of all cystic/papillary adenomas in Tsc2+/- mice by 
histological analysis (Mann Whitney test) 
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Table 3.4 Comparison of solid carcinomas in Tsc2+/- mice by histological analysis 
(Mann Whitney test) 
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3.2.4  Effect of AZD2014 and rapamycin on mTOR signalling, proliferation 

and apoptosis in renal tumours of Tsc2+/- mice 

Western blotting and IHC were performed to determine the effect of AZD2014 and 

rapamycin on mTOR signalling, proliferation and apoptosis (Figure 3.8). Tissues were 

harvested from normal kidney, normal liver and solid carcinomas after treatment and 

proteins prepared for Western analysis. Phosphorylation of mTOR at S2448, S6 at 

S235/236 and 4E-BP1 at T37/46 were used as readouts of mTORC1 signalling. 

Phosphorylation of mTOR at S2481, Akt at S473 and T450, PKCα at T638 and Akt 

substrate MDM2 at S166 were used as readouts of mTORC2 signalling. As expected, 

AZD2014 significantly decreased phosphorylation of all mTORC1 and mTORC2 markers 

in all renal tumours, and in normal liver and kidney tissue (Figure 3.8A). AZD2014 also 

reduced phosphorylation of Akt at T308 in solid tumours (Figure 3.8A). Rapamycin 

significantly decreased phosphorylation of all mTORC1 markers in all renal tumours, and 

in normal liver and kidney tissue (Figure 3.8A). Furthermore, rapamycin decreased 

phosphorylation of mTOR at S2481, PKCα at T638 and MDM2 at S166 in solid tumours 

and of mTOR at S2481, and Akt at S473 and T450 in normal kidney tissues but effects 

of rapamycin on phosphorylation of Akt at T308 and S473 appeared to be variable in 

solid tumours (Figure 3.8A).  

Kidney sections of treated 16-month-old Tsc2+/- mice were prepared for IHC.  As shown 

in Figure 3.8B, AZD2014 clearly reduced phosphorylation of S6 at S235/236 and Akt at 

S473 in all AZD2014 treated tumours. Rapamycin also strongly inhibited phosphorylation 

of S6 at S235/236 but did not consistently inhibit Akt at S473 in solid tumours. In contrast, 

rapamycin increased phosphorylation of Akt at S473 in some cystic lesions (Figure 3.8B). 

These results are consistent with those by Western analysis.  

Ki67 was used as a marker for proliferation and active caspase-3 was used as a marker 

for apoptosis in IHC. Both AZD2014 and rapamycin strikingly inhibited proliferation of 

tumour cells in the kidneys of Tsc2+/- mice but no significant changes in apoptosis were 

detected with either drug given individually (Figure 3.9).  

In summary, AZD2014 strongly inhibited mTORC1 and mTORC2, whereas rapamycin 

significantly inhibited mTORC1 but had only partial inhibitory effect on mTORC2 in renal 

tumours of Tsc2+/-. Both AZD2014 and rapamycin also reduced cell proliferation but did 

not induce apoptosis in renal tumours of Tsc2+/-. 



3.2 Results 
 

 
 

97 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B B 

Figure 3.8 Effect of AZD2014 and rapamycin on mTOR signalling (A) Effect of treatment on 
mTOR signalling in normal kidney tissue, normal liver tissue and renal lesions of Tsc2+/- mice by 
Western analysis. Protein samples were prepared from specific tissues indicated from Tsc2+/- 

mice after treatment. Markers used to assess mTORC1 activity include phosphorylation of mTOR 
at S2448, S6 at S235/236, 4E-BP1 at T37/46. Markers used to assess mTORC2 activity include 
phosphorylation of mTOR at S2481, Akt at S473 and T450, PKCα at T638 and Akt substrate 
MDM2 at S166. Additional markers used associated with mTOR signalling include 
phosphorylation of RAF1 at S259 and Erk1/2 at T202/Y204. b-actin was used as a loading control 
(B) Effect of AZD2014 and rapamycin treatment on mTOR signalling in renal lesions of Tsc2+/- 

mice by IHC. Kidneys from Tsc2+/- mice were dissected after treatment. Kidneys were fixed, 
processed, sectioned and stained with antibodies to assess mTOR signalling.  Phosphorylation 
of S6 at S235/236 was used to evaluate mTORC1 activity and phosphorylation of Akt at S473 
was used to evaluate mTORC2 activity. Black lines indicate scale bars. Black dotted lines 
indicate lesion/normal tissue boundary. 



3.2 Results 
 

 
 

98 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 Effect of AZD2014 and rapamycin on cell proliferation and apoptosis in 
renal tumours of Tsc2+/- mice by IHC. Kidneys from Tsc2+/- mice were dissected after 
treatment. Kidneys were fixed, processed, sectioned and stained with Ki67 to assess cell 
proliferation and active caspase-3 to assess apoptosis. Black lines indicate scale bars. 
Black dotted lines indicate lesion/normal tissue boundary, N = Normal tissue. 
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3.2.5  Effect of AZD2014 and rapamycin on EMT in renal tumours of Tsc2+/- 
mice 

Tsc2+/- mice were treated with vehicle, AZD2014, rapamycin as described above and  

their effect on EMT in renal tumours was examined by IHC and western analysis. The 

protein levels of mesenchymal marker vimentin were significantly reduced in AZD2014 

and rapamycin treated cysts and papillary adenomas compared to vehicle (Figure 3.10A 

and B). Twelve point five per cent and 17.5% of cystic/papillary adenomas analysed had 

one or more cells positive for vimentin after treatment with AZD2014 (P=0.0001) and 

rapamycin (P=0.0010), respectively, whereas 60% of cystic/papillary adenomas 

analysed had one or more cells positive for vimentin after vehicle treatment. (Figure 

3.10A and Table 3.5). Similar results were obtained by investigating FSP1 protein 

expression in cystic/papillary adenomas. Five per cent of cystic/papillary adenomas 

analysed had one or more cells positive for FSP1 after AZD2014 (P=0.0476) or 

rapamycin (P=0.0476) treatment whereas 22.5% of cystic/papillary adenomas analysed 

had one or more cells positive for FSP1 after vehicle treatment (Figure 3.10B and Table 

3.6). In addition, the expression of vimentin and FSP1 were consistently decreased in 

solid carcinomas after treatment with AZD2014 and rapamycin compared to vehicle 

(Figure 3.10C and D). In contrast, E-cadherin showed variable expressions after 

AZD2014 and rapamycin treatment (Figure 3.10C). Protein samples prepared from solid 

renal carcinomas of Tsc2+/- mice were used for western analysis. AZD2014 and 

rapamycin clearly reduced vimentin expression and had a variable effect on E-cadherin 

expression (Figure 3.10D). These results suggest that AZD2014 and rapamycin can 

inhibit EMT in renal tumours of Tsc2+/- mice. However, in one large solid tumour from a 

Tsc2+/- mouse treated with AZD2014, protein levels of vimentin and FSP1 were not 

significantly affected, which was consistent with phosphorylation levels of S6 and Akt 

(Figure 3.11), suggesting resistance to AZD2014 and EMT regulation by mTOR.
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Figure 3.10 Effect of AZD2014 and rapamycin on EMT in renal lesions of Tsc2+/- mice. Kidneys from 14 months old Tsc2+/- mice after 2 
months treatment with either AZD2014, rapamycin or vehicle were dissected for IHC and proteins prepare for western analysis. Kidneys were 
fixed, processed, sectioned and stained to assess EMT status after treatment. (A) Protein levels of vimentin were used to assess EMT in 
cystic/papillary adenomas after treatment. Black arrows indicate tumour cells positive for vimentin, as seen in the black boxes. Solid black lines 
indicate scale bars. Graph represents the proportion of cystic/papillary adenomas with cells positive for vimentin after each treatment. (B) Protein 
levels of FSP1 were used to assess EMT in cystic/papillary adenomas after treatment. Black arrows indicate tumour cells positive for FSP1, as 
seen in the black boxes. Solid black lines indicate scale bars. Graph represents the proportion of cystic/papillary adenomas with cells positive for 
FSP1 after each treatment. (C) EMT status of solid carcinomas after treatment. Protein levels of vimentin, FSP1 and E-cadherin are shown in 
solid carcinomas after treatment. Solid black lines indicate scale bars. RCC = renal cell carcinoma (D) Effect of treatment on EMT in solid renal 
tumours by Western blotting. E-Cadherin was used as an epithelial marker and vimentin was used a mesenchymal marker. b-actin was used as 
a loading control. P<0.05 is considered significant. 
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Table 3.5 Comparison of vimentin expression in cystic/papillary adenomas in 
Tsc2+/- mice by IHC (Two-tailed Fishers exact test) 

 

 

 

 

Table 3.6 Comparison of FSP1 expression in cystic/papillary adenomas in Tsc2+/- 
mice by IHC (Two-tailed Fishers exact test)
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Figure 3.11 mTOR signalling and EMT status in an AZD2014 treated large solid 
tumour. Kidneys from 16 months old Tsc2+/- mice after 2 months treatment with either 
AZD2014 or vehicle were dissected for IHC. Kidneys were fixed, processed, sectioned 
and stained to assess mTOR signalling and EMT. Phosphorylation of S6 at S235/236 
and Akt at S473 were used to assess mTORC1 and mTORC2 signalling, respectively. 
Protein levels of E-cadherin, vimentin and FSP1 were used to assess EMT. Solid black 
lines indicate scale bars. 
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3.3 Discussion 
Tsc1+/- or Tsc2+/- mice spontaneously develop renal tumours including cysts, papillary 

adenomas and solid carcinomas (Onda et al. 1999; Wilson et al. 2005). These mice 

provide an invaluable model for investigating the efficacy of therapeutic agents for 

treating TSC-associated tumours and the mechanisms underlying tumorigenesis. In this 

study, mTOR signalling and EMT status were first examined in renal tumours of Tsc2+/- 

mice and TSC patients. As reported previously, both mTORC1 and mTORC2 were 

activated in mouse renal tumours (Yang et al. 2015; Narov et al. 2017). In human TSC-

associated AML and RCC, mTORC1 and mTORC2 were also activated. Increased 

expression of mesenchymal markers was observed in solid renal tumours from Tsc2+/- 

mice and TSC-associated AML and RCC from TSC patients. Data obtained from this 

study support the notion that the aberrant activation of mTOR promotes EMT in tumours 

(Jacinto et al. 2004; Lamouille and Derynck 2007; Gulhati et al. 2011). The results 

presented here are also consistent with previous findings in AML and LAM of TSC 

patients (Barnes et al. 2010; Bi et al. 2017). AML and LAM are believed to be 

mesenchymal tumours, although the origin of these tumours remains unknown. (Barnes 

et al. 2010; Bi et al. 2017). In a previous study,TSC2 was found to be required for the 

normal localisation of E-cadherin on the cytoplasmic membrane in epithelial cells and 

loss of Tsc2 might lead to EMT associated with the mis-localisation of E-cadherin via 

activation of the mTOR pathway (Barnes et al. 2010).Taken together, these results 

indicate that EMT occurs in TSC-associated AML and LAM, despite previous 

suggestions of their mesenchymal origin. 

In this study, partial EMT, not complete EMT, was found to be a dominant feature in 

TSC-associated tumours shared between mouse and human. Partial EMT represents an 

intermediate stage of EMT in a cell showing both epithelial and mesenchymal 

characteristics or leading to hybrid cells with an epithelial and mesenchymal phenotype 

(Grigore et al. 2016; Jolly et al. 2016a; Nieto et al. 2016).  Partial EMT could facilitate the 

reverse process of mesenchymal-epithelial transition (MET) for metastatic colonisation 

(Lecharpentier et al. 2011). It may also make tumour cells more prone to acting like 

cancer-stem cells. Hybrid cells of partial EMT have been observed in clusters of 

circulating tumour cells of cancer patients and may give these cells a migratory 

advantage whilst retaining some degree of cell-cell-adhesion (Lecharpentier et al. 2011; 

Rhim et al. 2012; Jolly et al. 2016a).  
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Thus far, the majority of research investigating EMT has been explored in cultured 

cancer cell lines or xenograft models of cancer. Grosse-Wilde et al showed the co-

expression of epithelial surface marker CD24 and mesenchymal stem cell marker CD44 

on a HMLER breast cancer cell line and that these cells co-express epithelial and 

mesenchymal genes (Grosse-Wilde et al. 2015). Co-expression of epithelial and 

mesenchymal genes have also been observed in lung cancer and brain tumours (Jeevan 

et al. 2016; Jolly et al. 2016a). Studies have more recently used lineage tracking to 

determine EMT status and assess the function of EMT-inducing transcription factors in 

tumour progression and metastasis in transgenic mouse models. A transgenic model of 

pancreatic cancer was used for lineage-tracking through a Pdx-Cre;RosaYFP system in 

premalignant lesions to determine the epithelial-mesenchymal states (Rhim et al. 2012). 

In the current study, MS-IHC, a simple technique, was used to directly characterize 

individual tumour cells that co-expressed epithelial and mesenchymal markers during 

tumour progression from cystic lesions to papillary adenomas and solid carcinomas in 

the kidneys of Tsc2+/- mice and proposed a new model of EMT activation during tumour 

progression. Further studies are, however, required to confirm and refine the roles of 

partial EMT in tumour progression in these mice, and could be undertaken by generating 

a series of conditional deletions of EMT-inducing transcription factors. Most tumours in 

TSC patients are benign (often classified as hamartomas) and there is little evidence of 

metastatic disease from renal tumours in Tsc2+/- mice. Nonetheless, a metastatic 

mechanism appears to be operating in the TSC2-associated lung disease 

lymphangioleiomyomatosis (LAM) (Henske and McCormack 2012) that is common in 

females affected by TSC, and lung metastasis occurs from renal cancers in Tsc1+/- mice 

(Wilson et al. 2005). It may be interesting to explore the relationship of EMT to LAM and 

to tumour progression and lung metastasis in Tsc1+/- mice. 

ATP-competitive inhibitors of mTOR have been developed to overcome the limitations 

of rapalogs. ATP-competitive inhibitors such as NVP-BEZ235 and GSK2126458 (dual 

inhibitors of PI3K and mTOR) have demonstrated anti-tumour efficacy in renal tumours 

in Tsc2+/- mice (Pollizzi et al. 2009b; Narov et al. 2017). In this study, AZD2014 and 

rapamycin were compared for their anti-tumour efficacy for renal lesions in Tsc2+/- mice 

and both successfully reduced tumour burden. AZD2014 has previously shown anti-

tumour efficacy in various cancer cell lines and xenograft models (Pike et al. 2013; 

Guichard et al. 2015). Importantly, AZD2014 could overcome resistance of tumour cells 

to rapalogs  (Vandamme et al. 2016; Kim et al. 2017). AZD2014 was reported to have 

superior anti-tumour efficacy to rapamycin in xenograft models of RCC and 
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hepatocellular carcinoma (Liao et al. 2014; Zheng et al. 2015). In contrast, AZD2014 in 

the current study was observed to have similar anti-tumour efficacy to that of rapamycin. 

The discrepancy between this study and previous ones, possibly reflects differences 

between studies in tumour types and model systems. A first-in-human pharmacokinetic 

and pharmacodynamic study observed limited responses to AZD2014 in a patient with 

breast cancer and a patient with pancreatic cancer (Basu et al. 2015). However, a recent 

randomised phase 2 clinical trial in patients with VEGF-refractory metastatic clear cell 

renal cancer reported that AZD2014 was less effective than everolimus (a rapamycin 

derivative) (Powles et al. 2015). Combination of AZD2014 and other anti-tumour agents 

may improve therapeutic efficacy as described in preclinical models of various 

malignancies (Harada et al. 2015; Singleton et al. 2015; Li and Cui 2016). AZD2014 has 

been initiated in over 20 clinical trials, as a single treatment or as a combinational 

treatment with other chemotherapeutic agents, in the past year 

(https://clinicaltrials.gov/ct2/results?cond=azd2014&term=&cntry1=&state1=&recrs=). 

Treatment of patients with TSC using ATP-competitive PI3K/mTOR inhibitors has not 

been documented although a clinical trial has recently been planned to treat patients with 

TSC1/2 mutated refractory solid cancer using AZD2014 

(https://www.findmecure.com/clinicaltrials/show/nct03166176). Considering the 

encouraging but limited response of TSC-associated tumours to rapamycin or its 

derivatives (Bissler et al. 2008; Davies et al. 2011; Bissler et al. 2013; Kim et al. 2014), 

further studies comparing the therapeutic efficacy of AZD2014 with rapamycin or its 

derivatives in clinical settings may be are warranted. 

AZD2014 was found to consistently inhibit mTORC1 and mTORC2 signalling pathways 

in vitro and in vivo whilst rapamycin was found to strongly inhibit mTORC1 but only to 

partially inhibit mTORC2 in this study (Liao et al. 2014; Guichard et al. 2015; Yang et al. 

2015). The limited efficacy of rapalogs is suggested to be due to the loss of negative 

feedback on PI3K/Akt signalling and inability to effectively inhibit phosphorylation of 4E-

BP1 (O'Reilly et al. 2006; Thoreen et al. 2009). No increased phosphorylation of Akt at 

S473 and 4E-BP1 at T37/46 was observed following rapamycin treatment in solid 

carcinomas of this study although some cystic lesions exhibited increased 

phosphorylation of Akt at S473. In addition, AZD2014 was not more efficacious than 

rapamycin for these TSC-associated tumours, suggesting that other unidentified 

mechanisms may contribute to the limited efficacy of rapalogs, and that mTORC2 

inhibition may not be required for treating these tumours.   
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Both AZD2014 and rapamycin were found to suppress EMT while reducing the burden 

of all types of renal tumours in Tsc2+/- mice. Only one single large solid tumour was 

resistant to AZD2014. EMT suppression may, therefore, contribute to the anti-tumour 

efficacy of mTOR inhibitors. AZD2014 and rapamycin have also shown inhibition of EMT 

in cultured hepatoma cells, with AZD2014 having greater effects (Liao et al. 2014). The 

ATP-competitive mTOR inhibitor, Torin 1, and rapamycin suppress EMT in cultured 

glioblastoma cells (Catalano et al. 2015).  EMT is activated and controlled through 

multiple complex regulatory networks in tumours (Kalluri and Weinberg 2009; Thiery et 

al. 2009). Targeting these networks in combination with mTOR inhibition may deliver 

alternative opportunities for therapy of refractory tumour types and eradiation of cancer 

stem cells (Davis et al. 2014; Deng et al. 2016; Marcucci et al. 2016). Further studies are 

necessary to fully understand the signalling pathways involved in EMT in TSC-

associated tumours, such as the transforming growth factor β  (TGFβ) signalling 

pathway, a potent driver of EMT and tumour progression (Massague 2012). 

In conclusion, partial EMT, possibly driven by aberrant activation of mTOR, is a shared 

feature of TSC-associated renal tumours in humans and mice, and occurs during TSC-

associated tumour progression. Both AZD2014 and rapamycin effectively reduced 

tumour burden and suppressed tumour-associated EMT. EMT-related signalling 

pathways may represent therapeutic targets for tumours associated with mutations in the 

TSC genes or the mTOR pathway. EMT is controlled by many complex regulatory 

signalling pathways to drive the expression or repression of genes. Further investigations 

are required to fully understand the mechanisms of EMT in these tumours.  It is 

worthwhile to test whether combination of EMT inhibitors with mTOR inhibitors could 

improve therapy for TSC-associated tumours.     
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4 CHAPTER FOUR 

 

Dual Inhibition of Glycolysis and Glutaminolysis for Therapy of 
Renal Lesions in a Tsc2+/- Mouse Model 

4.1 Introduction 

As discussed previously, rapalogs are effective for most TSC-associated tumours but 

some tumours may show little or no response to treatment. Tumours that show 

resistance to rapamycin and ATP-competitive inhibitors of mTOR require alternative 

therapeutic strategies. Aberrant cellular metabolism is considered a hallmark of cancer 

(Hanahan and Weinberg 2011). Tumour cells reprogram their metabolism to ensure that 

their bioenergetic, biosynthetic and redox needs are met for rapid proliferation (Vander 

Heiden et al. 2009). Increased aerobic glycolysis (Warburg effect) and glutaminolysis 

render these cells addicted to glucose and glutamine (Lu et al. 2010). mTOR signalling 

is a central regulator of cellular metabolism and promotes glycolysis and glutaminolysis 

through the upregulation of genes such as HIF1a and c-myc (Cantor and Sabatini 2012; 

Masui et al. 2013; Zha et al. 2014; Altman et al. 2016). The dependence of mTOR-driven 

tumours, such as TSC-associated tumours, on cellular metabolism provides a potential 

target for therapeutic intervention. 

Metabolic inhibition for anti-tumour therapy is frequently investigated in pre-clinical 

cancer models. 3-bromopyruvate (3-BrPA) is an effective glycolysis inhibitor through 

alkylating glycolytic enzymes, such as hexokinase II and GAPDH (Tang et al. 2012; Sun 

et al. 2015; Lis et al. 2016). 3-BrPA has shown anti-tumour efficacy in cancer models in 

vitro through the depletion of ATP with minimal toxicity to normal cells. 3-BrPA is also 

very effective for treating liver carcinomas in rabbit and mouse models (Ko et al. 2012). 

CB-839 is an allosteric selective inhibitor of glutaminase (GLS). It has shown promise in 

early cancer studies in triple negative breast cancer models and RCC in vitro and in vivo 

(Gross et al. 2014; Emberley et al. 2017). CB-839 has also shown to modulate mTOR 

signalling in these models and has been reported to show anti-tumour efficacy in 

combination with mTOR inhibitors (Tanaka et al. 2015; Lampa et al. 2017). CB-839 is 

currently being investigated in several clinical trials as a single agent or in combination 

with other therapeutics for various types of cancer 

(https://clinicaltrials.gov/ct2/results?cond=&term=cb839&cntry=&state=&city=&dist=).
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Tsc1 or Tsc2 null cells are highly dependent on glucose for survival. It has previously 

been reported that Tsc1 or Tsc2 null MEFs with activated mTOR show addiction to 

glucose (Choo et al. 2010; Jiang et al. 2011). Glycolytic inhibition in a mouse model 

transplanted with Tsc2 null rat tumour cells resulted in the suppression of tumour growth 

(Jiang et al. 2011). Activation of mTORC1 is also associated with glutamine addiction in 

Tsc2 null MEFs, as seen by increased glutamine consumption and elevated 

glutaminolysis (Choo et al. 2010; Csibi et al. 2013). Further investigation is required, 

however, to explore glutaminolysis in vivo. Inhibition of glutamine anaplerosis with 

glycolytic inhibition can cause significant cell death in Tsc2-/- but not Tsc2+/+ MEF cells 

(Csibi et al. 2013). It remains to be determined whether dual inhibition of glycolysis and 

glutaminolysis has an anti-tumour efficacy in TSC-associated tumours in vivo.  

In this study, the metabolic status of TSC-associated renal tumours was determined and 

the therapeutic efficacy of the dual inhibition of glycolysis and glutaminolysis with 3-BrPA 

and CB-839 was tested for renal tumours in Tsc2+/- mice. The effects of single or 

combinational treatment on mTOR signalling were also compared in normal and tumour 

cells. 
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4.2 Results 

4.2.1 mTOR signalling and expression of proteins associated with 
glycolysis and glutaminolysis in renal tumours of Tsc2+/- mice 

Tsc2+/- mice at 14 months of age were culled to investigate mTOR signalling and 

expression of enzymes associated with glycolysis and glutaminolysis in renal lesions 

including cysts, papillary adenomas and solid carcinomas by IHC. As seen in chapter 3, 

mTORC1 and mTORC2 were activated in these lesions indicated by the increased 

phosphorylation of S6 at S235/236, 4E-BP1 at T37/46, Akt at S473 and PKC at S657 

(Figure 4.1A). To analysis the metabolic status of these lesions, enzymes essential to 

glycolysis and glutaminolysis were examined. Glycolytic enzymes investigated included 

GAPDH and HKII. Glutaminolytic enzymes investigated included GLS and GDH. As 

shown in figure 4.1B, GAPDH is highly expressed in papillary adenomas and solid 

carcinomas whereas HKII was highly expressed in solid carcinomas but less expressed 

in papillary adenomas. GLS is significantly expressed in solid carcinomas but its 

expression was variable in papillary adenomas. GDH was highly expressed in both 

papillary adenomas and solid carcinomas. The expression of MCT1 was also examined 

as it is required for efficient delivery of 3-BrPA to tumour cells (Birsoy et al. 2013). As 

seen in figure 4.1C, the expression of MCT1 was highly expressed in all types of renal 

lesion.  
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Figure 4.1 mTOR signalling and expression of proteins involved in glycolysis and glutaminolysis in renal tumours of Tsc2+/- mice. 
Kidneys from Tsc2+/- mice were dissected at 14 months old for IHC. Kidneys were fixed, processed, sectioned and used for IHC. (A) mTOR 
signalling by multiple sequential IHC (MS-IHC). The same kidney section was subjected to 3 rounds of IHC to detect phosphorylation of S6 at 
S235/236, 4E-BP1 at T37/46 and Akt at S473. Phosphorylation of PKCα at S657 was stained on a separate adjacent section. Black boxes indicate 
high power views in adjacent image. (B) Expression of enzymes crucial for glycolysis and glutaminolysis in renal tumours by IHC. Enzymes 
analysed include GAPDH, HKII, GLS and GDH. Black boxes indicate high power views in adjacent image (C) Detection of MCT1 in renal lesions 
of Tsc2+/- mice. Sections were stained with MCT1 antibody in cystic lesions, papillary adenomas and solid carcinomas. Solid black lines represent 
scale bar. C: Cystic lesion; P: papillary adenomas; Ca: solid carcinoma. Solid black lines represent scale bar
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4.2.2 Therapeutic efficacy of the dual inhibition of glycolysis and 

glutaminolysis for renal tumours in Tsc2+/- mice 

Firstly, the maximum tolerated dosage (MTD) of both 3-BrPA and CB-839 were 

established in a two-week pilot study. All mice used were bred on a balb/c background 

and genotyped through PCR. Mice were treated at increasing dosages every 2 days until 

toxicity was observed. Treatment with 3-BrPA showed rapid weight loss at a dosage of 

4mg/kg. Treatment with CB-839 showed no signs of toxicity up to the maximum dosage 

of 200mg/kg. Therefore, it was determined that the lower dosage of 3mg/kg body weight 

once a day five times a week was the MTD for 3-BrPA via IP and 200mg/kg body weight 

twice a day, 7 days a week for CB-839 via gavage. 

A total of 132 mice were randomly allocated into 7 treatment groups: vehicle (n=17), 3-

BrPA (n=19), CB-839 (n=20), rapamycin (n=20), 3-BrPA + rapamycin (n=18), CB-839 + 

rapamycin (n=20) and 3-BrPA + CB-839 (n=18),  as summarised in Table 4.1. Mice were 

treated for 2 months from 12 months of age. Three mice from the 3-BrPA treatment 

group, 3 mice from the 3-BrPA + rapamycin group and 4 mice from the 3-BrPA + CB-

839 group were culled within the 1st month of treatment and were excluded from analysis 

due to dramatic weight loss. After treatment, mice were killed and kidneys harvested for 

tumour burden assessment by histological analysis. To evaluate tumour burden, renal 

lesions were characterised, counted and measured for their whole area and cellular area 

(as described in methods 2.2.6.4). The lesion type, total lesion number, total lesion area 

and total lesion cellular area were documented for each animal and compared between 

treatment groups (Figure 4.2, 4.3 and 4.4; Table 4.2, 4.3 and 4.4). Tumour burden was 

compared by analysing all lesions (cystic/papillary/solid), cystic/papillary adenomas only 

and solid carcinomas only.  Combination of 3-BrPA and CB-839 significantly reduced 

total lesion size (P=0.0209) and total lesion cellular area (P=0.0397). Combination of 3-

BrPA and CB-839 also showed a reduction in total lesion number, but the reduction was 

not statistically significant (P=0.0653) (Figure 4.2, Table 4.2). Rapamycin as a 

monotherapy and in combination with either 3-BrPA or CB-839 significantly reduced total 

lesion number (P<0.0001, P<0.0001, P<0.0001), total lesion size (P<0.0001, P<0.0001, 

P<0.0054) and total lesion cellular area (P<0.0001, P<0.0001, P<0.0001). Rapamycin in 

combination with 3-BrPA or CB-839, however, did not show any enhanced therapeutic 

effect compared to rapamycin treatment alone (Table 4.2, Table 4.2). Furthermore, 

neither 3-BrPA or CB-839 as a monotherapy had any therapeutic effect on total lesion 
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number (P=0.5033, P=0.9459), total lesion size (P=0.6827, P=0.5168) or total lesion 

cellular area (P=0.6567, P=0.6191) (Figure 4.2, Table 4.2).  

Neither 3-BrPA or CB-839 as a monotherapy or in combination with each other resulted 

in a significant decrease in total cystic/papillary adenoma number (P=0.3476, P=0.7803, 

P=0.1456) and total area (P=0.1270, P=0.1248, P=0.4444) (Figure 4.3, Table 4.3). 

Interestingly, treatment with 3-BrPA showed a significant increase in cystic/papillary 

cellular area (P=0.0407) but not with CB-339 monotherapy (P=0.0694) or combinational 

therapy (P=0.4928). Rapamycin alone or in combination with 3-BrPA or CB-839 also 

significantly reduced cystic/papillary adenoma total number (P<0.0001, P<0.0001, 

P<0.0001) and lesion cellular area (P<0.0001, P=0.0002, P=0.0009). Rapamycin 

reduced total size of cystic/papillary adenomas significantly (P=0.0097). Rapamycin in 

combination with 3-BrPA or CB-839 also reduced total size of cystic/papillary adenomas 

but the reduction was not statistically significant (P=0.1136, P=0.7980) (Figure 4.3, Table 

4.3).  

Combination of 3-BrPA and CB-839 significantly reduced total number (P=0.0311), size 

(P=0.0220) and cellular area (P=0.0226) of solid carcinomas. Rapamycin alone and in 

combination with 3-BrPA or CB-839 also significantly reduced solid carcinoma number 

(P<0.0001, P<0.0001, P<0.0001), size (P<0.0001, P<0.0001, P<0.0001) and cellular 

area (P<0.0001, P<0.0001, P<0.0001). Again, 3-BrPA or CB-839 as monotherapy had 

no overall effect on solid carcinomas (Figure 4.4, Table 4.4).  

Rapamycin alone was consistently more effective at reducing tumour burden of all 

lesions (cystic/papillary adenomas and solid carcinomas) and solid carcinomas only 

compared to 3-BrPA, CB-839 or both with respect to lesion number, size and cellular 

area (Table 4.2, 4.3, 4.4). 
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Table 1 Summary of animal treatment

Treatment Group
Number of 
Tsc2 +/- 

mice

Number   
of males 

Number        
of 
females

Treatment               
start age 
(months)

Treatment               
end age 
(months)

Dosage*                          

Number of animals 
killed due to loss of 
body weight within the 
first month of 
treatment**

Vehicle 17 8 9 12 14 10ul/g 0
3-BrPA 19 9 10 12 14 3mg/kg 3
CB-839 20 9 11 12 14 200mg/kg 0
Rapamycin 20 8 12 12 14 4mg/kg 0
3-BrPA+Rapamycin 18 8 10 12 14 3mg/kg + 4mg/kg 3
CB-839+Rapamycin 20 8 12 12 14 200mg/kg + 4mg/kg 0
3-BrPA+CB-839 18 8 10 12 14 3mg/kg + 200mg/kg 4
* Tsc2 +/- mice were treated twice daily with veihcle or CB-839 via gavage, and 5 times a week with 3-BrPA or rapamycin via intraperitoneal injection.
* *These mice were killed due to significant loss of body weight within the first month of treatment.
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Figure 4.2 Anti-tumour efficacy of dual inhibition of glycolysis and glutaminolysis 
in all renal lesions of Tsc2+/- mice. One hundred and thirty-two Tsc2+/- mice were 
randomly allocated to 7 treatment groups of vehicle (n=17), 3-BrPA (n=19), CB-839 
(n=20), rapamycin (n=20), 3-BrPA + rapamycin (n=18), CB-839 + rapamycin (n=20) and 
3-BrPA + CB-839 (n=18). Mice were treated from 12 months of age for 2 months. Three 
mice from the 3-BrPA group, 3 mice from the 3-BrPA+rapamycin group and 4 mice from 
the 3-BrPA+CB-839 group were euthanized due to significant loss of body weight within 
the first month of treatment and excluded from further analysis in this study. On treatment 
end date, mice were culled and kidneys collected for histological analysis. Kidneys were 
fixed, processed, sectioned and stained with H&E to assess tumour burden. Kidney 
tumours were located, counted, characterised and measured for comparison of 
treatment efficacy. Comparison of total lesion number, size and cellular area of all types 
of lesion (cyst, papillary adenoma and solid carcinoma). Horizontal bars represent the 
median. P<0.05 is considered significant. 
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Figure 4.3 Anti-tumour efficacy of dual inhibition of glycolysis and glutaminolysis 
in cystic/papillary adenomas of Tsc2+/- mice. One hundred and thirty-two Tsc2+/- mice 
were randomly allocated to 7 treatment groups of vehicle (n=17), 3-BrPA (n=19), CB-
839 (n=20), rapamycin (n=20), 3-BrPA + rapamycin (n=18), CB-839 + rapamycin (n=20) 
and 3-BrPA + CB-839 (n=18). Mice were treated from 12 months of age for 2 months. 
Three mice from the 3-BrPA group, 3 mice from the 3-BrPA+rapamycin group and 4 mice 
from the 3-BrPA+CB-839 group were euthanized due to significant loss of body weight 
within the first month of treatment and excluded from further analysis in this study. On 
treatment end date, mice were culled and kidneys collected for histological analysis. 
Kidneys were fixed, processed, sectioned and stained with H&E to assess tumour 
burden. Cystic/papillary adenomas from individual mice were located, counted, 
measured and compared between treatment groups. Horizontal bars represent the 
median. P<0.05 is considered significant. 
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Figure 4.4 Anti-tumour efficacy of dual inhibition of glycolysis and glutaminolysis 
in solid carcinomas of Tsc2+/- mice. One hundred and thirty-two Tsc2+/- mice were 
randomly allocated to 7 treatment groups of vehicle (n=17), 3-BrPA (n=19), CB-839 
(n=20), rapamycin (n=20), 3-BrPA + rapamycin (n=18), CB-839 + rapamycin (n=20) and 
3-BrPA + CB-839 (n=18). Mice were treated from 12 months of age for 2 months. Three 
mice from the 3-BrPA group, 3 mice from the 3-BrPA+rapamycin group and 4 mice from 
the 3-BrPA+CB-839 group were euthanized due to significant loss of body weight within 
the first month of treatment and excluded from further analysis in this study. On treatment 
end date, mice were culled and kidneys collected for histological analysis. Kidneys were 
fixed, processed, sectioned and stained with H&E to assess tumour burden. Solid 
carcinomas from individual mice were located, counted, measured and compared 
between treatment groups. Horizontal bars represent the median. P<0.05 is considered 
significant. 
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Supplemental Table 1 Comparison of all lesions in  Tsc2 +/- mice by histological analysis
(Mann Whitney test ) 

I. Lesion number (all lesions: cystic/papillary adenomas and solid carcinomas)

Treatment Number of mice Median Range 
P  (compared with 
Vehicle)

P (compared with 
Rapamycin)

Vehicle 17 20.0 9-40 - <0.0001
3-BrPA 16 21 7-40 0.5033 <0.0001
CB-839 20 20 7-45 0.9459 <0.0001
Rapamycin 20 6.5 0-14 <0.0001 -
3-BrPA+Rapamycin 15 7 1-14 <0.0001 0.4028
CB-839+Rapamycin 20 8 4-15 <0.0001 0.0714
3-BrPA+CB-839 14 14.5 9-33 0.0653 <0.0001

II. Lesion size  (all lesions: cystic/papillary adenomas and solid carcinomas)

Treatment Number of mice Median  (mm2) Range  (mm2)
P  (compared with 
Vehicle)

P (compared with 
Rapamycin)

Vehicle 17 3.785335147 1.2727-38.6207 - <0.0001
3-BrPA 16 5.8634575 1.1981-24.4641 0.6827 <0.0001
CB-839 20 5.616098723 0.2831-25.3557 0.5168 <0.0001
Rapamycin 20 0.359455835 0.000-5.4720 <0.0001 -
3-BrPA+Rapamycin 15 1.030499248 0.0229-3.3532 <0.0001 0.1905
CB-839+Rapamycin 20 2.136923107 0.0733-7.2202 0.0054 0.0524
3-BrPA+CB-839 14 1.603310134 0.1591-6.6137 0.0209 0.0136

III. Lesion cellular area  (all lesions: cystic/papillary adenomas and solid carcinomas)

Treatment Number of mice Median  (mm2) Range  (mm2)
P  (compared with 
Vehicle)

P (compared with 
Rapamycin)

Vehicle 17 2.286726736 0.4163-38.5323 - <0.0001
3-BrPA 16 1.870045278 0.2487-21.4734 0.6567 <0.0001
CB-839 20 3.430030709 0.1337-22.5655 0.6191 <0.0001
Rapamycin 20 0.094071078 0.0000-1.0937 <0.0001 -
3-BrPA+Rapamycin 15 0.330887242 0.0094-0.6590 <0.0001 0.2022
CB-839+Rapamycin 20 0.245174903 0.0438-1.6907 <0.0001 0.0596
3-BrPA+CB-839 14 1.003887621 0.0808-3.7200 0.0397 0.0001

Supplemental Table 3 Comparison of cystic/papillary lesions in  Tsc2 +/- mice by histological analysis
(Mann Whitney test ) 

I. Lesion number (cystic/papillary adenomas)

Treatment Number of mice Median Range 
P  (compared with 
Vehicle)

P (compared with 
Rapamycin)

Vehicle 17 18.0 8-38 - <0.0001
3-BrPA 16 19.5 7-39 0.3476 <0.0001
CB-839 20 18 7-38 0.7803 <0.0001
Rapamycin 20 6 0-17 <0.0001 -
3-BrPA+Rapamycin 15 7 1-14 <0.0001 0.4709
CB-839+Rapamycin 20 8 4-15 <0.0001 0.0883
3-BrPA+CB-839 14 13.5 9-29 0.1456 <0.0001

II. Lesion size  (cystic/papillary adenomas)

Treatment Number of mice Median  (mm2) Range  (mm2)
P  (compared with 
Vehicle)

P (compared with 
Rapamycin)

Vehicle 17 1.9954 0.1489-5.0014 - 0.0097
3-BrPA 16 2.924 1.1981-8.9687 0.127 0.0002
CB-839 20 3.5994 0.2831-8.2014 0.1248 0.0016
Rapamycin 20 0.3595 0.0000-5.4719 0.0097 -
3-BrPA+Rapamycin 15 0.7972 0.0229-3.3531 0.1136 0.2680
CB-839+Rapamycin 20 1.8811 0.0733-6.9529 0.798 0.0596
3-BrPA+CB-839 14 0.9182 0.1591-5.8273 0.4444 0.0657

III. Lesion cellular area  (cystic/papillary adenomas)

Treatment Number of mice Median  (mm2) Range  (mm2)
P  (compared with 
Vehicle)

P (compared with 
Rapamycin)

Vehicle 17 0.575 0.0605-2.0908 - <0.0001
3-BrPA 16 0.9197 0.2487-3.3439 0.0407 <0.0001
CB-839 20 1.1826 0.1337-4.3088 0.0694 <0.0001
Rapamycin 20 0.0941 0.0000-0.7061 <0.0001 -
3-BrPA+Rapamycin 15 0.1952 0.0094-0.4945 0.0002 0.2538
CB-839+Rapamycin 20 0.1944 0.0438-0.7138 0.0009 0.0596
3-BrPA+CB-839 14 0.3805 0.0809-2.3537 0.4928 0.0017

Table 4.2 Comparison of all lesions in Tsc2+/ -mice by histological analysis (Mann 
Whitney test) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.3 Comparison of cystic/papillary adenomas in Tsc2+/ -mice by histological 
analysis (Mann Whitney test) 
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Table 4.4 Comparison of solid carcinomas in Tsc2+/ -mice by histological analysis 
(Mann Whitney test) 

 

 

 

 

 

Supplemental Table 2 Comparison of solid carcinomas in  Tsc2 +/- mice by histological analysis
(Mann Whitney test ) 

I. Lesion number (solid carcinomas)

Treatment Number of mice Median Range 
P  (compared with 
Vehicle)

P (compared with 
Rapamycin)

Vehicle 17 2 0-5 - <0.0001
3-BrPA 16 1 0-5 0.0537 0.0007
CB-839 20 2 0-11 0.6507 <0.0001
Rapamycin 20 0 0-1 <0.0001 -
3-BrPA+Rapamycin 15 0 0-1 <0.0001 0.3670
CB-839+Rapamycin 20 0 0-3 <0.0001 0.7367
3-BrPA+CB-839 14 1 0-4 0.0311 0.0007

II. Lesion size  (solid carcinomas)

Treatment Number of mice Median  (mm2) Range  (mm2)
P  (compared with 
Vehicle)

P (compared with 
Rapamycin)

Vehicle 17 1.306566589 0.0000-38.4718 - <0.0001
3-BrPA 16 0.498485636 0.0000-22.6609 0.1509 0.0004
CB-839 20 2.133097756 0.0000-18.8883 0.9154 <0.0001
Rapamycin 20 0 0.0000-0.6625 <0.0001 -
3-BrPA+Rapamycin 15 0 0.0000-0.5603 <0.0001 0.3564
CB-839+Rapamycin 20 0 0.0000-1.6070 <0.0001 0.8683
3-BrPA+CB-839 14 0.27172263 0.0000-3.2353 0.022 0.0016

III. Lesion cellular area  (solid carcinomas)

Treatment Number of mice Median  (mm2) Range  (mm2)
P  (compared with 
Vehicle)

P (compared with 
Rapamycin)

Vehicle 17 1.306566589 0.0000-38.4718 - <0.0001
3-BrPA 16 0.496839797 0.0000-20.3648 0.1509 0.0004
CB-839 20 2.083626722 0.0000-18.8102 0.8914 <0.0001
Rapamycin 20 0 0.0000-0.6625 <0.0001 -
3-BrPA+Rapamycin 15 0 0.0000-0.5603 <0.0001 0.3564
CB-839+Rapamycin 20 0 0.0000-1.5417 <0.0001 0.8683
3-BrPA+CB-839 14 0.242979687 0.0000-3.2353 0.0226 0.0016
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4.2.3 Treatment effect on mTOR signalling in the kidneys and renal 

tumours of Tsc2+/- mice 

Western blotting and IHC were performed to determine the effect of different treatments 

on mTOR signalling (Figure 4.5). Tissues were harvested from non-tumourous portions 

of the kidney and solid renal tumours of Tsc2+/- mice after final treatment and proteins 

prepared for Western analysis (Figure 4.5A). Phosphorylation of mTOR at S2448, S6 at 

S235/236 and 4E-BP1 at T37/46 were used as markers of mTORC1 signalling. 

Phosphorylation of mTOR at S2481, Akt at S473 and T450, and PKCα at T638 were 

used as markers of mTORC2 signalling. Rapamycin alone and rapamycin in combination 

with 3-BrPA or CB-839 significantly decreased the phosphorylation of S6 at S235/236 in 

the kidneys (Figure 4.5A and 4.5B Table 4.5). Combinational treatment with 3-BrPA and 

CB-839 also resulted in a significant decrease in phosphorylation of S6 at S235/236 in 

the kidneys. 3-BrPA treatment alone also significantly reduced phosphorylation of S6 at 

S235/236 in the kidneys but, CB-839 treatment alone showed a significant increase in 

the phosphorylation of S6 at S235/236 in the kidneys (Figure 4.5A and 4.5B Table 4.5). 

Only rapamycin in combination with 3-BrPA showed a clear reduction in the 

phosphorylation of mTOR at S2448. Rapamycin in combination with 3-BrPA or CB-839 

effectively reduced phosphorylation of mTOR at S2481, but rapamycin alone did not 

show the same effect in the kidneys (Figure 4.5A). 3-BrPA alone and rapamycin in 

combination with 3-BrPA or CB-836 significantly reduced phosphorylation of Akt at S473 

(Figure 4.5A and 4.5C Table 4.6). Rapamycin alone caused a slight increase in 

phosphorylation of Akt at S473, but this was not significant (Figure 4.5A and 4.5C Table 

4.6). Combinational treatment of 3-BrPA and CB-839 decreased phosphorylation of Akt 

at S473 but the decrease was not significant. No obvious changes were observed in the 

phosphorylation of PKC at T638 or Akt at T450 following treatment in the kidneys (Figure 

4.5A)  

Kidney sections of treated 14-month-old Tsc2+/- mice were prepared for MS-IHC (Figure 

4.6). 3-BrPA or CB-839 exhibited no effect on the phosphorylation of S6 at S235/236 in 

all types of lesions. Rapamycin alone and rapamycin in combination with 3-BrPA or CB-

839 consistently reduced the phosphorylation of S6 at S235/236 in all types of lesions. 

Combination of 3-BrPA and CB-839 also appeared to slightly reduce phosphorylation of 

S6 at S235/236 (Figure 4.6). Consistent with western analysis, 3-BrPA alone and 

rapamycin in combination with 3-BrPA or CB-839 appeared to reduce the 
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phosphorylation of Akt at S473 in all types of lesions. Combinational treatment with 3-

BrPA and CB-839 also reduced phosphorylation of Akt at S473 but to a lesser degree. 

Rapamycin alone reduced the phosphorylation of Akt at S473 in many solid carcinomas, 

but a proportion of cystic/papillary adenomas showed an increased phosphorylation at 

this site, consistent with western analysis.  
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Figure 4.5 Treatment effect on mTOR signalling in the non-tumourous portion of 
the kidneys and renal tumours of Tsc2+/- mice (A) Effect of treatment on mTOR 
signalling in normal kidney tissue of Tsc2+/- mice by Western blotting. Protein samples 
were prepared from kidney tissue from Tsc2+/- mice after 2-months with indicated 
treatment. Markers used to assess mTORC1 activity include phosphorylation of mTOR 
at S2448 and S6 at S235/236. Markers used to assess mTORC2 activity include 
phosphorylation of mTOR at S2481, Akt at S473 and T450 and PKCα at T638 and. b-
actin was used as a loading control. (B) Relative intensity of the phosphorylation of S6 
at S235/236 by western blot. Four samples (n=4) were quantified for their relative 
intensity by image J and the average relative density was calculated for each treatment 
group. *: P<0.05 compared to vehicle. Error bars indicate standard deviation. (C) 
Relative intensity of the phosphorylation of Akt at S473 by western blot. Four samples 
(n=4) were quantified for their relative intensity by image J and the average relative 
intensity was calculated for each treatment group. *: P<0.05 compared to vehicle. Error 
bars indicate standard deviation. 
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Figure 4.6 Effect of treatment on mTOR signalling in renal lesions of Tsc2+/- mice 
by MS-IHC. Kidneys from Tsc2+/- mice were dissected after treatment. Kidneys were 
fixed, processed, sectioned and stained with antibodies to assess mTOR signalling. 
Phosphorylation of S6 at S235/236 was used to evaluate mTORC1 activity and 
phosphorylation of Akt at S473 was used to evaluate mTORC2 activity. Small black 
boxes indicate high power views of area highlighted by black arrows. Solid black lines 
indicate scale bars. C: Cystic lesion; P: Papillary adenomas; Ca: Solid carcinomas. 

 

Table 4.5 Relative density of p-S6 (S235/236) by Western blotting as quantified 
using Image J. (Student t-test) 

 

 

 

 

 

Table 4.6 Relative density of p-S6 (S235/236) by Western blotting as quantified 
using Image J. (Student t-test) 

 

Densiometry tables
p-s6

Treatment
Number of blots 
analysed Mean density P- value compared to vehicle

Vehicle 4 0.98597 -
3-BrPA 4 0.74431 0.0394
CB-839 4 1.169 0.0005
Rapamycin 4 0.23373 <0.0001
3-BrPA+Rapamycin 4 0.23029 <0.0001
CB-839+Rapamycin 4 0.18567 <0.0001
3-BrPA+CB-839 4 0.60146 0.0066

p-Akt

Treatment
Number of blots 
analysed Mean density P- value compared to vehicle

Vehicle 4 0.2818 -
3-BrPA 4 0.14655 0.0457
CB-839 4 0.26552 0.7859
Rapamycin 4 0.34494 0.4047
3-BrPA+Rapamycin 4 0.12715 0.0278
CB-839+Rapamycin 4 0.12452 0.0318
3-BrPA+CB-839 4 0.17704 0.1008

Densiometry tables
p-s6

Treatment
Number of blots 
analysed Mean density P- value compared to vehicle

Vehicle 4 0.98597 -
3-BrPA 4 0.74431 0.0394
CB-839 4 1.169 0.0005
Rapamycin 4 0.23373 <0.0001
3-BrPA+Rapamycin 4 0.23029 <0.0001
CB-839+Rapamycin 4 0.18567 <0.0001
3-BrPA+CB-839 4 0.60146 0.0066

p-Akt

Treatment
Number of blots 
analysed Mean density P- value compared to vehicle

Vehicle 4 0.2818 -
3-BrPA 4 0.14655 0.0457
CB-839 4 0.26552 0.7859
Rapamycin 4 0.34494 0.4047
3-BrPA+Rapamycin 4 0.12715 0.0278
CB-839+Rapamycin 4 0.12452 0.0318
3-BrPA+CB-839 4 0.17704 0.1008
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4.2.4 Treatment effect on cell proliferation and apoptosis in renal tumours 

of Tsc2+/- mice  

IHC was used to determine the effect of different treatments on cell proliferation and 

apoptosis in renal lesions of Tsc2+/- mice (Figure 4.7). Ki67 was used as a marker for cell 

proliferation (Figure 4.7A). Fifteen or more renal tumours were randomly selected per 

treatment group for proliferation analysis. Ki67 positive cells and total number of cells in 

these tumours were counted using imageJ and the percentage of Ki67 positive cells per 

tumour was calculated. Ki67 positive percentage of tumours was used to compare 

between treatment groups to evaluate its effect on proliferation (Figure 4.7B). Rapamycin 

alone and rapamycin in combination with either 3-BrPA or CB-839 all significantly 

reduced the median percentage of Ki67 positive cells from 16.3% in vehicle treated mice 

to 2.6% (P<0.0001), 1.1% (P<0.0001) and 0.9% (P<0.0001), respectively (Table 4.7). 

The dual inhibition of glycolysis and glutaminolysis with 3-BrPA and CB-839 also 

significantly reduced the median percentage of Ki67 positive cells from 16.3% to 13.3% 

(P=0.0275) (Table 4.7).  

Active caspase-3 was used as a marker to examine the effect of treatment on apoptosis 

in renal tumours of Tsc2+/- mice by IHC (Figure 4.8). Rapamycin alone and rapamycin in 

combination with 3-BrPA or CB-839 reduced the protein levels of active caspase-3. 

Overall, in all treatments, there was no consistent increase in active caspase-3 levels 

compared to vehicle (Figure 4.8). Interestingly, vehicle treated tumours had a variable 

expression of active caspase-3 and larger solid carcinomas tend to show more cell 

death. This may be due to a hypoxic environment inducing cell death in the centre of 

large tumours. 
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Figure 4.7 Treatment effect on cell proliferation in renal tumours of Tsc2+/- mice. 
(A) Effect of treatment on cell proliferation by IHC. Kidneys from Tsc2+/- mice were 
dissected after treatment. Kidneys were fixed, processed, sectioned and stained with 
Ki67 to assess proliferation of tumour cells. Solid black lines indicate scale bars. C: 
Cystic lesions; P: Papillary adenomas; Ca: Solid carcinoma (B) Percentage of Ki67-
positive cells. Fifteen or more renal tumours from each treatment group were randomly 
selected for proliferation analysis. Positively stained Ki67 cells were identified and 
counted by imageJ and percentage of Ki67 stained cells per tumour was calculated. 
P<0.05 is considered significant. 
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Figure 4.8 Treatment effect on apoptosis in renal tumours of Tsc2+/- mice by IHC. 
Kidneys from Tsc2+/- mice were dissected after treatment. Kidneys were fixed, 
processed, sectioned and stained with active caspase 3 to assess apoptosis of tumour 
cells. Solid black lines indicate scale bars.  

 

Table 4.7 Effect of treatment on proliferation of renal tumour cells in Tsc2+/- mice 
(Mann Whitney test)Supplemental Table 3  Effect of treatment on proliferation of renal tumour cells   in  Tsc2 +/- mice 

(Mann Whitney test ) 

Treatment
Number of tumours 
examined

Percentage of tumour cells 
positive for Ki67:            Median 
(%)

Percentage of tumour cells positive for 
Ki67:                                             Range 
(%)

P  (compared with 
Vehicle)

P (compared with 
Rapamycin)

Vehicle 17 16.2901 9.6774-36.1689 - <0.0001
3-BrPA 18 15.137 3.2019-35.3658 0.0831 <0.0001
CB-839 17 15.849 2.2988-31.1870 0.1401 <0.0001
Rapamycin 15 2.553 0-5.0632 <0.0001 -
3-BrPA+Rapamycin 15 1.1236 0-7.7348 <0.0001 0.1862
CB-839+Rapamycin 16 0.8986 0-15.3846 <0.0001 0.6189
3-BrPA+CB-839 19 13.2979 3.2020-33.7458 0.0275 <0.0001
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4.3 Discussion 

Rewiring of cellular metabolism is a hallmark of cancer (Hanahan and Weinberg 2011). 

Reprogramming of glycolysis and glutaminolysis is required for tumour cells to generate 

sufficient energy and macromolecules for rapid growth and proliferation (Vander Heiden 

et al. 2009). Targeting glycolysis or glutaminolysis for anti-tumour therapy has been 

investigated in various types of cancers in pre-clinical and clinical studies (Csibi et al. 

2013; Martinez-Outschoorn et al. 2017; Sun et al. 2017; Akins et al. 2018). Dual inhibition 

of glycolysis and glutaminolysis with 2-deoxyglucose and aminooxyacetate successfully 

attenuated proliferation of ovarian cancer cells in vitro (Sun et al. 2017). However, dual 

inhibition of glycolysis and glutaminolysis has not been reported for treating tumours in 

vivo thus far. Dual inhibition of glycolysis and glutaminolysis has previously shown 

significant cell death in Tsc2-/- but not Tsc2+/+ MEFs (Csibi et al. 2013). In this study, the 

therapeutic efficacy of dual inhibition of glycolysis and glutaminolysis was tested for 

treating renal tumours in Tsc2+/- mice. Firstly, enzymes associated with glycolysis and 

glutaminolysis were investigated in TSC-associated renal tumours of these mice. 

GAPDH, HKII, GLS1 and GDH were highly expressed in solid renal carcinomas. The 

lactate transporter, MCT1, is an important transporter required for 3-BrPA-mediated 

inhibition of glycolysis (Birsoy et al. 2013) and was also increased in all types of renal 

lesions. Combinational treatment with 3-BrPA and CB-839 significantly suppressed 

tumour burden. These results suggest that dual inhibition of glycolysis and glutaminolysis 

may offer an alternative therapeutic strategy for treating TSC-associated renal lesions. 

However, rapamycin alone and rapamycin in combination with 3-BrPA or CB-839 were 

consistently more effective for treating renal lesions than dual inhibition of glycolysis and 

glutaminolysis. However, it remains to be investigated whether dual inhibition of 

glycolysis and glutaminolysis could be effective for TSC-associated tumours that have 

limited response to rapamycin. Combination of CB-839 and the rapalog everolimus has 

previously shown an enhanced therapeutic efficacy compared to each agent alone in a 

RCC xenograft model (Emberley et al. 2017).. Rapamycin in combination with CB-839 

did not show any superior therapeutic effect compared to rapamycin alone here. 

Rapalogs in combination with CB-839 may be a beneficial option for sporadic RCC 

whereas rapamycin alone remains better for TSC-associated tumours.  

In this study, glycolytic inhibition with 3-BrPA resulted in a slight reduction in number of 

solid carcinomas but this was not statistically significant. However,  3-BrPA has shown 
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effective anti-tumour activity for hepatocellular carcinoma, bladder cancer, 

nasopharyngeal carcinoma and renal carcinoma in vitro and in vivo cancer models (Ko 

et al. 2004; Ko et al. 2012; Konstantakou et al. 2015; Nilsson et al. 2015; Sun et al. 2015; 

Zou et al. 2015). 2-deoxyglucose (2-DG), another glycolysis inhibitor,  has been reported 

to have limited efficacy as a single agent in pre-clinical models but may increase the 

sensitivity of other chemo preventative agents such as paclitaxel (Maschek et al. 2004; 

Zhang et al. 2014). A study using a mouse model transplanted with Tsc2-null rat tumour 

cells, however, has demonstrated anti-tumour efficacy using 2-DG alone (Jiang et al. 

2011). Limited response of these tumours to 3-BrPA is unlikely to be caused by inefficient 

drug delivery since MCT1 is highly expressed in these lesions. In addition, unexpected 

deaths of mice treated with 3-BrPA suggest a lack of tumour specificity and greater 

toxicity in TSC-associated tumours.  

Inhibition of glutaminolysis with CB-839 had no overall effect on tumour burden in this 

study. In contrast, CB-839 has shown anti-tumour efficacy in various xenografts models 

of cancer such as triple negative breast cancer, lung cancer and ovarian cancer (Gross 

et al. 2014; Xiang et al. 2015; Lampa et al. 2017). CB-839 in combination with other 

therapies was also tested in xenograft mouse models of non-small cell lung cancer and 

glioblastoma multiforme, and was shown to sensitise tumour cells to chemotherapeutic 

agents (Tanaka et al. 2015; Guo et al. 2016; Lampa et al. 2017; Momcilovic et al. 2017). 

CB-839 is currently being tested in phase I clinical trials in patients with solid tumours 

and haematological cancers (https://clinicaltrials.gov/ct2/results?cond=&term=cb-

839&cntry=&state=&city=&dist=).  

The limited therapeutic effect of 3-BrPA or lack of therapeutic effect of CB-839 as single 

agents in this study may be due to differences and unique mechanisms in 

tumourigenesis between tumour models used, such as in initiating mutations of specific 

tumour suppressors i.e. Tsc2, and in oncogenic signalling i.e. mTOR in Tsc2+/- mice. 

Lack of therapeutic efficacy of glycolysis inhibition may be related to the hyperactivation 

of mTORC1. Pusaputi et al. have suggested a mechanism of tumour cells to bypass 

glycolytic inhibition through sustained mTORC1 signalling (Pusapati et al. 2016). 

Increased mTORC1 signalling was responsible for shunting glucose into the pentose 

phosphate pathway and redirect it back into glycolysis, thus avoiding glycolytic block with 

2-DG. This mechanism may exist in TSC-associated tumours. Consistent with the 

present study, glycolytic inhibition in combination with mTORC1 inhibition showed 

greater anti-tumour efficacy in vitro and in vivo than glycolytic inhibition alone (Pusapati 
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et al. 2016),. However, here no significant difference in anti-tumour activity was observed 

between 3-BrPA in combination with rapamycin and rapamycin alone in Tsc2+/- mice. 

Furthermore, lack of efficacy of 3-BrPA or CB-839 in TSC-associated tumours may be a 

result of compensatory activation of alternative anabolic or catabolic pathways for 

glucose and glutamine metabolism. Previous studies have shown increases in 

glutaminolysis and glycogenesis, following glycolytic inhibition (DeBerardinis and Cheng 

2010; Altman et al. 2016; Pusapati et al. 2016) . Glutamine can enter the depleted Krebs 

cycle following glycolysis inhibition through anaplerosis to sustain high macromolecule 

synthesis and ATP-generation (DeBerardinis et al. 2007; Mayers and Vander Heiden 

2015; Altman et al. 2016). This is consistent with the current observation that dual 

inhibition of glycolysis and glutaminolysis was more efficacious at reducing tumour 

burden than either treatment alone.  

The treatment effect on mTOR signalling was examined in normal tissue and tumours 

from the kidneys of Tsc2+/- mice. Dual inhibition of glycolysis and glutaminolysis with 3-

BrPA and CB-839 suppressed mTORC1 signalling in normal kidney tissue and renal 

tumours. Rapamycin and rapamycin in combination with 3-BrPA or CB-839 also 

suppressed mTORC1 signalling in normal kidney tissue and renal tumours but the 

suppression was much stronger than 3-BrPA and CB-839 together. mTORC1 

suppression with these treatments correlated with decrease in cell proliferation in kidney 

lesions. This suggests that inhibition of mTORC1 signalling contributes to the anti-tumour 

activity in kidney lesions, with rapamycin alone or rapamycin in combination with 3-BrPA 

or CB-839 being significantly more effective than 3-BrPA and CB-839 combination for 

treating renal lesions of Tsc2+/- mice. Moreover, rapamycin alone or in combination with 

3-BrPA or CB-839 was more effective at reducing lesion number compared to dual 

inhibition of glycolysis and glutaminolysis, consistent with the role of mTORC1 

suppression in blocking tumour formation (Yang et al. 2015). However, treatment with 

rapamycin showed no increase in cell death highlighting the cytostatic nature of rapalogs. 

3-BrPA alone decreased mTORC1 activity possibly explaining its modest anti-tumour 

effect in solid carcinomas. CB-839 treatment alone has been previously reported to 

reduce mTORC1 signalling in tumour cells of renal cell carcinoma (Emberley et al. 2017). 

In contrast to this, CB-839 treatment in Tsc2+/- mice did not inhibit mTORC1 signalling in 

solid tumour cells and, surprisingly, caused a significant increase in mTORC1 signalling 

in normal kidney tissue. This may explain the lack of anti-tumour activity with CB-839 

monotherapy.  
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Rapamycin in combination 3-BrPA or CB-839 substantially reduced mTORC2 signalling 

in all renal lesions whereas 3-BrPA alone slightly reduced mTORC2 signalling. Dual 

inhibition of glycolysis and glutaminolysis also results in a modest decrease in mTORC2 

signalling in renal lesions. In contrast, rapamycin alone increased mTORC2 signalling in 

a proportion of cystic/papillary adenomas but not solid carcinomas. Feedback activation 

of mTORC2 following mTORC1 inhibition is suggested to contribute to the limited 

efficacy of rapamycin. However, the role of mTORC2 in tumourigenesis may have 

various roles on tumorigenesis depending on cellular contexts (Goncharova et al. 2011; 

Liu et al. 2014b; Khan et al. 2015).  It remains to be further investigated whether inhibition 

of mTORC2 is required for treating TSC-associated tumour, as suggested in Chapter 3. 

In summary, this study revealed that the dual inhibition of glycolysis and glutaminolysis 

significantly reduced tumour burden of TSC-associated renal lesions but was not as 

effective as rapamycin alone. Inhibition of mTORC1 is likely to account for anti-tumour 

efficacy of treatments used in this study. However, further studies are required to reveal 

whether TSC-associated tumours that are resistant to rapalogs respond to dual inhibition 

of glycolysis and glutaminolysis.  CB-839 has recently been granted Fast Track 

Designation by the US FDA for combination with cabozantinib to treat patients with 

metastatic renal cell carcinoma. Cabozantinib is a potent VEGFR inhibitor showing anti-

tumour efficacy in a xenograft model of colorectal cancer (Song et al. 2015; Markowitz 

and Fancher 2018). Recent clinical trials of cabozantinib in patients with RCC showed a 

significant improvement in overall and progression free survival (Osanto and van der 

Hulle 2018). Mechanisms of its anti-tumour activity are suggested to involve its mitigation 

of angiogenesis and Akt signalling (Song et al. 2015). Increased expression of VEGFR1 

and activation of Akt is observed in TSC-associated tumours (Yang et al. 2015; Yang et 

al. 2017) and may warrant further investigation to compare combination of CB-839 and 

cabozantinib with rapamycin in renal tumours of Tsc2+/- mice. 
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5 CHAPTER FIVE 

 

Effect of Conditional Deletion of Pkm2 on Tumourigenesis in 

the Kidneys of Tsc2+/- Mice 

5.1 Introduction 

Aerobic glycolysis is a hallmark of cancer. The isozyme PKM2 is believed to drive aerobic 

glycolysis and provide tumour cells with a proliferative advantage by attenuating the final 

step of glycolysis (Wong et al. 2013). This allows the accumulation and shunting of 

upstream glycolytic intermediates into branching biosynthetic pathways for anabolic 

growth and proliferation (Cairns et al. 2011; Wong et al. 2013; Hay 2016). PKM2 

catalyses the conversion of pyruvate to lactate to further drive aerobic glycolysis (Wong 

et al. 2015). PKM2 also enhances the Warburg effect through non-glycolytic functions 

as a protein kinase and a co-transcription factor through its ERK2-mediated translocation 

to the nucleus (Yang et al. 2012; Wong et al. 2015). The expression of Pkm2 is increased 

in many cancer types, such as RCC, and is associated with its metastasis and a poor 

patient prognosis (Brinck et al. 1994). Pkm2 is predominantly expressed over the Pkm1 

isoform in many tumours, allowing a greater metabolic plasticity.(Mazurek et al. 2005). 

Many in vitro studies investigating Pkm2 have shown its requirement for tumour growth 

and metastasis (Christofk et al. 2008). However, in contrast to these findings, recent in 

vivo studies have demonstrated that Pkm2 may not be required for tumour growth (Lau 

et al. 2017) and that deletion of Pkm2 may even promote tumour formation in some 

tissue types (Israelsen et al. 2013; Dayton et al. 2016). Tumour formation in a Brca1-loss 

driven mouse model of breast cancer showed an acceleration of tumour growth following 

a conditional deletion of Pkm2 (Israelsen et al. 2013). Further investigations are required 

to fully understand the roles of Pkm2 in tumourigenesis in the context of different tissue 

types. 

The Cre/loxp technology is widely used to conditionally delete genes for investigation of  

their roles in tumourigenesis (Stricklett et al. 1999). This technology can be exploited to 

achieve tissue- and age-specific deletion of genes by tissue-specific promotors via 

inducible expression of Cre. One of the inducible Cre-mediated conditional gene deletion 

systems is controlled through tetracycline (Tet system). Tetracycline is required for the 

binding of reverse tetracycline-dependant trans-activator (rtTA) with a Tet promotor,
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 resulting in the expression of linked downstream genes, such as Cre-recombinase, 

enabling time-dependent expression of Cre. (Gossen and Vujard 1992; Gossen et al. 

1995; St-Onge et al. 1996). Pax8 is highly expressed in the kidneys, thyroid and liver 

(Poleev et al. 1992). Pax8.rtTA mice have been generated with high levels of rtTA in the 

epithelial cells of renal tubules (promoter of Pax8 was used to drive rtTA in the kidney 

tubules) (Traykova-Brauch et al. 2008). The combination of TetO.Cre mice and 

Pax8.rtTA mice can result in the tetracycline-dependent deletion of floxed genes within 

kidney tissue to assess their function. 

As discussed previously, mTOR is a master regulator of cell metabolism. TSC-

associated tumours have previously been reported to have increased expression of 

enzymes involved in aerobic glycolysis (Jones et al. 2019).  mTOR signalling is 

necessary for PKM gene transcription through HIF1α and Pkm2-specific mRNA splicing 

through c-myc (David et al. 2010; Sun et al. 2011). Expression of Pkm2 correlates with 

mTOR activation and is sensitive to its inhibition (Iqbal and Bamezai 2012). Tsc2 null 

MEFs with Pkm2 deletion have demonstrated a decrease in aerobic glycolysis and 

lactate production and suppressed mTOR-mediated tumorigenesis in a xenograft mouse 

model of prostate cancer (Sun et al. 2011). These findings suggest that Pkm2 may be a 

potential alternative therapeutic target for TSC-associated tumours. Therefore, in this 

study, the roles of Pkm2 in tumourigenesis of renal lesions were investigated by 

conditionally deleting Pkm2 in the kidneys of Tsc2+/- mice. The kidney tumour burden of 

Tsc2+/- mice with or without Pkm2 was compared. The effect of Pkm2 deletion on 

expression of Pkm1, mTOR signalling and cell proliferation were also analysed.  
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5.2 Results 

5.2.1 Expression of Pkm2 in renal lesions of Tsc2+/- mice 

Tsc2+/- mice at 12 months of age were culled to investigate the expression of Pkm2 in 

renal lesions by IHC. As seen in the previous chapters, mTORC1 and mTORC2 are 

consistently activated in TSC-associated-lesions demonstrated by the increased 

phosphorylation of S6 at S235/236, 4E-BP1 at T37/46, Akt at S473 and PKC at S657 

(Figure 3.1; Figure 4.1A). As shown in figure 5.1, Pkm2 was highly expressed in the 

majority of cystic lesions, all papillary adenomas and all solid carcinomas (Figure 5.1A). 

Around 35.58% (29/81) of small renal cysts from 20 Tsc2+/- mice, however, showed little 

or no expression of Pkm2 (Figure 5.1B).  
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Figure 5.1 Expression of Pkm2 in renal lesions of Tsc2+/- mice. Kidneys from Tsc2+/- 

mice were dissected at 12 months of age to investigate the expression of Pkm2 by IHC. 
Kidney sections contained cysts, papillary adenomas and solid carcinomas. Kidneys 
were fixed, processed, sectioned and stained for Pkm2 (A) Pkm2 expression in cystic, 
papillary adenomas and solid carcinomas. Solid black lines represent scale bars (B) 
Expression of Pkm2 in small cystic lesions. Eighty-one small renal cysts from 20 Tsc2+/- 

mice were investigated for their Pkm2 expression. Around 35.58% (29/81) of small renal 
cysts analysed showed little or no expression of Pkm2.  . 
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5.2.2 Pkm2 conditional deletion in the kidneys of Tsc2+/- mice 

To study roles of Pkm2 in renal tumorigenesis, series of breedings were performed 

between Tsc2+/- (Onda et al. 1999), B6;129S-Pkmtm1.1Mgvh/J (Israelsen et al. 2013), 

B6.Cg-Tg(Pax8-rtTA2S*M2)1Koes/J (Traykova-Brauch et al. 2008) and Tg(tetO-

cre)1Jaw/J (Gossen and Vujard 1992) mice to generate mice with a 

Pax8.rtTA+/Pkm2lox/lox/TetO.Cre+/Tsc2+/- genotype. B6;129S-Pkmtm1.1Mgvh/J mice 

(Pkm2fl/fl) possess loxP sites flanking the Pkm2 specific exon 10 of the PKM gene. PCR-

based genotyping was carried out to identify Pax8.rtTA+/Pkm2lox/lox/TetO.Cre+/Tsc2+/- 

mice (Figure 5.2). Pax8.rtTA+/Pkm2lox/lox/TetO.Cre+/Tsc2+/- mice were expected to 

express Cre recombinase in cells with active Pax8 promotor following doxycycline 

treatment, and thereby to induce the deletion of the floxed Pkm2-specific exon 10 (Figure 

5.3). A total of 10 pairs of mice were randomly allocated into 2 groups: water (n=10) and 

doxycycline (n=10), as summarised in Table 5.1. To induce expression of Cre and 

deletion of Pkm2, doxycycline of 2mg/ml supplemented with 5% sucrose in drinking 

water was given for 10 days immediately after weaning (4 weeks of age). After 10 days 

treatment, mice in the doxycycline treatment group were continued on normal drink water 

as the control group until 12 months of age. Tissues from the kidney, liver, heart, lung 

and spleen from mice culled at 12 months were collected and used to determine tissue-

specific deletion of Pkm2 initially by PCR. In the doxycycline treatment group, Pkm2 was 

successfully and specifically deleted in the kidney and liver tissues but not in the heart, 

lung or spleen. (Figure 5.4A). However, Pkm2 deletion in these tissues was not 

complete. This may be due to the fact that tissue pieces collected contain other cell 

types, such as mesenchymal cells, which do not express Pax8 and therefore have no 

Pkm2 deletion. To further investigate the deletion of Pkm2, the kidneys of treated and 

non-treated Pax8.rtTA+/Pkm2lox/lox/TetO.Cre+/Tsc2+/- mice were fixed, processed, 

sectioned and stained with HE and Pkm2 by IHC for histological and 

immunohistochemical analysis. As shown in figure 5.4B, the tubules of the cortex and 

medulla in non-treated mice had strong expression of Pkm2. In the kidneys of the mice 

treated with doxycycline, the epithelial cells of renal tubules of the cortex and medulla 

showed specific Pkm2 deletion whilst surrounding mesenchymal cells were unaffected 

(Figure 5.4B). Importantly, 92% (33/36) of papillary adenomas and solid carcinomas 

analysed had no observable expression of Pkm2 in tumour cells following doxycycline 

treatment while all tumour cells clearly expressed Pkm2 in the control group without 

doxycycline treatment (Figure 5.4C). In contrast, mesenchymal cells within the Pkm2 
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deleted tumours still expressed Pkm2, possibly to a higher level compared to Pkm2 

expressing tumours, as described later in section 5.2.5. 

These results confirmed the specific deletion of Pkm2 in the epithelial cells of renal 

tubules and renal tumour cells of Pax8.rtTA+/Pkm2lox/lox/TetO.Cre+/Tsc2+/- mice following 

doxycycline treatment. 

 

Table 5.1 Treatment summary 
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Figure 5.2 Confirmation of Pax8.rtTA+/Pkm2lox/lox/TetO.Cre+/Tsc2+/- mice. DNA was 
extracted from mouse ear punches and used to identify 
Pax8.rtTA+/Pkm2lox/lox/TetO.Cre+/Tsc2+/- mice by PCR. Primers and annealing 
temperatures used for Pax8.rtTA, Pkm2lox/lox, TetOCre and Tsc2 PCR are shown in Table 
2.1 (Materials and Methods). PCR products were run on 1.5 or 3% agarose gels and 
visualised on an UV gel doc. The amplicon size for the Pax8 transgene was 595bp and 
the TetOCre transgene was 100bp. The Pkm2lox/lox allele was 680bp. The mutated Tsc2 
allele was 105bp. Mice which were positive for the Pax8 transgene, Pkm2lox/lox allele, 
TetOCre transgene and heterozygous for Tsc2 were selected for study. Lanes 2, 5, 7 
and 9 indicate Pax8.rtTA+/Pkm2lox/lox/TetO.Cre+/Tsc2+/- mice.  
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Figure 5.3 Schematic diagram of Pkm2 conditional deletion. Pax8.rtTA mice express 
rtTA in the epithelial cells of renal tubules. After doxycycline treatment, rtTA-doxycycline 
complex binds to the TetO transgene, upstream of Cre. This results in the inducible 
expression of Cre and the cutting of loxp sites either side of exon 10 (Pkm2 specific-
deletion).  
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Figure 5.4 Conditional deletion of Pkm2 in the kidneys and renal tumours of Pax8.rtTA+/Pkm2lox/lox/TetO.Cre+/Tsc2+/- mice treated with 
doxycycline. (A) Tissue specific Pkm2 deletion after doxycycline treatment. Mice at 12 months of age were culled and tissues of the kidney, liver, 
heart, lung and spleen were collected and used for PCR. Primers and annealing temperatures used for Pkm2lox/lox allele are shown in Table 2.1 
(Materials and Methods). PCR products were run on 3% agarose gel and visualised on an UV gel doc. The Pkm2lox/lox amplicon size was 680bp. 
The Pkm2 knockout amplicon size was 200bp. (B) Expression of Pkm2 in the kidneys of Pax8.rtTA+/Pkm2lox/lox/TetO.Cre+/Tsc2+/- mice after 
treatment with doxycycline. Mice were culled at 12 months of age and kidneys were harvested, fixed, processed, sectioned and stained for Pkm2. 
(C) Expression of Pkm2 in renal lesions of Pax8.rtTA+/Pkm2lox/lox/TetO.Cre+/Tsc2+/- mice after treatment with doxycycline. Mice were culled at 12 
months of age and kidneys were harvested, fixed, processed, sectioned and stained for Pkm2. Images presented show expression of Pkm2 in 
cysts, papillary adenomas and solid carcinomas. Solid black lines indicate scale bars. 
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5.2.3 Effect of Pkm2 deletion on renal tumourigenesis in Tsc2+/- mice  

As doxycycline effectively induced the deletion of Pkm2 in the epithelial cells of renal 

tubules and renal tumour cells of Pax8.rtTA+/Pkm2lox/lox/TetO.Cre+/Tsc2+/- mice, it was 

further investigated whether Pkm2 deletion had any effect on renal tumourigenesis in 

Tsc2+/- mice (Figure 5.5). Mice were treated as above and culled at 12 months of age. 

Kidney sections were prepared for tumour burden assessment by histological analysis. 

To evaluate tumour burden, renal lesions were characterised, counted and measured for 

their whole area and cellular area (as described in methods 2.2.6.4). The lesion type, 

total lesion number, total lesion area and total lesion cellular area were documented for 

each animal and compared between treatment groups (Figure 5.5, Table 5.2, 5.3 and 

5.4). Tumour burden was compared by analysing all lesions (cystic/papillary/solid) 

together, cystic/papillary adenomas only and solid carcinomas only. As shown in Figure 

5.5 and Table 5.2, renal tubule specific deletion of Pkm2 in Tsc2+/- mice had no overall 

effect on total lesion number (P=0.9564) or lesion cellular area (P=0.6842) compared to 

Tsc2+/- mice without treatment of doxycycline. A very small reduction in total lesion size 

was observed in doxycycline treated mice but this was not significant (P=0.5787) (Figure 

5.5; Table 5.2). Similarly, renal tubule specific deletion of Pkm2 had no effect on number 

(P=0.9561), size (P=0.9118) cellular area (P=0.8534) of cystic/papillary adenomas 

(Figure 5.5; Table 5.3). Further, renal tubule specific deletion of Pkm2 had no effect on 

number (P=0.9966), size (P=0.9696) or cellular area (P=0.9098) of solid carcinomas. 

(Figure 5.5; Table 5.4). These results suggested that Pkm2 deletion had no significant 

effect on the renal tumourigenesis in Tsc2+/- mice  
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Figure 5.5 Effect of conditional Pkm2 deletion on tumour burden. Ten pairs of 
Pax8.rtTA+/Pkm2lox/lox/TetO.Cre+/Tsc2+/- mice were randomly allocated to 2 groups: 
water (n=10) or doxycycline (n=10). Doxycycline treatment group were given drink water 
with 2mg/ml doxycycline and 10% sucrose for 10 days at 4 weeks of age. After treatment, 
mice were continued on normal drink water as control. At 12 months of age, mice from 
both groups were culled and the kidneys collected for histological analysis. Kidneys were 
fixed, processed, sectioned and stained with H&E to assess tumour burden. Kidney 
tumours were located, counted, characterised and measured per animal for comparison 
between groups. Left panel: Comparison of total lesion number, size and cellular area 
of all types of lesion (cyst, papillary adenomas and solid carcinomas). Middle panel: 
Comparison of total cystic/papillary adenoma number, size, and cellular area. Right 
panel: Comparison of total solid carcinoma number, size and cellular area. Horizontal 
bars represent the median. P<0.05 is considered significant. 
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Table 5.2 Comparison of all lesions in Pax8.rtTA+/Pkm2lox/lox/TetO.Cre+/Tsc2+/- 
mice by histological analysis (Mann Whitney test) 

 

 

 

 

 

 

 

 

 

 
Table 5.3 Comparison of all lesions in Pax8.rtTA+/Pkm2lox/lox/TetO.Cre+/Tsc2+/- 
mice by histological analysis (Mann Whitney test) 

 

 

 

 

 

 

 

 

 

 

Table 5.4 Comparison of all lesions in Pax8.rtTA+/Pkm2lox/lox/TetO.Cre+/Tsc2+/- 
mice by histological analysis (Mann Whitney test) 
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5.2.4 Effect of Pkm2 deletion on mTOR signalling and cell proliferation of 
TSC-associated renal tumours 

IHC (with consecutive sections) was performed to determine the effect of Pkm2 deletion 

on mTOR signalling in renal tumours of Pax8.rtTA+/Pkm2lox/lox/TetO.Cre+/Tsc2+/- mice.  

Pkm2 deletion did not significantly change the phosphorylation of S6 at p-S235/236 and 

Akt at p-S473, as seen by IHC (Figure 5.6). These results suggested that deletion of 

Pkm2 has no significant effect on mTORC1 or mTORC2 signalling in renal lesions of 

Pax8.rtTA+/Pkm2lox/lox/TetO.Cre+/Tsc2+/- mice. 

MS-IHC was also used to determine the effect of Pkm2 deletion on cell proliferation in 

renal tumours. Ki67 was used as a marker of proliferation (Figure 5.7A). The same 

kidney section was used by MS-IHC to show the co-localisation of Ki67 and Pkm2 

(Figure 5.7A). Renal tumours were randomly selected per group (n=24 for water group; 

n=19 for doxycycline group) for proliferation analysis. Ki67 positive cells and total number 

of cells in these tumours were counted using imageJ and the percentage of Ki67 positive 

cells per tumour was calculated. Ki67 positive percentage was used to compare between 

groups to assess Pkm2 role on cell proliferation. (Figure 5.7B). As seen from Figure 

5.7B, Pkm2 deletion caused a slight reduction in the median percentage of Ki67 positive 

cells per tumour in doxycycline treated mice (8.586%) compared to mice without 

doxycycline treatment (10.003%) but this was not significant (P=0.1441) (Table 5.5). 

These results suggested that Pkm2 might not be required for cell proliferation of TSC-

associated renal tumours.  
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Figure 5.6 Effect of Pkm2 deletion on mTOR signalling in renal lesions of Pax8.rtTA+/Pkm2lox/lox/TetO.Cre+/Tsc2+/- mice. Kidneys from 
doxycycline treatment group and water group were dissected at 12 months of age to analyse mTOR signalling by IHC. Kidneys were fixed, 
processed, sectioned and stained with Pkm2, S6 p-S235/236 and Akt p-S473. Phosphorylation of S6 at S235/236 was used to evaluate mTORC1 
activity and phosphorylation of Akt at S473 was used to evaluate mTORC2 activity. Black boxes indicate higher power views of adjacent image. 
Solid black lines indicate scale bars. 
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Figure 5.7 Effect of Pkm2 deletion on cell proliferation in renal lesions of 
Pax8.rtTA+/Pkm2lox/lox/TetO.Cre+/Tsc2+/- mice. (A) Effect of Pkm2 deletion on cell 
proliferation by MS-IHC Kidneys were dissected at 12 months of age, fixed, processed, 
sectioned and subjected to 2 rounds of staining with Ki67 and Pkm2, with complete 
stripping of each antibody per round. (B) Percentage of Ki67-positive cells per renal 
lesion. Renal tumours from each group (n=24 for water group; n=19 for doxycycline 
group) were randomly selected for proliferation analysis. Positively stained Ki67 cells 
were identified and manually counted using imageJ and percentage of Ki67 stained cells 
per tumour was calculated. Median percentage of Ki67 positive cells in the water group 
was 10.003% and for the doxycycline treatment group was 8.586% Black horizontal bar 
indicates mean. P<0.05 is considered significant. 
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Table 5.5 Effect of treatment on proliferation of renal tumour cells in Tsc2+/- mice 
(Mann Whitney) 
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5.2.5 Expression of Pkm1 in the kidneys of Tsc2+/- mice with Pkm2 
deletion. 

The expression of Pkm1 has previously been reported to be increased after conditional 

deletion of Pkm2 in tissues that normally express Pkm2 in mice (Dayton et al. 2016). 

Therefore, the expression of Pkm1 in the kidneys was investigated following Pkm2 

deletion in Pax8.rtTA+/Pkm2lox/lox/TetO.Cre+/Tsc2+/- mice. MS-IHC was performed to 

assess the expression of Pkm1 and Pkm2 on the same kidney sections. As seen in 

Figure 5.8A, overall expression of Pkm1 was significantly increased in the kidneys of 

mice treated with doxycycline while the basal expression of Pkm1 remained very low in 

mice not treated with doxycycline. In tumours lacking Pkm2 expression in mice treated 

with doxycycline, Pkm1 was exclusively increased whereas little expression of Pkm1 was 

observed in tumours from mice without doxycycline treatment (Figure 5.8B). It was 

notable that Pkm1 was not seen in some small cystic lesions that were most likely to be 

those that initially did not express Pkm2 as described in Figure 5.1. These results 

suggest that tumour cells with Pkm2 deletion had increased expression of Pkm1.   

Pkm1 expression in Pkm2 expressing stromal cells was minimal and did not appear to 

be increased in stromal cells in doxycycline-treated mice. However, the deletion of Pkm2 

in renal tumours enhanced the expression of Pkm2 in mesenchymal stromal cells within 

and around tumours (Figure 5.9).  
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Figure 5.8 Expression of Pkm1 and Pkm2 in renal lesions of 
Pax8.rtTA+/Pkm2lox/lox/TetO.Cre+/Tsc2+/- mice after doxycycline treatment. Kidneys 
were dissected at 12 months of age for MS-IHC. Kidneys were fixed, processed, 
sectioned and subjected to 2 rounds of staining with Pkm2 and Pkm1, with complete 
stripping of each antibody per round. (A) Pkm2 and Pkm1 expression in the whole kidney 
by MS-IHC with and without doxycycline treatment. Black boxes indicate higher power 
views of adjacent image (B) Pkm1 and Pkm2 expression in renal lesions by MS-IHC with 
and without doxycycline treatment. Black boxes indicate higher power views of adjacent 
image 
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Figure 5.9 Expression of Pkm1 and Pkm2 in mesenchymal stromal cells in and 
around renal lesions of Pax8.rtTA+/Pkm2lox/lox/TetO.Cre+/Tsc2+/- mice treated with 
doxycycline. Kidneys were dissected at 12 months of age for MS-IHC. Kidneys were 
fixed, processed, sectioned and subjected to 2 rounds of staining with Pkm2 and Pkm1 
with complete stripping of each antibody per round. Relative levels of Pkm2 and Pkm1 
expression is shown without and with doxycycline treatment. 

 

 

 



5.3 Discussion 
 

 151 

5.3  Discussion 

The exact role of Pkm2 in tumourigenesis still remains controversial. Pkm2 is considered 

to play an important role in tumourigenesis by regulating the Warburg effect (Wong et al. 

2013). However, recent studies have shown contradicting effects of Pkm2 deletion on 

tumourigenesis in different tissue contexts. The role of Pkm2 in the tumourigenesis of 

TSC lesions has never been explored. In the current study, expression of Pkm2 was first 

examined in renal tumours.  Pkm2 was vastly increased in all large cystic lesions, 

papillary adenomas and solid carcinomas in the kidneys of Tsc2+/- mice. Renal tumours 

of Tsc2+/- mice have previously shown increased expression of enzymes associated with 

the Warburg effect, such as HKII and GAPDH (Jones et al. 2019). Elevated Pkm2 

expression has been observed in many advanced cancers, such as renal cell carcinoma 

and lung cancer, and can be used as a biomarker in these patients (Brinck et al. 1994; 

Wechsel et al. 1999; Schneider et al. 2002). The advantage of expressing Pkm2 in 

tumour cells rather than attenuating the expression of the constitutively active Pkm1 is 

likely to be that Pkm2 can integrate various metabolic and signalling cues from 

oncogenes to divert glucose to energy production or biosynthetic synthesis. Unlike 

Pkm1, Pkm2 can be modulated through a range of signalling effectors to assume greater 

control of glucose fluxes responsive to cellular needs (van Niekerk and Engelbrecht 

2018). Pkm2 also has the advantage over Pkm1 to act as a transcriptional regulator 

when translocated to the nucleus for gene expression (Yang et al. 2012). Interestingly, 

some smaller cystic lesions showed little or no expression of Pkm2. These results 

suggest that Pkm2 might be involved in tumour progression from cysts to papillary 

adenomas and solid carcinomas.  

In the current study, Pkm2 was deleted in the kidneys of Tsc2+/- mice to analysis its role 

in renal tumourigenesis. The deletion of Pkm2 did not reduce tumour burden and was 

not required for tumour growth in Tsc2+/- mice. These results appear to be consistent 

with some recent studies. Pkm2 deletion in an Apc-deficient mouse model of colon 

cancer had no effect on tumour growth (Lau et al. 2017). Pkm2 deletion in KrasLSL-

G12D/p53 driven sarcoma model also exhibited no difference in tumour growth between 

PKM2+/+ and PKM2-/- tumours  (Dayton et al. 2018). However, some other studies have 

demonstrated that deletion or inhibition of Pkm2 reduces tumour burden and blocks 

tumour progression (Christofk et al. 2008). A previous in vitro study using Tsc-null MEFs 

reported that Pkm2 deletion resulted in a decrease in aerobic glycolysis and lactate 

production and suppressed mTOR-mediated tumorigenesis in a xenograft mouse model 
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of prostate cancer (Sun et al. 2011). Pkm2 deletion in leukaemia has also delayed the 

onset of leukemogenesis (Wang et al. 2014). Inhibition of Pkm2 with Shikonin 

significantly inhibited tumour growth of hypoxic-resistant gastric cell lines and xenograft 

models (Kitayama et al. 2017). In contrast to these findings, some studies also suggest 

that Pkm2 deletion promotes tumour formation. A conditional deletion of Pkm2 in a 

Brca1-loss-driven mouse model of breast cancer showed an accelerated tumour growth 

(Israelsen et al. 2013). Accelerated tumour growth following Pkm2 deletion has also been 

observed in a mouse model of hepatocellular carcinoma (Dayton et al. 2016). These 

observations suggest potential tumour suppressor functions of Pkm2 in some tissue 

types and models. Many factors probably contribute to the different effects of Pkm2 

deletion on tumourigenesis, particularly including different animal models used 

(xenograft versus transgenic) and different tissue contexts examined.  Thus, further 

investigations are required to clarify the role of Pkm2 in tumourigenesis in a tissue-

dependent manner.  

Pkm2 has previously been reported to regulate mTORC1 signalling via the 

phosphorylation of mTORC1 inhibitor AKT1S1 in cultured human kidney cells (He et al. 

2016). The effect of Pkm2 deletion on mTOR signalling was examined in renal lesions 

of Tsc2+/- mice in this study. Pkm2 expression was increased with increased mTORC1 

and mTORC2 signalling in renal lesions. However, Pkm2 deletion had no overall effect 

on mTORC1 or mTORC2 signalling compared to tumours expressing Pkm2. This 

indicates that Pkm2 is not a major regulator of mTOR activity in these tumours. Moreover, 

Pkm2 deletion had no significant effect on cell proliferation. This suggests that, compared 

to many other studies, Pkm2 may not be required for cell proliferation in these tumours. 

The major driver for tumour cell proliferation is likely to be increased mTOR signalling in 

these tumours. mTOR signalling is aberrantly activated in TSC tumours and its inhibition 

by mTOR inhibitors effectively attenuates tumour growth (Inoki et al. 2003a; Huang and 

Manning 2009; Krymskaya and Goncharova 2009; Pollizzi et al. 2009b; Yang et al. 2015; 

Jones et al. 2019). In addition, the anti-tumour efficacy of metabolic inhibitors was, at 

least partly, due by inhibiting mTORC1 in Tsc2+/- mice (Yang et al. 2015; Yang et al. 

2017; Jones et al. 2019). Failure of mTORC1 or mTORC2 inhibition following Pkm2 

deletion here may be responsible for the lack of anti-tumour effectiveness and inhibition 

of cell proliferation.  

Interestingly, expression of Pkm1 was consistently increased in all Pkm2-/- tumour cells 

while only low levels of basal expression of Pkm1 was observed in renal tumours and 

normal tissues with Pkm2. However, increased expression of Pkm1 following Pkm2 
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deletion has been observed in stromal cells but not in tumour cells, and proliferating 

tumour cells did not express Pkm1 following Pkm2 deletion in previous studies (Israelsen 

et al. 2013). Pkm1 expression has previously been implicated in cell proliferation 

attenuation following conditional Pkm2 deletion in primary cells and Pkm1 expression, 

rather than Pkm2 loss, promotes a metabolic state that is unable to support DNA 

synthesis (Lunt et al. 2015). However, no significant effect of increased Pkm1 expression 

after Pkm2 deletion was found on tumour cell proliferation in the kidneys of Tsc2+/- mice 

in the current study.  Pkm2 activators have previously been used to render Pkm2 more 

like Pkm1 for enhancing flux to the TCA cycle and reduce the build-up of glycolytic 

precursors for macromolecule biosynthesis. These Pkm2 activators have successfully 

inhibited tumour growth in xenografts models bearing non-small-cell lung cancer tumours  

(Anastasiou et al. 2012). In contrast, increased Pkm1 expression following Pkm2 deletion 

in the current study, did not reduce tumour burden. Instead, the expression of Pkm1 

might actually compensate for missing PK activity for tumourigenesis in Tsc2+/- mice. 

Recently, the expression of Pkm1, rather than Pkm2, has been reported to contribute to 

tumour growth and proliferation in a mouse model of KRASG12D-induced non-small cell 

lung tumours (Morita et al. 2018). In this model, PKM1-expressing cells exhibited more 

active autophagy than PKM2-expressing cells, suggesting that PKM1 drives active 

glucose metabolism and autophagy in these tumour cells, thus giving these cells a 

metabolic advantage. These results suggest that increased Pkm1 expression following 

Pkm2 deletion may be required for tumourigenesis TSC-associated renal lesions. 

However more investigations are needed to test this hypothesis.  

In summary, Pkm2 was specifically deleted in the epithelial cells of renal tubules and 

renal tumours of Tsc2+/- mice. Pkm2 deletion appeared to have no significant effect on 

tumour burden, mTOR signalling or proliferation in tumour cells, suggesting that Pkm2 

pharmacological inhibition may not be an effective therapeutic strategy for TSC-

associated tumours. In addition, the alternative PKM isoform, Pkm1, was highly 

expressed in tumours with Pkm2 deletion suggesting a compensatory feedback 

mechanism for continued pyruvate kinase activity in these tumours. It is still not clear 

whether Pkm2 is required or not for tumourigenesis in the kidneys of Tsc2+/- mice 

because it could not be excluded that increased Pkm1 following Pkm2 deletion plays a 

role in tumour initiation and progression in these mice.  
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6 CHAPTER SIX 

 

General Discussion 

This work investigated inhibitors of mTOR and metabolic pathways as anti-tumour 

therapy for TSC-associated renal tumours and mechanisms of tumourigenesis in the 

kidneys of Tsc2+/- mice. These pre-clinical studies are necessary to improve therapy for 

TSC-associated renal tumours, and tumours caused by aberrant activation of the mTOR 

signalling pathway.  

6.1 Use of mouse models of TSC-associated tumours in 
preclinical studies   

Mouse models of cancer and tumour syndromes are very useful in cancer research, 

although complexity of human disease cannot always be exactly recapitulated due to 

species differences between mouse and human (Frese and Tuveson 2007; Lampreht 

Tratar et al. 2018). They can be used for testing preventive and therapeutic agents before 

translation into clinical trials, and for studying mechanisms underlying tumourigenesis in 

ways that cannot be done in humans (van Miltenburg and Jonkers 2012). Although in 

vitro studies are relatively cheap, easier to conduct and flexible to manipulate 

experimental conditions, mouse models have numerous advantages; they can be utilised 

to investigate pharmacodynamics and pharmacokinetics of therapeutic agents, assess 

tumour burden and evaluate toxicity/tolerability. Various mouse models of cancer are 

available including xenograft, carcinogen-induced and genetically engineered mouse 

(GEM) models (Lampreht Tratar et al. 2018). Xenograft models are the most widely used 

animal model and are generated by the implantation of human tumour cells (ectopically 

or orthotopically) into immunodeficient mice (Becher and Holland 2006). These models 

can be cheap, reproducible, and produce rapid results. Tumour size in xenograft models 

can be readily assessed, and treatment effect easily tracked. However, xenograft models 

use immunosuppressed mice for tumour growth and progression, and therefore mice 

lack a full immune response to tumours. This becomes particularly problematic for testing 

immunotherapies (Hou and Ji 2018). Furthermore, implantation of human tumour cells 

under the skin does not fully represent the natural tumour environment and do not share 

the genetics and histology seen in human tumours (Becher and Holland 2006).
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 Carcinogen-induced mouse models have been used for cancer research for many years 

(Memmott et al. 2010; Vikis et al. 2013). Some carcinogens can rapidly and reproducibly 

induce some types of tumour. However, mutations caused by carcinogens could be 

widespread in the genome, probably with some unwanted phenotypes. GEM models 

spontaneously develop tumours within the normal architecture of specific tissues to 

better represent human tumour cell intrinsic and extrinsic mechanisms (Onda et al. 1999; 

Becher and Holland 2006; Lampreht Tratar et al. 2018). GEM models have one or more 

genes altered known to induce tumourigenesis. Tumours develop in normal, 

immunocompetent mice and exact genetic mutations found in human can be induced in 

these models for tumour formation. However, the development of tumours can be time-

consuming and expensive in GEM models (Becher and Holland 2006).  

The presented work here used a genetically engineered Tsc2+/- mouse model to 

investigate alternative treatment approaches for renal tumours and to study mechanisms 

of renal tumourigenesis. Tsc2+/- mice were first generated by gene targeting in 1999 and 

spontaneously develop various types of renal tumours including cystic and papillary 

adenomas and solid carcinomas during their lifetime (Kobayashi et al. 1999; Onda et al. 

1999). Tsc2+/- mice have been used to understand roles of mTOR signalling in 

tumourigenesis. They have also been excellent tumour models for testing anti-tumour 

efficacy of preventative and therapeutic agents targeting the mTOR pathway and other 

oncogenic pathways such as tumour metabolism and angiogenesis (Yang et al. 2017; 

Jones et al. 2019). Pre-clinical studies using Tsc2+/- models have demonstrated 

significant efficacy of rapamycin and rapalogs for treating renal tumours and liver 

tumours, consistent with clinical studies  (Kenerson et al. 2005; Franz et al. 2006; Pollizzi 

et al. 2009b; Bissler et al. 2013; Guo and Kwiatkowski 2013; Kim et al. 2014). 

Combination of everolimus with sorafenib was found to be more effective than 

everolimus alone for treating renal tumours of Tsc2+/- mice and it may be worth 

investigating this combination in clinical settings. ATP-competitive inhibitors of mTOR 

have been found to be as effective as rapalogs for treating renal tumours in Tsc2+/- mice 

but it may cause more severe side effects (Narov et al. 2017)(to be discussed in more 

detail later). 

Renal tumours are present in 80-90% of TSC patients and is one of the leading causes 

of morbidity and mortality. Around 2-4% of TSC patients also develop RCCs (Al-Saleem 

et al. 1998). In contrast, Tsc2+/- mice frequently develop RCC and an almost 100% 

penetrance of RCC is seen in mice at 18 months old (Onda et al. 1999). Tsc2+/- mice, 

therefore, can be recognised as RCC cancer models. Renal cancer cell lines 786-O and 
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Renca are frequently used to establish xenograft models of RCC to test therapeutic 

agents (Hirayama et al. 2016). However, these xenograft mouse models of RCC do not 

recapitulate molecular and cellular features of human disease. GEM models have been 

developed to mimic human RCC (Hou and Ji 2018). These models were generated by 

simultaneously deleting two or more tumour suppressor genes and/or activating an 

oncogene following failure to develop RCC in mice with Vhl inactivation only (Lonser et 

al. 2003; Sato et al. 2013; Bailey et al. 2017; Hou and Ji 2018). For example, mouse 

models with the inactivation of Vhl in combination with mutations of other genes such as 

trp53 or pten deletion or MYC amplification have been successfully developed (Frew et 

al. 2008; Albers et al. 2013; Shroff et al. 2015; Bailey et al. 2017). These models 

recapitulate some of the phenotypes of human RCC and together with Tsc2+/- mice can 

be useful to test novel therapies for RCC.  

Mechanisms for the progression of TSC renal lesions to RCC in Tsc2+/- mice are not well 

understood. This study provides lines of evidence for a new mechanism underlying 

tumour progression through the activation of EMT. Partial EMT, possibly driven by 

mTOR, is a dominant feature during TSC tumour progression in Tsc2+/- mice, also shared 

with human TSC-associated tumours. The co-expression of epithelial and mesenchymal 

markers was apparent in these tumours as they progressed from cystic to papillary 

adenomas to solid carcinomas. More thorough investigation revealed that individual 

tumour cells expressed both epithelial and mesenchymal markers, indicating a transition 

state of EMT. Partial EMT represents an intermediate stage of EMT where cells confer 

characteristics of both epithelial and mesenchymal cells (Jolly et al. 2016a; Nieto et al. 

2016). This gives cells greater plasticity by obtaining migratory advantages whilst 

retaining cell-cell adhesion. Partial EMT may also facilitate metastatic colonisation 

through an easier transition of MET at secondary sites (Lecharpentier et al. 2011). These 

Tsc2+/- mice, therefore, represent a model for RCC research with EMT as a new 

mechanism for tumour progression.  

6.2 ATP-competitive inhibitors of mTOR for treatment of TSC-
associated tumours 

Rapalogs are effective for treating TSC-associated tumours in both pre-clinical and 

clinical trials. However, tumour re-growth is apparent upon treatment cessation. In 

addition, not all patients show a clear anti-tumour effect and not all TSC-associated 

tumours respond to rapalogs in a patient. One study revealed that around 50% of 
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patients with TSC-associated LAM treated with rapamycin failed to show any clinical 

response and showed progressive lung function deterioration (McCormack et al. 2011). 

Long term treatment with rapalogs is normally required and this could cause 

unacceptable adverse effect such as infection due to immunosuppression (Benjamin et 

al. 2011). Rapalogs are cytostatic rather than cytotoxic, thus supressing tumour growth 

rather than killing tumour cells (Bissler et al. 2008). Molecularly, rapalogs are unable to 

efficiently inhibit phosphorylation 4E-BP1 (Feldman et al. 2009; Thoreen et al. 2009) and 

believed to have little inhibitory effect on mTORC2 signalling. Furthermore, rapalogs 

cause the suppression of negative feedback loops (discussed in Introduction), resulting 

in increased activation of oncogenic signalling pathways such as  the PI3K/Akt pathway 

(Harrington et al. 2004; O'Reilly et al. 2006; Tabernero et al. 2008). These limitations can 

compromise efficacy of rapalogs for treating TSC-associated tumours. ATP-competitive 

inhibitors of mTOR are a new generation of inhibitors that have been developed to help 

overcome some of the limitations of rapalogs. These inhibitors bind the ATP-binding site 

of mTOR and thus efficiently block both mTORC1 and mTORC2 signalling. ATP-

competitive inhibitors have been tested in mTOR-driven cancer models and TSC-

associated tumours in Tsc2+/- mice. WYE-354, a potent ATP-competitive inhibitor of 

mTOR, has shown robust antitumor activity in Pten-null tumours in a xenograft mouse 

model (Yu et al. 2009). PP242, another potent ATP-competitive inhibitor of mTOR, has 

demonstrated superior anti-tumour activity to rapamycin for Akt-driven xenograft tumours 

(Hsieh et al. 2010). Another ATP-competitive inhibitor, AZD8055, has also shown anti-

tumour efficacy in a broad range of human tumour xenografts, such as breast, glioma, 

colon, uterine, prostate and non-small cell lung cancer xenograft models (Chresta et al. 

2010). Several ATP-competitive inhibitors of mTOR has been tested in Tsc2+/- mice 

mainly for treating renal tumours. The ATP-competitive inhibitor of mTOR, MLN0128, 

has been compared with rapamycin for its anti-tumour effect on renal cystadenomas in 

Tsc2+/- mice. MLN0128 was well tolerated and as effective at reducing tumour burden as 

rapamycin. However, when treatment was discontinued with either rapamycin or 

MLN0128, tumour regrowth was observed (Guo and Kwiatkowski 2013). Other ATP-

competitive inhibitors of mTOR such as NVP-BEZ235 and GSK2126458 (dual inhibitors 

of PI3K and mTOR) have also demonstrated anti-tumour efficacy for renal tumours in 

Tsc2+/- mice (Pollizzi et al. 2009b; Narov et al. 2017). A recently developed ATP 

competitive inhibitor of mTOR, AZD2014, has shown promising anti-tumour efficacy in 

various cancer cell lines and xenograft models (Pike et al. 2013; Guichard et al. 2015; 

Zheng et al. 2015). Importantly, AZD2014 has been shown to overcome rapamycin 

resistant tumour cells and have a superior therapeutic effect to rapamycin in a xenograft 
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model of hepatocellular carcinoma (Liao et al. 2014; Vandamme et al. 2016). Zheng et 

al. also demonstrated superior anti-tumour effects of AZD2014 over rapamycin in a 

xenograft model of RCC (Zheng et al. 2015). AZD2014 anti-tumour efficacy has never 

been explored for TSC tumours. The work carried out in chapter 3 investigated the anti-

tumour efficacy of AZD2014 in comparison to rapamycin for renal tumours in Tsc2+/- 

mice. AZD2014 in this study effectively reduced tumour burden of all types of renal 

tumours and potently inhibited both mTORC1 and mTORC2 signalling. Rapamycin also 

effectively reduced tumour burden and potently inhibited mTORC1 but only partially 

inhibited mTORC2. The present study did not show any superior anti-tumour effect of 

AZD2014 over rapamycin. Similar results of an ATP-competitive inhibitor of mTOR 

compared to rapamycin have been seen previously in Tsc2+/- mice (Guo and Kwiatkowski 

2013). These results observed in Tsc2+/- mice were different from previous findings in 

xenograft models by Zheng et al. and Liao et al.  Yang et al have reported that feedback 

suppression of Akt is lost in Tsc2+/- renal tumours with increased Akt signalling (Yang et 

al. 2015). Since mTORC2 signalling is required for the full activation of Akt, through its 

phosphorylation of S473, and is involved in many oncogenic downstream signalling 

pathways associated with cell growth and survival (Jacinto et al. 2004; Sarbassov et al. 

2005b), AZD2014 was expected to be more effective for these tumours. The lack of 

superior efficacy of AZD2014 over rapamycin is surprising and suggests that mTORC2 

inhibition might not be required for reduction of tumour burden in these mice. Differences 

observed between the effects of AZD2014 in this study and others  may be due to 

different models used (xenograft vs transgenic) and the varying mechanisms of 

tumourigenesis found in Tsc2+/- mouse renal tumour (Yang et al. 2015). Moreover, 

AZD2014 did not show any increased apoptosis compared to rapamycin, suggesting a 

cytostatic effect rather than cytotoxic. Tumour regrowth would therefore be expected 

when AZD2014 treatment stops, but this requires further investigation. In clinical settings, 

AZD2014 has been tested for treating solid tumours. Preliminary results have 

demonstrated limited tumour responses to AZD2014 in a patient with breast cancer and 

a patient with pancreatic cancer (Basu et al. 2015). A recent randomised phase 2 clinical 

trial has shown that AZD2014 was less effective than everolimus in patients with VEGF-

refractory metastatic clear cell renal cancer (Powles et al. 2015). However, AZD2014 

has not been tested for TSC patients. A clinical trial is currently recruiting  patients with 

TSC1/2 mutated refractory solid cancer to undergo treatment with AZD2014 

(https://www.findmecure.com/clinicaltrials/show/nct03166176).  



 6 General discussion 
 

 159 

As discussed above, partial EMT was found to be a mechanism of tumour progression 

in Tsc2+/- mice in this work. Therefore, the effect of AZD2014 and rapamycin on EMT 

was examined. Indeed, AZD2014 and rapamycin both effectively suppressed EMT in all 

types of renal tumours. The proportion of mesenchymal markers vimentin and FSP1 in 

renal tumours after AZD2014 and rapamycin treatment was significantly reduced 

whereas epithelial marker E-Cadherin was variable. AZD2014 and rapamycin have 

previously shown inhibition of EMT in cultured hepatoma cells, with AZD2014 having 

greater effects (Liao et al. 2014). Furthermore, another ATP-competitive mTOR inhibitor, 

Torin 1, and rapamycin have previously observed to suppress EMT in cultured 

glioblastoma cells (Catalano et al. 2015). These findings suggest that both rapalogs and 

ATP-competitive inhibitors of mTOR may exert anti-tumour activity, at least partly, 

through suppression of partial EMT. 

6.3 Targeting metabolic pathways for treatment of TSC-
associated renal tumours 

ATP-competitive inhibitors of mTOR, thus far, have failed to show a superior anti-tumour 

efficacy to rapamycin and rapalogs in TSC-associated tumours in vivo. This warrants 

research for alternative therapeutic approaches other than targeting mTOR for treating 

TSC-associated tumours to improve therapy. Cellular metabolism is highly regulated by 

the mTOR pathway (Cantor and Sabatini 2012). Aberrant activation of mTOR 

reprograms metabolic pathways in tumours and leads to increased aerobic glycolysis 

and glutaminolysis through the upregulation of genes involved in these processes such 

as HIF1α and c-myc (Masui et al. 2013; Zha et al. 2014; Altman et al. 2016). Increased 

flux through glycolysis and glutaminolysis ensures the generation of surplus amounts of 

ATP and macromolecules to sustain rapid growth and proliferation. Increased mTOR 

signalling renders tumour cells addiction to glucose and glutamine. Studies have 

targeted glycolysis and glutaminolysis individually in pre-clinical trials for anti-tumour 

therapy and have showed promising results both in vitro and in vivo (Hensley et al. 2013; 

Altman et al. 2016; Nagarajan et al. 2016; Martinez-Outschoorn et al. 2017). The dual 

inhibition of glycolysis and glutaminolysis has successfully inhibited proliferation of 

ovarian cancer cells in vitro (Sun et al. 2017) but this combination has never been tested 

in vivo for tumour therapy.  

Tsc2 null MEFs with overactivated mTOR are addicted to glucose and glutamine (Choo 

et al. 2010; Jiang et al. 2011; Csibi et al. 2013). Dual inhibition of glycolysis and 
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glutaminolysis caused significant cell death in Tsc2-/- but not Tsc2+/+ MEF cells (Csibi et 

al. 2013). It remains to be tested whether dual inhibition of glycolysis and glutaminolysis 

is a better therapy than rapalogs for TSC-associated tumours in vivo. The work from 

chapter 4 highlighted that TSC-associated renal tumours from Tsc2+/- mice had 

increased expression of enzymes associated with glycolysis and glutaminolysis including 

GAPDH, HKII, GLS and GDH. These metabolic enzymes may represent sensible targets 

for treating these tumours. Therefore, the dual inhibition of glycolysis and glutaminolysis 

was assessed for anti-tumour therapy of renal lesions in Tsc2+/- mice. 3-BrPA, an inhibitor 

of HKII, was used in combination with CB-839, an inhibitor of GLS (Gross et al. 2014; 

Sun et al. 2015). Combinational treatment with 3-BrPA and CB-839 significantly 

suppressed tumour burden in Tsc2+/- mice but was not as effective as rapamycin. 

Individual treatment with 3-BrPA or CB-839 showed no overall effect on renal tumour 

burden. Glycolytic inhibition with 2-DG  has previously been reported to attenuate tumour 

growth in a mouse model injected with Tsc2-null rat tumour cells (Jiang et al. 2011). 

Glycolytic inhibition with 3-BrPA has shown anti-tumour efficacy in liver carcinomas of 

rabbit and mouse models (Ko et al. 2012). The lack of therapeutic efficacy in the current 

study is unlikely to result from inefficient uptake of 3-BrPA as the lactate transporter, 

MCT1, required for transportation of 3-BrPA (Birsoy et al. 2013) was highly expressed in 

tumour cells . CB-839 was effective for treating breast cancer and RCC in cultured 

tumour cells and xenograft mouse models (Gross et al. 2014; Xiang et al. 2015; Abu 

Aboud et al. 2017; Lampa et al. 2017). CB-839 is currently being tested in phase I clinical 

trials in patients with solid and haematological malignancies. Probably several factors 

may contribute to the limited of efficacy of 3-BrPA or lack of efficacy of CB-839 as a 

single agent for TSC-associated renal tumours. For example, aberrant activation of 

mTORC1 has been found to facilitate  the bypass of glycolytic block by shunting glucose 

into the pentose phosphate pathway then back into glycolysis (Pusapati et al. 2016). It 

has also been reported that inhibition of glycolysis can cause an increase in 

glutaminolysis and glycogenesis to replace the lost glucose (DeBerardinis and Cheng 

2010; Altman et al. 2016).  As observed in chapter 3, mTORC1 inhibition was needed 

for the anti-tumour efficacy by rapamycin or AZD2014 for TSC-associated tumours and, 

as observed in chapter 4, 3-BrPA or CB-839 had little or no effect on mTORC1. 

Therefore, the failure of inhibition of mTORC1 with either 3-BrPA or CB-839 may also be 

partly responsible for lack of efficacy in these tumours. Dual inhibition of glycolysis and 

glutaminolysis had significant effects on mTORC1 signalling and correspondingly 

reduced tumour burden significantly. 
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A major difficulty with targeting cellular metabolism for tumour therapy is the levels of 

toxicity frequently observed in normal cells. Cellular pathways utilised in tumour cells for 

rapid growth and proliferation are also normally required for the function of normal cells. 

HKII has been reported to be expressed in highly proliferative cells and tumours cells 

(Mathupala et al. 2006). Therefore, targeting this enzyme was expected to have low 

toxicity. However, significant loss of body weight occurred in some mice treated with 3-

BrPA alone, combination of 3-BrPA and rapamycin, or combination of 3-BrPA and CB-

839, indicating increased toxicity. 3-BrPA has been reported to target other glycolytic 

enzymes, such as GAPDH and succinate dehydrogenase, and inhibition of these 

multiple targets could contribute to the increased toxicity seen in these mice. Taken 

together, these data indicate that inhibition of glycolysis or glutaminolysis or both is 

unlikely to offer better therapy than rapalogs for treating TSC-associated tumours.  

6.4 Conditional gene knockout in the kidneys of Tsc2+/- mice 
for investigation of roles of genes in tumourigenesis 

Gene knockout technology has been widely used to produce GEM models carrying 

single or multiple mutations of oncogenes or tumour suppressor genes to study their 

functions in vivo (Capecchi 2005). Conventional knockout models have germline 

mutations which could frequently result in embryonic lethality, especially in genes 

required for development (Wang and Abate-Shen 2014). In addition, whole body gene 

knockouts do not always replicate human disease and can lead to adverse effects. To 

overcome these limitations, conditional knockout models utilising the Cre-Loxp system 

have been developed to allow temporal and spatial deletion of genes. Inducible 

expression of Cre can be achieved for temporal control of gene deletion mediated 

through tamoxifen or tetracycline treatment (Gossen and Vujard 1992; Gossen et al. 

1995; Feil et al. 1997). Inducible Cre expression can be combined with tissue-specific 

promotors for tissue-specific deletion of genes (Espana-Agusti et al. 2016). These 

models are well established and are widely used in cancer research (Stricklett et al. 

1999; Wang 2009).  

As discussed in the introduction, conventional mouse models with homozygous mutation 

of Tsc1 and Tsc2 are embryologically lethal. Tsc1+/- or Tsc2+/- mice usually require loss 

of 2nd allele to develop tumours (Onda et al. 1999; Wilson et al. 2005). Conditional 

knockout models of TSC have been generated to assess the effects of complete gene 

knockout in specific organs and avoid embryonic lethality. Organs targeted for 
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conditional deletion of Tsc1 or Tsc2 include the kidneys, skin, heart and brain (Uhlmann 

et al. 2002; Meikle et al. 2005; Prabhakar et al. 2013; Leech et al. 2015; Rozas et al. 

2015). For example, Tsc1 floxed mice crossed with mice carrying Cre under the control 

of Darpp32 developed kidney cystadenomas and paw angiosarcomas within 6 weeks, 

with all other organs unaffected (Leech et al. 2015).    

Pkm2 has been considered to drive aerobic glycolysis and is highly expressed in many 

cancer types including RCC (Brinck et al. 1994; Wong et al. 2013). PKM2 has also been 

reported to be a selective biomarker for RCC (Wechsel et al. 1999). This study, as 

described in Chapter 5, sought to investigate the effect of conditional deletion of Pkm2 

on renal tumourigenesis in Tsc2+/- mice. In the current study, tetracycline inducible 

expression of Cre (TetO.Cre) under the control of the Pax8 promotor (Pax8.rtTA) was 

used to delete Pkm2 in the tubule epithelial cells of the kidneys in Tsc2+/- mice (Israelsen 

et al. 2013). Pax8 is highly expressed in the kidneys, thyroid and liver (Poleev et al. 

1992). The promotor of Pax8 has been previously used to delete genes such as Vhl and 

Tsc1 in epithelial cells of kidney tubules through inducible expression of Cre by either 

tamoxifen or tetracycline (Traykova-Brauch et al. 2008; Espana-Agusti et al. 2016). As 

expected, Pkm2 was effectively and consistently deleted in the epithelial cells of renal 

tubules in Tsc2+/- mice. However, no significant difference was observed in tumour 

burden between mice with or without Pkm2 in the epithelial cells of renal tubules. These 

results were consistent with previous findings observed with Pkm2 conditional deletion 

in an Apc-deficient mouse model of colon cancer and in a KrasLSL-G12D/p53 driven 

sarcoma model (Lau et al. 2017; Dayton et al. 2018). However, other studies 

demonstrated that Pkm2 deletion could either promote or supress tumourigenesis in 

different mouse models of cancer such as breast and prostate cancer models (Sun et al. 

2011; Israelsen et al. 2013), suggesting distinct roles of Pkm2 within different tissue 

contexts in tumourigenesis. The results in this study suggest that the pharmacological 

inhibition of Pkm2 may not offer an effective treatment approach for TSC-associated 

renal tumours. It was notable in the current study that Pkm1 expression was increased 

in Pkm2 deleted tumour cells, but previous reports have shown that Pkm1 was increased 

in only non-tumour cells after deletion of Pkm2 (Israelsen et al. 2013). Increased 

expression of Pkm1 in TSC-associated tumour cells may functionally compensate for 

Pkm2 loss to promote tumourigenesis. This notion is supported by a recent report that 

the expression of Pkm1, rather than Pkm2, contributed to tumour growth and proliferation 

in a mouse model of KRASG12D-induced non-small cell lung tumours (Morita et al. 2018).  
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Similar strategies could be used to dissect the oncogenic pathways in the kidneys of 

Tsc2+/- mice, particularly the mTORC1, mTORC2 and EMT involvement in tumour 

formation and progression. As discussed above, ATP-competitive inhibitors of mTOR 

inhibit both mTORC1 and mTORC2 but do not have greater anti-tumour efficacy than 

rapalogs. It is important to determine whether it is necessary to inhibit mTORC2 for 

tumour therapy. Rictor, a key component of mTORC2, could be conditionally deleted in 

the epithelial cells of renal tubules to evaluate its role in renal tumourigenesis in the 

kidneys of Tsc2+/- mice. Many genes are involved in regulation of oncogenic EMT 

including TGFβ, a potent driver of EMT and tumour progression. TGFβ could be similarly 

deleted in the epithelial cells of renal tubules to see whether it promotes or supresses 

EMT and tumour progression in the kidneys of Tsc2+/- mice. 

6.5 Conclusions  

This work presented a new model of EMT-associated tumour progression in the kidneys 

of Tsc2+/- mice. Both AZD2014 and rapamycin effectively suppressed EMT and 

significantly reduced renal tumour burden in these mice. This work also demonstrated 

that the dual inhibition of glycolysis and glutaminolysis significantly reduced renal tumour 

burden in these mice but was not as efficient as rapamycin. Finally, Pkm2 was 

successfully deleted in the epithelial cells of renal tubules in Tsc2+/- mice but loss of Pkm2 

did not have significant effect on renal tumourigenesis. However, increased expression 

of Pkm1 observed in this study following Pkm2 deletion in renal tumour cells may 

functionally compensate for Pkm2 loss to promote tumourigenesis. 

6.6 Future directions 

Tsc2+/- mice used in this study provided an invaluable model for testing anti-tumour 

agents on renal tumours and mechanisms of tumourigenesis. Methods of accelerating 

RCC formation in Tsc2+/- mice could provide more cost-effective approaches for RCC 

research. Renal tumour progression could be accelerated by inducing multiple genetic 

mutations, as seen in human disease. Conditional deletion of Vhl in renal tumours of 

Tsc2+/- may provide a more aggressive and accelerated model of RCC and is worth 

investigating further. The use of imaging technologies as non-invasive ways to track 

tumour size over time could also be beneficial. T2-weighted MRI has been successful at 

identifying renal tumours of living Tsc2+/- mice. However, imaging sensitivity needs 

improving for identifying solid carcinomas (Kalogerou et al. 2012). Other imaging 
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techniques for assessing treatment effect, such as CT or PET-CT may be worth trying. 

These imaging techniques may also be useful for investigating tumour regrowth following 

treatment cessation. The findings in this study highlighted some new areas that could be 

targeted for anti-tumour therapy of renal tumours. The use of EMT inhibitors in 

combination with ATP-competitive inhibitors may provide greater therapeutic effects in 

renal tumours. In addition, third generation inhibitors of mTOR and PI3K currently being 

developed and tested and may be worth investigating in these tumours although these 

combinational strategies could have greater toxicity (Rodrik-Outmezguine et al. 2016). 

Finally, further investigations are also warranted to reveal possible roles of Pkm1 and 

EMT-associated genes in renal tumourigenesis of Tsc2+/- mice.
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