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Abstract 
 
 

Until a few decades ago, mechanisms that control cellular growth through the 
availability of nutrients remained unknown. A major breakthrough came with the 
discovery of the mammalian target of rapamycin, also known as mTOR. This highly 
conserved serine/threonine protein kinase was found to regulate cell proliferation, 
survival and autophagy by coordinating the availability of environmental resources, 
such as nutrients and growth factors. Dysregulation in mTOR signalling cascade has 
been implicated in many diseases, including cancers. Due to the prevalence of mTOR 
activation in human cancers, there has been an on-going interest in exploring the 
therapeutic potential of drugs targeting mTOR kinases, in the context of cancer. 
However, targeting mTOR kinases with small molecule inhibitors in cancer has largely 
been unsuccessful, with most clinical trials resorting to the use of mTOR inhibitors as 
a combination treatment with other conventional chemotherapeutic agents. This thesis 
is primarily focused on mTOR signaling pathway in head and neck squamous cell 
carcinoma (HNSCC). In this cancer, mTOR is active and commonly found in two 
distinct complexes - mTORC1 and mTORC2. Therefore, this study is aimed at 
assessing whether modulating the mTOR signaling pathway by using Torin-1, a dual 
inhibitor of mTORC1 and mTORC2, could lead to cellular proliferative defects and/or 
increased cancer cell death, thus enhancing therapy in HNSCC. 

Using cell lines derived from specific anatomical subsites of the head and neck, 
such as oral cavity, oropharynx, larynx, and hypopharynx, the ability of Torin-1 to 
affect clonogenicity, as a measure of cell proliferation was assessed. Inhibition of 
mTOR decreased colony formation in a concentration dependent manner, both in 2D 
and 3D spheroid models of the HNSCC cell lines. Torin-1-mediated defects in 
clonogenicity did not accompany enhanced cell death and occurred independent of 
autophagy. To assess whether Torin-1, when used in combination with other 
chemotherapeutic agents, could enhance the antiproliferative effects, studies were 
performed in conjunction with standard therapies (Cisplatin and Irradiation), as well 
as novel therapies (PARP inhibitor-Olaparib, BCL-XL inhibitor- A-1331852, MCL-1 
inhibitor- S63845, Wee1 kinase inhibitor – AZD1755, protein kinase A inhibitor – H- 
89 and PP2A activators –FTY720 and DT-061). The findings from these studies 
revealed that co-administration of Torin-1 with these agents exhibited little or no 
synergy, with some combinations revealing mild additive effects. This is in stark 
contrast to the studies that have reported the efficacy of these combinations in other 
cancers. 

Since efforts to identify a promising drug that could be combined with Torin- 
1 to enhance HNSCC therapy were largely discouraging, the final part of this thesis 
was dedicated to understanding the cellular effects of Torin-1, as an attempt to assess 
whether the effect of Torin-1 on mitochondrial dynamics and apoptosis could be 
exploited in a therapeutic context. Torin-1 caused mitochondrial hyperfusion, which 
accompanied changes in the phosphorylation status of Drp-1, a mitochondrial fission 
GTPase, even though no changes with Drp-1 translocation were observed. However, 
Torin-1 exhibited contrasting responses to two distinct apoptotic stimuli, BH3 
mimetics (inhibitors of the anti-apoptotic BCL-2 family of proteins) and BAY- 
2402234 (inhibitor of the enzyme, Dihydroorotate Dehydrogenase), in the context of 
mitochondrial fragmentation as well as apoptosis induction, thus revealing the 
complex interplay between mitochondrial dynamics and apoptosis. How this can be 
exploited in a therapeutic context remains to be charaterised. 
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1.1 mTOR kinases - Complexes 1 and 2 
 
 

mTORC (mechanistic target of rapamycin Complex) previously known as 

(mammalian target of rapamycin) belongs to the phosphoinositide 3-kinase (PI3K)-

related kinase family. An antifungal compound called rapamycin was first 

discovered from bacterium Streptomyces hygroscopicus found on the island of Rapa 

Nui 1. Subsequent analysis of rapamycin exhibited immunosuppressive activity and 

therefore it was used to prevent organ rejection during organ transplants. Beside its 

immunosuppressive properties, rapamycin was found to exhibit antitumour activity 

in a screen 2 and inhibited the growth of several tumour cell lines, which led to the 

approval of rapamycin as an anticancer drug. This has been independently verified by 

other research groups 3. The mechanism by which rapamycin exerts its inhibitory 

effect is through binding to an intracellular protein called FK506/rapamycin-Binding 

Protein (FKBP-12). This drug-protein complex further interacts with a target protein, 

later identified as mTOR, and suppresses its function 4. Simultaneously, mTOR was 

discovered to be a direct target of rapamycin by three different research groups (of 

Prof. David Sabatini, Prof. Stuart Schreiber and Prof. Robert Abraham) in 1994 4, 5, 6. 

While Prof. Sabatini called it RAFT1 (rapamycin and FKBP-12 Target1) 4, Prof. 

Schreiber identified it as mTOR 5, and Prof. Abraham called it FKBP–rapamycin 

associated protein (FRAP) 6 . Nonetheless, all three research groups arrived at the 

same conclusion: rapamycin binds to and inhibits mTOR via its interaction with 

FKBP-12. 

mTOR is a highly conserved serine/threonine kinase complex with a molecular 

weight of 289 kDa and considered as a master regulator of a diverse array of 

physiological processes that can be initiated by different metabolic signals 7. 
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Figure 1.1: Components of mTORC1 and mTORC2. mTOR can form two distinct 

complexes - mTORC1 containing Raptor and mTORC2 containing Rictor. Both 

complexes contain Deptor, as inhibitory subunit and GbL to stabilise the domains. 

mTORC2 includes two regulatory subunits mSin1 and Protor. These complexes 

integrate a wide range of signals to promote cellular functions, such as cellular 

metabolism, growth and autophagy. 
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mTOR exists in two functionally distinct complexes, mTOR complex 1 

(mTORC1) and mTOR complex 2 (mTORC2). mTORC1 consists of 6 subunits, 

whereas mTORC2 consists of 7 subunits (Figure 1.1). Both complexes share some of 

these subunits: mTOR, mLST8 (mammalian lethal with sec13 protein8, also known 

as GbL), Tti1/Tel2 complex and Deptor (dep domain containing mTOR interacting 

protein) 8, 9. In addition, mTORC1 contains Raptor (regulatory associated protein of 

mTOR) and PRAS40 (proline rich Akt substrate 40 kDa) 10, 11, whereas mTORC2 

contains Rictor (rapamycin insensitive companion of mTOR), Protor1/2 (protein 

observed with Rictor-1) and mSin1(mammalian stress-activated map kinase- 

interacting protein 1) 12, 13, 14. A description of each subunit is summarised in Table 

1.1. 

 
 

mTOR is the key regulator of cellular metabolic homeostasis and it can sense 

changes from a variety of signals, such as nutrients, growth factors and oxygen levels. 

mTORC1 and mTORC2 act in parallel and have different upstream signals and 

downstream effectors. There are many downstream consequences of mTORC1 

activity, and this can be grouped into anabolic (like lipid and protein biosynthesis) or 

catabolic processes, for example, autophagy 7. mTORC2 senses the availability of 

growth factors to promote cell survival through lipid and glucose metabolism 15. 
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mTORC1  mTORC2 

mTOR The catalytic subunit of 

the complex 

mTOR The catalytic subunit of 

the complex 

Raptor Regulates substrate 

binding to active site of 

mTOR 

Rictor Regulates substrate 

binding to active site of 

mTOR 

PRAS40 Inhibitor of Raptor mSin1 Regulates substrate 

binding of mTORC2 

  Protor1/2 Regulates downstream 

signalling of mTORC2 

Deptor Endogenous inhibitor of 

mTOR 

Deptor Endogenous inhibitor of 

mTOR 

mLST8 Stabilises kinase domain mLST8 Stabilises kinase domain 

Tti1/Tel2 Stabilises mTORC1 Tti1/Tel2 Stabilises mTORC2 
 
 

Table 1.1: Components of mTORC1 and mTORC2 and their functions. 
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1.2 mTOR structure/domains 
 
 

mTOR protein is composed of 2549 amino acids (NG_033239.1) with different 

functional domains. In the N-terminus, mTOR contains multiple HEAT 

(Huntingtin, Elongation factor 3, a subunit of protein phosphatase-2A and TOR1) 

repeats that ensure protein-protein interactions 16, followed by a FAT (FKBP12- 

rapamycin-associatedprotein, ataxia-telangiectasia and transactivation/transformation 

domain-associated protein) domain, which is hypothesised to promote mTOR kinase 

activity. This is followed by FRB (FKBP12/rapamycin-binding domain), which binds 

to FKBP12/ rapamycin complex 17. The kinase domain of mTOR shares a sequence 

similar to that of the catalytic domain of PI3K and contains the phosphorylation site 

that is responsible for the kinase activity of mTOR complex. Adjacent to the kinase 

domain, is a negative regulatory domain (NRD), followed by a FATC domain, which 

is another FAT domain at its C-terminus 9. 

Raptor and Rictor bind to the HEAT repeats; thus, dictating whether the 

complex formed is that of mTORC1 or mTORC2. As previously mentioned, PRAS40 

binds and inhibits Raptor, whereas Protor and mSin1 bind mTORC2 13, 14, 18. Deptor 

binds and inhibits the FAT domains of both mTORC1 and mTORC2 19. 

rapamycin/FKBP-12 complex binds to the FRB domain of mTORC1 and not 

mTORC2 20. However, chronic exposure of rapamycin can inhibit the assembly of 

mTORC2 21. The expression level of FKBP-12 can determine the sensitivity of 

mTORC2 towards rapamycin 22. Although mLST8 binds the kinase domain of both 

mTORC1 and mTORC2, its function in mTORC1 is not known. A knockdown of 

mLST8 affected both the function and stability of mTORC2 but not mTORC123. Each 

interaction has been illustrated in Figure 1.2. 
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Figure 1.2: mTORC1 and mTORC2 structure. A schematic diagram shows the 

different functional domains of mTOR complex1 and 2. Both mTORC1 and mTORC2 

incorporate the following: HEAT repeats, FAT, FRB, kinase and FATC domains. 

HEAT repeats bind to either Raptor or Rictor and thus determine whether the complex 

formed is mTORC1 or mTORC2. FRB region of mTORC1 is where the 

FKBP12/rapamycin drug complex binds to and exert its inhibitory action. However, 

this binding does not occur in mTORC2. 
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1.3 mTOR signalling pathways 
 
 

mTORC1 and mTORC2 act in parallel with different upstream signals and 

downstream effectors. mTORC2 is part of a traditional growth factor pathway, as it is 

downstream of insulin and its main downstream effector is Akt kinase which involves 

in lipid and glucose homeostasis 24. Thus, mTORC2 is considered as part of the insulin 

signalling pathway. mTORC1 on the other hand, positively regulates many processes, 

including lipid and nucleotide synthesis, ribosome biogenesis, whilst supressing 

catabolic pathways, such as autophagy 7. mTORC1 in response to environmental 

factors strikes a balance between anabolic and catabolic processes within the cell. 

 
 
 

1.3.1 Upstream of mTORC1 

 
mTORC1 is regulated by a variety of signals, such as nutrients, growth factors, 

energy levels and stress 25. For instance, exposure to insulin growth factor (IGF-1) 

results in the activation of PI3K which leads to the phosphorylation and activation of 

Akt 26 (Figure 1.3). Akt, in turn, inhibits TSC (Tuberous Sclerosis Complex) complex, 

which is a negative regulator of mTORC1 27. TSC complex has two components- 

TSC1 and TSC2. When TSC1/2 is inactivated by Akt, RHEB (Ras homolog enriched 

in brain) converts from a GDP-bound (inactive) form to GTP-bound (active) form, 

which results in the translocation of mTOR from the cytosol onto the lysosomal 

membrane 28 (Figure 1.3). Lysosomal translocation of mTOR activates the protein to 

perform several downstream functions. 

During stress conditions, such as low energy levels, hypoxia, DNA damage and 

nutrient deprivation, AMP-activated protein kinase (AMPK), which is a stress 
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responsive protein becomes activated. Thus, activated AMPK inhibits mTOR activity 

indirectly by phosphorylating and activating TSC1/2 complex or directly by 

phosphorylating and inhibiting Raptor within mTORC1 complex 29. Hypoxia can also 

regulate mTORC1 independently of AMPK via an upregulation of REDD1 (regulated 

in development and DNA damage responses 1) that also activates TSC1/2 complex to 

suppress mTORC1 activity 30. 

 
 
 

1.3.2 Upstream mTORC2 

 
In comparison to mTORC1, less is known about the upstream signals of 

mTORC2. Upon the binding of insulin to its receptor, PI3K gets phosphorylated, 

which can activate mTORC2 (Figure 1.3). This can be antagonised by a signalling 

kinase called S6K1, which provides a negative feedback loop towards insulin 

receptor1 (IRS1) (Figure 1.3) and facilitate the degradation of this receptor and thereby 

negatively regulating mTORC2 31. In addition, stress - activated AMPK can directly 

phosphorylate mTORC2 and promote its activity 32 (Figure 1.3). 

 
 
 

1.3.3 Downstream processes of mTORC1 

Protein synthesis is one of the cellular processes that is regulated by mTORC1. 

It is regulated through the phosphorylation of two key effectors, p70 ribosomal S6 

kinase 1 (S6K1) and the Eukaryotic Initiation Factor 4E (eIF4E)- Binding Protein 1 

(4E-BP1) 33. mTORC1 directly phosphorylates S6K1 on Thr389 residue, which 

stimulates its activity and promotes mRNA translation. Similarly, mTOR 

phosphorylate 4E-BP1 on Thr 37/46 34. However, unlike the activating 

phosphorylation of S6K1, mTORC1 - mediated phosphorylation of 4E-BP1 results in 
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the inactivation of 4E-BP1. 4E-BP1 inhibits mRNA translation by preventing the 

assembly of eIF4E (Eukaryotic Translation Initiation Factor 4E) complex. Therefore, 

mTORC1 - mediated inactivation of 4E-BP1 results in protein translation. Thus 

mTORC1 promotes protein synthesis by phosphorylating both S6K1 and 4EBP-1 35 

(Figure 1.4). 

Besides protein synthesis, mTORC1 has a role in lipid biogenesis, which is 

required for cellular growth and proliferation. mTORC1 can regulate lipogenesis 

through the Sterol Responsive Element Binding Protein (SREBP). mTORC1 can sense 

low levels of sterols and as a result, directly activate SREBP or independently through 

the phosphorylation of S6K1 36 or Lipin137. Similarly, in response to starvation or low 

energy levels, mTORC1 can activate a cellular mechanism called autophagy. 

Autophagy is a self-degrative mechanism, initiated during stress to promote survival. 

Several members of Atg (genes critical for the induction and execution of autophagy) 

gene family have been characterised so far. Of these, Atg13 is a primary player that is 

phosphorylated by mTORC138. mTORC1 inhibition prevents the phosphorylation of 

Atg13, which allows it to bind Ulk1/2 to form the autophagy initiation complex 39 

(Figure 1.5). This expands further with the help of Atg5, Atg7, Atg10, Atg12 and 

Atg16 to form an autophagosome, which engulfs the intracellular cargo (Figure 1.5). 

The selection of intracellular cargo for degradation is achieved by Atg8 or LC3B-I, 

which undergoes lipidation to form LC3B-II. Taken together, mTORC1 regulates a 

wide variety of functions, such as protein and lipid synthesis as well as autophagy 

induction. 
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Figure 1.3: Schematic diagram of the upstream signalling events of mTORC1 

and mTORC2. Upon activation by growth signals, PI3K phosphorylates Akt at T308 

and promotes its activity, which in turn inhibits TSC1/2 complex and eventually 

activates mTORC1, via RHEB. During stress, mTORC2 is activated through AMPK. 
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Figure 1.4: Schematic diagram of mTORC1 downstream effectors. mTORC1 

regulates protein synthesis through phosphorylation of S6K (activation) and 4E-BP1 

(inhibition), as well as inhibition of autophagy to promote cellular growth and 

metabolism. 
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Figure 1.5: Schematic diagram of autophagy induction downstream of mTOR 

inhibition. Upon mTOR inhibition, autophagy is initiated by the formation of 

autophagy initiation complex, followed by formation of autophagosomes through the 

assembly of multiple Atg proteins. Autophagosomes fuse with the lysosomes as a final 

step to degrade and release its contents into the cytosol. 
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1.3.4 Downstream processes of mTORC2 
 
 

The physiological functions of mTORC1 include regulation of cellular growth 

and metabolism. mTORC2, on the other hand, is responsible for cellular proliferation, 

survival and cytoskeleton organisation 7. These processes occur through the 

phosphorylation of its downstream effectors, including the protein kinase C (PKC) 

family of proteins. This family consists of at least 10 different members, including 

PKCa, PKCbi, PKCbii, PKCg, PKCd, PKCe, PKCh and PKCq 40. Of these, PKCa, a 

regulator of the actin cytoskeleton, was the first mTORC2 substrate discovered 41. 

Similarly, mTORC2 phosphorylates other members, including PKCe and PKCg, 

which in turn influence cytoskeletal remodelling 42, 43. 

The phosphorylation and activation of Akt is one of the important roles of 

mTORC2 complex. Akt becomes phosphorylated by mTORC2 in insulin-PI3K 

signalling pathway, and upon activation, it promotes the phosphorylation of its 

substrates (forkhead transcription factors, Foxo), which are responsible for 

transcription of various enzymes involved in glycolysis and pentose phosphate 

pathway (PPP) 44. Moreover, as previously mentioned, Akt also inhibits TSC1/2 

complex 45 and as a result, relieve its inhibition of mTORC1 . Thus, Akt serves as an 

important crosstalk signalling kinase between mTORC1 and mTORC2. 

Finally, mTORC2 activation is also linked to the phosphorylation and activation 

of a Serum and glucocorticoid-induced protein kinase 1(SGK1) at Ser422 46, which in 

turn results in regulating ion transport and cell survival. Although mTORC2 promotes 

cell survival and cytoskeleton rearrangement, its role in cancer progression has yet to 

be characterised. 
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Figure 1.6: Schematic diagram of mTORC2 downstream effectors. mTORC2 

regulates cytoskeleton remodelling through the phosphorylation of PKC proteins. 

mTORC2 promotes cellular proliferation and survival through the activation of its 

downstream effectors, SGK1 and Akt, respectively. 
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1.4 mTOR inhibitors 
 
 

As previously mentioned, rapamycin, one of the best known mTORC1 

inhibitors, exhibited not only antifungal characteristics but also immunosuppressive 

properties and anti-tumour effects 47. rapamycin binds to mTORC1 but not mTORC2, 

which makes mTORC2 unresponsive to its effect. Moreover, rapamycin does not 

directly bind and inhibit the kinase domain of mTOR protein and exhibits a limited 

effect on its substrate/target phosphorylation. For instance, rapamycin can fully 

phosphorylate S6K-1, and exhibit little/no effects in phosphorylating 4EBP-1 48. 

rapamycin is one of the first-generation allosteric inhibitors of mTOR. Other drugs in 

this category are temsirolimus(CCI-779), everolimus (RAD-001) and deforolimus, all 

of which share the same mechanism of action with rapamycin and therefore, are 

referred to as rapamycin analogs or rapalogs 49. Rapalogs overcome the poor 

bioavailability of rapamycin (due to its low water solubility) and possess better 

pharmacokinetics and low immunosuppressive properties 50. Temsirolimus, in 

particular, has a higher solubility and hence can be administered orally, as well as 

intravenously 51. It was the first rapalog to be approved in 2007 as an anti-cancer drug, 

as it has demonstrated anti-tumour activity in phase II clinical trials of patients with 

advanced renal cell carcinoma, mantle cell lymphoma and metastatic breast cancer 52, 

53, 54. Another orally available rapamycin analog, everolimus, has demonstrated 

antitumour effect in patients with advanced pancreatic neuroendocrine tumours, breast 

cancer and renal cell carcinoma 55. Similarly, deforolimus, which also has better 

pharmacological properties, including high solubility and chemical stability in 

comparison to rapamycin, has been used in the treatment of a variety of solid tumours 

56. 
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Despite exhibiting promise in clinical trials, these inhibitors were 

accompanied with a wide range of adverse effects, ranging from fatigue, depression 

to Thrombocytopenia 57 and Mucositis 58. In addition, these inhibitors target mTORC1 

and not mTORC2, which could potentially retain its ability to activate Akt and 

promote survival. Moreover, mTORC1 inhibition using these first-generation 

inhibitors can induce a stress response, such as induction of autophagy that can 

promote cell survival under stress 59. 

To overcome these limitations, two strategies have been explored: (1) 

Combination therapies of rapalogs with other chemotherapeutic agents, such as 

sorafenib in treatment of lymphoma 60, and paclitaxel + carboplatin for advanced 

ovarian cancer 61; and (2) development of specific inhibitors (dual inhibitors) that 

target the kinase domain of mTOR, thus enabling the simultaneous inhibition of both 

mTOR and PI3K 62. This is due to the similarity in the kinase domains of these 

proteins. Among these dual inhibitors, NVPBEZ235 is in clinical trials for metastatic 

breast cancer and advanced solid cancers, either as single agent or in combination with 

other chemotherapeutic agents 63, 64. Although simultaneously targeting PI3K and 

mTOR overcomes the limitations of rapalogs in blocking PI3K/AKT signalling, the 

possible toxicity of these inhibitors is a major concern, especially given the diverse 

cellular functions of PI3K. Therefore, inhibitors that are more selective for mTORC1 

and mTORC2 have been developed, which are thought to be better tolerated than 

mTOR/PI3K dual inhibitors 65. Such inhibitors that selectively target mTORC1 and 

mTORC2 include PP242 66, AZD2014 67, INK128 68 and Torin-169. 
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Torin-1, known as 1-[4-[4-(1-oxopropyl)-1-piperazinyl]-3-(trifluoro-methyl) 

phenyl]-9-(3-quinolinyl) benzo[h]-1,6-naphthyridin-2(1H)-one, is a selective and 

potent mTOR inhibitor that was originally identified by the research group of Prof. 

Nathanael Gray, in a compound library screen containing kinase inhibitors as well as 

heterocycles that can bind the ATP-binding site of mTORC1 or mTORC2 kinases 70, 

71. In addition to enhanced binding affinity (at low nM concentrations), Torin-1 also 

exhibited a higher selectivity for mTORC1 and mTORC2 relative to PI3K. However, 

Torin-1 was found to have a short half-life in vivo and relatively low oral 

bioavailability, albeit to a greater degree in comparison to rapamycin 71, 72. Torin-1 has 

been shown to impair growth and proliferation in a wide variety of cancer cells, as 

well as xenografts models 72, 73. Moreover, Torin-1 inhibits the downstream effectors 

of mTORC1, such as S6K and 4E-BP1, as well as the downstream effector of 

mTORC2, Akt (phosphorylation at Ser473) 70, 71. An improved version named Torin- 

2, retains its ability to inhibit both mTORC1 and mTORC2 in an ATP-competitive 

manner at low nM concentrations 74. In the context of mTOR inhibition, Torin-1 has 

been reported to sustain the inhibition of S6K1 for 16 h, even after the drug has been 

removed. In marked contrast, the cellular inhibitory effects of Torin-2 last only for 4 

h 71. This could be attributed to the strong conformational changes to the kinases that 

are mediated by Torin-1 but not Torin-2 74. Despite numerous studies demonstrating 

the efficacy of these inhibitors in vitro, no clinical trials have been reported with these 

drugs to date. 
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Some of the mTOR inhibitors and their clinical trial studies have been listed below in 

Table 1.2. 

Compound Target I II III Patients 
rapamycin 
(sirolimus) 

mTORC1 X X X Solid tumours 

RAD001 
(everolimus) 

mTORC1 X X X Renal cell carcinoma, 
pancreatic, breast, 
gastric cancers, 
lymphoma 

CCI-779 
(temsirolimus) 

mTORC1 X X X Renal cell carcinoma, 
pancreatic, breast, 
gastric cancers, 
lymphoma 

NVPBEZ235 Dual PI3K/mTOR X X  Advanced solid 
tumours, endometrial 
cancer, breast cancer 

GSK2126458 Dual PI3K/mTOR X X  Advanced solid 
tumours, lymphoma 

PF4691502 Dual PI3K/mTOR X   Solid tumours 

PF05212384 Dual PI3K/mTOR X   Solid tumours 

OSI027 mTORC1/mTORC2 X   Solid tumour, 
lymphoma 

Torin-1 mTORC1/mTORC2    Preclinical breast, colon 
and prostate cancers 

AZD2014 mTORC1/mTORC2 X   Solid tumours 

AZD8055 mTORC1/mTORC2 X X  Liver cancer, solid 
tumours 

INK128 mTORC1/mTORC2 X   Solid tumour, multiple 
myeloma 

PP242 mTORC1/mTORC2 X   Solid tumours 

WAY-600 mTORC1/mTORC2    Preclinical breast, 
colon, prostate cancers 
and renal cell 
carcinoma 

 
 

Table 1.2: Examples of mTOR inhibitors currently used in pre-clinical studies or 

clinical trials. 
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1.5 Apoptosis 
 
 

The term Apoptosis was first used by Kerr, Wyllie, and Currie in 1972 and it is 

defined as a form of highly organised cell death, which is characterized by 

morphological and biochemical changes 75. Apoptosis is important for cell 

development and to maintain cell population within tissues. It can also act as a defence 

mechanism in immune reactions 76. It is a conserved programmed cell death pathway 

that is enabled to maintain normal cellular homeostasis. Cells undergo apoptosis to 

regulate the clearance of damaged or dysfunctional cells. Apoptosis is characterised 

by morphological changes, such as cell shrinkage, chromatin condensation, blebbing 

of cell membrane and formation of apoptotic bodies 77. Apoptotic bodies are tightly 

packed with cellular and nuclear fragments, which are eventually engulfed by the 

macrophages 76. 

 
 

There are two main pathways of apoptosis, intrinsic that act on mitochondrial 

level and extrinsic that act on cell surface. Both pathways undergo three main steps: 

firstly, initiation by damaged cells or stress stimuli, followed by signal transduction 

for apoptosis and finally cell dismantling and death. Both pathways share similarity in 

the final step, which involves caspase activation. On the other hand, they differ in their 

location and response to stimuli. Extrinsic pathway, as specified above, occurs at the 

level of the cell membrane and respond to external signals. It involves the recruitment 

of death ligands to death receptors, which subsequently recruits DISC (Death Inducing 

Signalling Complex) to activate caspase 3/7. In contrast, the intrinsic pathway occurs 

at the mitochondrial level and perturbs mitochondria integrity (Figure 1.7). 
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Mitochondria are the powerhouse of cells that meets the cellular demands for 

energy through oxidative phosphorylation. Mitochondria consists of 4 main 

compartments: an outer mitochondrial membrane (OMM) that is permeable to certain 

ions and small molecules, inner mitochondrial membrane (IMM) in the form of folded 

cristae that contains the respiratory proteins, and a space between OMM and IMM 

called the inner mitochondrial membrane space (IMS). Each of these compartments 

play an important role in apoptosis. Cytochrome c is one of the important proteins 

within the mitochondria and has a vital role in apoptosis. it is located in IMM 

impounded within the cristae by a protein called OPA1 (Optic Atophy1) 78. During 

apoptosis, cristae folds go through reshaping by a process called cristae remodelling, 

which accompanies the proteolysis of OPA178, 79. This results in the redistribution of 

cytochrome c into IMS. In order for cytochrome c to be released out of the 

mitochondria, pores need to be formed in OMM and that is facilitated by BAX and 

BAK, which belong to the BCL-2 family of proteins. Thus, Cytochrome c released 

into the cytosol initiates the final step of apoptosis, which involves the formation of 

apoptosome 80, 81. Apoptosome is formed by the binding of cytochrome c to apoptotic 

activating factor1 (APAF1) and pro-caspase 9, which eventually results in the 

activation of caspase 3 and 7 (Figure 1.7). 



29  

 
 
 
 
 
 
 

 
 
 
 

Figure 1.7: Pathways of apoptosis. Intrinsic pathway occurs at the mitochondrial 

level. It is initiated by a cellular stress, which leads to BAX/BAK oligomerisation and 

release of cytochrome c from the IMM into the cytosol, followed by the formation of 

apoptosome and activation of pro-caspases 9, 3, and 7, all of which result in apoptosis. 

Extrinsic pathway, on the other hand, is initiated when a death ligand binds to a death 

receptor on the plasma membrane. This binding result in the formation of DISC and 

activation of pro-caspases 8 and 10. Caspases 8 and 10 convert BID to tBID which 

translocate to the mitochondria to facilitate BAX/BAK mediated release of 

cytochrome c. Active Caspases 8 and 10 cleave pro-caspases 3 and 7 leading to 

apoptosis. 
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1.6 BCL-2 family of proteins 
 
 

BCL-2 family of proteins share BH (BCL-2 Homology) domains, including 

BH1, BH2, BH3 and BH4. These domains are composed of a short (~20 amino acids) 

sequence 82. BCL-2 proteins can be divided into two groups depending on their 

mechanism of action: pro-apoptotic and anti-apoptotic. Anti-apoptotic proteins 

including BCL-2, BCL-XL and MCL-1 promote cell survival and prevent apoptosis, 

whereas pro-apoptotic proteins perform the opposite function 83. Pro-apoptotic 

proteins can be divided further into three subgroups: activators (BIM, PUMA and 

BID), sensitisers (NOXA, HRK, BMF, BAD and BIK) and effectors (BAX and BAK), 

all of which regulate apoptotic pathway. The fate of a cell is dependent on the 

expression levels and balance between the anti- and pro-apoptotic BCL-2 family of 

proteins 84. The anti- and pro-apoptotic BCL-2 family of proteins share certain degree 

of similarity in their BH domains. For example, BAK and BAX, as well as anti- 

apoptotic proteins, contain BH1-4 domains, whereas the other pro-apoptotic members 

contain only BH3 domains, and hence are called BH3-only proteins. 

 
 

The primary purpose of the anti-apoptotic members belonging to BCL-2 group 

during apoptosis is to bind and inhibit the function of pro-apoptotic factors and thus 

antagonising apoptosis. Overexpression of BCL-2 family members has been 

commonly observed in various kinds of cancers. Moreover, cancer cells depend on 

BCL-2 family members for survival and proliferation 85. Due to this, the anti-apoptotic 

group has been recognised as promising agents for cancer treatment. Inhibitors 

designed to target these members are called BH3 mimetics and some of them are 

already approved for use in patients or being investigated in clinical trials 86. 
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1.6.1 BCL-2 

 
BCL-2 was the first protein identified in this family 87. High levels of BCL-2 

have been found to play significant survival roles in various solid tumours, such as 

brain, colorectal, bladder, lung, breast, and prostate cancer, as well as in 

haematological malignancies, for instance, chronic lymphocytic leukaemia (CLL), 

acute myeloid leukaemia (AML), and non-Hodgkin’s lymphoma 88, 89, 90, 91, 92, 93. BCL- 

2 is found in two isoforms: BCL-2α, is the well-characterised BCL-2 protein with anti- 

apoptotic properties, and BCL-2β, which is found in the bone marrow cells and blood 

cells of chronic myeloid leukaemia (CML) patients 94. The function of BCL-2β has 

not yet been characterised. BCL-2 is mainly localised within the OMM and 

membranes of the endoplasmic reticulum (ER) and does not redistribute from these 

locations during apoptosis 84. In addition to its role in apoptosis, BCL-2 has been found 

to play a role in autophagy, through its interface with Beclin-1 95. Out of the effector 

proteins, BAK but not BAX interacts with BCL-2. Similarly, BCL-2 can bind and 

sequester all the activator proteins and some of the sensitiser proteins, such as HRK, 

BMF and BAD (Figure 1.8). 

 
 

1.6.2 BCL-XL 

 
B-cell lymphoma extra-large or BCL-XL has a 44% similar amino acid identity 

to BCL-2 and has been associated with various tumours, such as head and neck, CML, 

colorectal and prostate cancer 96, 97, 98, 99. It has another isoform, BCL-XS, that is 

generated through alternative splicing. While BCL-XL has anti-apoptotic properties, 

BCL-XS has been reported to possess pro-apoptotic functions 100. BCL-XL is generally 

restricted to the cytosol and to some degree, the OMM. Most cytosolic BCL-XL is 

translocated to the OMM and ER during apoptosis 101. Within cytosol, BCL-XL applies 
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its anti-apoptotic properties, by regulating BAX re-translocation from the 

mitochondria to cytosol, thus preventing BAX activation followed by anchoring to the 

OMM 101. In addition, BCL-XL is also known to mediate autophagy through binding 

with Beclin-1 95. Both the effector proteins, BAK and BAX interact with BCL- XL. 

Similarly, BCL- XL can bind and sequester all the activator proteins and some of the 

sensitiser proteins, such as HRK, BMF and BAD (Figure 1.8). 

 
 

1.6.3 MCL-1 

 
Myeloid cell leukaemia 1 (MCL-1) was initially founded as a proliferation 

inducer in myeloid leukaemia cells 102. Having oncogenic potential in various cancers, 

MCL-1 is found to be one of the most overexpressed genes in most cancers. It is mostly 

mutated or overexpressed in solid tumours of lung, breast, head and neck, thyroid, 

ovaries, prostate and pancreas cancer, as well as in haematological malignancies, for 

instance, AML and multiple myeloma 103, 104, 105, 106, 107, 108. Moreover, it is also likely 

to cause resistance to cisplatin during chemo- and radiotherapy 106, 109. MCL-1 

possesses three isoforms: MCL-1L or Long isoform, which is deemed to be the classic 

pro-survival/ anti-apoptotic isoform; MCL-1ES or extra short and MCL-1S or short 

isoform. The short and extra short isoforms have not yet been studied in detail 94. The 

N-terminus of MCL-1 has a motif that is rich in proline (P), glutamic acid (E), serine 

(S) and threonine (T), hence named PEST. This has mostly been observed in short- 

lived proteins and contributes to the labile characteristic of such proteins, and in this 

case, MCL-1 110. The fast turnover of MCL-1 (attributed to post-translational 

modifications, ubiquitination and proteasomal degradation) can be exploited in cancer 

treatment by transcriptional/translational suppression of MCL-1 111, 112. Both effector 

proteins, BAK and BAX interact with MCL-1. Similarly, MCL-1 can bind and 
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sequester all the activator proteins and out of sensitiser proteins it only interacts with 

NOXA (Figure 1.8). 

 
 

1.6.4 BCL-w and BCL-2A1 

 
Besides the aforementioned BCL-2 family members, other anti-apoptotic 

proteins, such as BCL-w and BCL-2A1 (BCL-2 linked protein A1) have been 

identified in various cancers. Overexpression of BCL-w has been observed in the 

cancers of breast, colorectal, melanoma, and B cell malignancies113, 114, 115, whereas 

BCL-2A1 is generally linked to stomach and breast cancers, CLL and acute 

lymphoblastic leukaemia (ALL) 116, 117. Out of the effector proteins, BAX but not BAK 

interacts with BCL-w and BCL-2A1. Similarly, BCL-w can bind and sequester all the 

activator proteins and some of the sensitiser proteins, such as BMF and BAD. (Figure 

1.8). BCL-2A1 can interact with some activator proteins, such as BIM and BID, as 

well as some of the sensitiser proteins, such as BIK and NOXA. 

 
 

1.6.5 Pro-apoptotic BCL-2 family members (the effectors) 
 
 

The effector proteins have a critical role in the intrinsic apoptotic pathway and 

their role has been broadly studied. During apoptosis, BAX (BCL-2 associated X) and 

BAK (BCL-2-homologous antagonist killer) oligomerise to form pores on the 

mitochondrial membrane to promote cytochrome c release from IMM to OMM 118. 

Mutations in BAX and BAK have been shown to enhance cell survival in gastric and 

colon cancers 119. BAX was originally discovered as a BCL-2 associated protein, and 

the molecular mechanisms behind its activation, pore formation and cytochrome c 

release were characterised much later. Soon after the discovery of BAX, BAK was 
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also identified to possess similar characteristics to BAX. Both BAX and BAK can 

interact and bind to BCL-2 family of proteins including, BCL-2, BCL-XL and MCL-1 

(Figure 1.8). Apoptosis and mitochondrial outer membrane permeabilization (MOMP) 

are kept under control through the prevention of BAX activation. BAX, with the help 

of proteins such as BCL-XL, transports between the cytosol and the mitochondria, thus 

aid in preventing BAX activation 120, 121. BAK, on the other hand is found inserted 

within the OMM due to its minimum movement between the cytosol and the 

mitochondria 122. In contrast to BAX and BAK, another member of this group, Bcl-2- 

related ovarian killer (BOK), is less explored and its mechanism of action in the 

intrinsic apoptotic pathway is not fully understood. However, it has been shown that 

BOK overexpression can result in cell death 123. 

 
 

1.6.6 Pro-apoptotic BH3-only proteins 
 
 

As previously mentioned, the BH3-only proteins display a great degree of 

promiscuity in binding to different anti-apoptotic counterparts, and there are certain 

instances of specificity as well. For example, NOXA exclusively binds MCL-1, 

whereas BAD does not exhibit any affinity towards MCL-1 124. Nevertheless, 

activation of BAK and BAX can occur through two distinct mechanisms: (1) by the 

direct binding and activation of the activator (BIM, PUMA and BID) to the effector 

proteins (BAK and BAX); and (2) by the indirect displacement, mediated by BH3- 

only members, of BAX and BAK from the anti-apoptotic proteins 125, 126, 127 (Figure 

1.8). 
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Figure 1.8: Schematic diagram of BCL-2 family of proteins and their mode of 

action to induce apoptosis. BCL-2 family of proteins can be divided into 

antiapoptotic members (BCL-2, BCL-xL, BCL-w and MCL-1), proapoptotic effectors 

(BAX, BAK and BOK) and BH3-only proteins (BAD, BIM, NOXA, PUMA, BIK and 

BID). Within a cell, it is suggested that effector proteins interact with BH3-only 

proteins to facilitate apoptosis directly, when BAX or BAK bind to the activators, or 

indirectly when BH-3 only proteins displace BAX or BAK from anti-apoptotic 

proteins. 
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1.7 BH3 mimetics in cancer therapy 
 
 

With the discovery of BCL-2 family of proteins and their major role in 

regulating apoptosis, studies have been conducted to target these proteins as cancer 

therapies. To induce cell death in cancer cells, scientists explored ways to disrupt the 

interaction between anti and pro-apoptotic proteins. For apoptosis to occur, anti- 

apoptotic proteins will have to be displaced from BAX and BAK by BH3-only 

proteins. This can be achieved by small molecules that can mimic the action of BH3- 

only proteins; hence named BH3 mimetics (Figure1.9). The first BH3 mimetic 

inhibitor synthesised was ABT-737. This inhibitor mimics the structure of the BH3- 

only protein, BAD, and thus, can bind and inhibit BCL-2, BCL-XL and BCL-w 127. At 

low concentrations, ABT-737 has shown to induce apoptosis in haematological and 

solid tumours both in vivo and in vitro 127. However, this inhibitor presented with poor 

pharmacokinetics (low bioavailability and solubility), which led to the design of its 

derivative, ABT-263 (or Navitoclax), with better pharmacokinetics 128. Later, an 

inhibitor that specifically targeted BCL-2 was developed. This drug, ABT-199, also 

called Venetoclax, has been now been approved for use in CLL patients 129, and being 

trailed in other malignancies, such as AML, multiple myeloma and non-Hodgkin's 

lymphoma 129. Similarly, BCL- XL inhibitors, such as A-1331852 and WEHI-539 were 

reported to induce apoptosis in vitro 130, 131 but no clinical trials have been reported 

with these drugs as of now. MCL-1 was the next protein to be targeted for therapy and 

the first inhibitor, A-1210477 was successfully developed by AbbVie 132. Since A- 

1210477 targeted MCL-1 only at micromolar concentrations, S63845 has been 

developed to induce rapid apoptosis at low nanomolar concentrations both in vivo and 

in vitro 133. 
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Figure 1.9: Illustration of the mechanism by which BH3 mimetics exerts their 

actions. BH3 mimetics, small molecule inhibitors of the anti-apoptotic proteins, bind 

to BCL-2, BCL-xL or MCL-1 to prevent their interaction with pro-apoptotic proteins, 

thus resulting in apoptosis. 
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1.8 Aims of the study: 

 

As mTOR signaling pathway is activated in HNSCC, it made it a suitable target for 

therapy. However, until now targeting this pathway with small molecule inhibitors was 

unpromising. The aim of this study is to identify a combination of Torin-1, an inhibitor of both 

mTOR complexes 1 and 2, with other conventional therapies such as, IR and Cisplatin and 

other novel therapies such as, DT-061 and CB-839 and whether it can modulate this pathway 

by causing cellular proliferation defect or increased cancer cell death in HNSCC cell lines. A 

second aim of this study is to assess the crosslink between mTOR inhibition and 

mitochondrial dynamics in the cell lines tested. Can mTOR inhibition regulate mitochondrial 

functions by altering the translocation and phosphorylation levels of Drp-1, an integral protein 

for mitochondrial dynamics.     

This work has been conducted during a COVID-19 pandemic which had an impact on 

the research. During that time laboratories were inaccessible and as a result productivity was 

reduced and priorities in regard to some experiments were rearranged to meet the deadline of 

submitting the thesis.          
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2.1 Cell lines 
 
 

The cell lines used in the study are shown in the table below. 
 
 
 
 
 
 

Cell line Origin of tumour Culture media Source 
UM-SCC-1 Oral cavity SCC DMEM + 

1% NEAA 
Prof. T. 
Carey 
(University of 
Michigan, 
USA) 

UM-SCC-11B Larynx SCC 

UM-SCC-17A Larynx SCC 

UM-SCC-74A Oropharynx SCC 

UM-SCC-81B Oropharynx SCC 

Detroit 562 Hypopharynx SCC EMEM +1% 
NEAA +1% 
Sodium Pyruvate 
+1% L-
Glutamine 

ATCC 

FaDu Hypopharynx SCC 

A253 Oral cavity SCC McCoy’s 5A 

K562 Chronic myeloid 
leukaemia 

RPMI 1640 ATCC 

 
Table 2.1: Cell lines used along with information on their media, 

supplementations and sources. “SCC” stands for squamous cell carcinoma, 

“DMEM” stands for Dulbecco’s modified Eagle Medium, “EMEM” stands for 

Eagle’s minimum essential medium, “NEAA” stands for non-essential amino acids. 

“ATCC” stands for American Type Culture Collection. 10% FBS (Gibco, 

ThermoFisher Scientific) was added to all culture media. 
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2.2 Cell Culture 
 

Cells were purchased from American Type Culture Collection (ATCC, 

Manassas, VA, USA) or from Deutsche Sammlung von Mikroorganismen und 

Zellkulturen (DSMZ, Braunschweig, Germany), unless stated otherwise in Table 2.1. 

Cells were grown at 37 °C and 5 % CO2 in their corresponding cell culture media, 

which were obtained from Life Technologies Inc (Paisley, UK). The media were 

supplemented with 10 % foetal bovine serum (FBS) and other components, as detailed 

in Table 2.1. Cells were left to grow until they reached 80 % confluence. Sub-culturing 

of adherent cells was carried out, after cells reached the desired confluence, by first 

aspirating the media, a quick wash with warm PBS (ThermoFisher Scientific, MA, 

USA), followed by incubation with 0.05 % trypsin-EDTA (Gibco, ThermoFisher 

Scientific) at 37 °C for approximately 5 min. After that, cells were collected and re- 

seeded in a new plate. 

 
 

For 3D Spheroid culture, two HNSCC cell lines (UM-SCC-17A and FaDu) 

were seeded at 500/300 cells/well, respectively, in 96-well polystyrene ultra-low 

attachment microplates (Cell carrier spheroid ULA, PerkinElmer, UK), incubated in 

humidified incubators at 37 °C with 5% CO2 for 3 days, the desired treatment then 

was added, and growth monitored by taking images of the spheroids every 3 days for 

9 days in total using EVOS FLoid Cell Imaging Station (Life Technology, UK). The 

changes in volume of the spheroids were measured using a plug-in for imageJ (public 

software, National Institutes of Health, Maryland, USA) and the volume was 

calculated using the equation below: 

Volume = (4/3) x 𝜋(diameter/2)3 (unit: μm3) 
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2.3 Reagents 
 
 

All reagents, chemicals and buffers were supplied by Sigma-Aldrich/Merck 

(Darmstadt, Germany) or Thermo Fisher Scientific (MA, USA) unless stated 

otherwise. 

 
 
 
 

Reagent Target Supplier 
A-1331852 BCL-XL (inhibitor) Abbvie 

S63845 MCL-1 (inhibitor) Selleck 
Z-VAD.FMK Caspases (inhibitor) Selleck 

Cisplatin DNA (alkylating agent) Selleck 

MG-132 Proteasome (inhibitor) Active Biochem 

Torin-1 mTOR complex 1&2 (inhibitor) Sigma 
rapamycin mTOR complex 1 (inhibitor) Selleck 
everolimus mTOR complex 1 (inhibitor) Selleck 

Chloroquine Lysosomotropic agent Selleck 
3-MethylAdenine (3-MA) PI3K (inhibitor) Selleck 

DT-061 PP2A (activator) Selleck 
FYT720 PP2A (activator) Sigma 

H-89 PKA (inhibitor) Sigma 
AZD1775 Wee1 kinase (inhibitor) Selleck 
Olaparib PARP (inhibitor) Selleck 
CB-839 Glutaminase1 (GLS1) (inhibitor) Selleck 

BAY-2402234 DHODH (inhibitor) Selleck 
 
 

Table 2.2: Reagents used along with information on their target and sources. 

Abbvie stands for Abbvie (Chicago, IL, USA), Selleck stands for Selleck Chemicals 

Co (Houston, TX, USA), Sigma stands for Sigma-Aldrich/Merck (Darmstadt, 

Germany) and Active Biochem stands for Active Biochem LTD (Hong Kong). 
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2.4 siRNA Transfection 

 
siRNAs (small interfering RNA oligoduplexes), obtained from Qiagen 

(Cambridge, UK), were reconstituted in RNAse-free water to a final concentration of 

10 µM. A final concentration of 10 nM was transfected into the cells using OptiMEM 

Reduced Serum Media (Life Technologies) and Interferin transfection reagent 

(Polyplus, Illkirch, France), according to manufacturer’s protocol. 

Protein target Sequence Catalogue no. 
ATG5 CTAGGAGATCTCCTCAAAGAA SI02633946 
ATG7 CACTAGAGTGTGCATATGATA SI04344830 

Non-targeting control AACTGGGGGAGGATTGTGGCC 1027310 
Raptor GACACGGAAGATGTTCGACAA SI05182212 
Rictor ATGACCGATCTGGACCCATAA SI03151379 
Sin-1 AAGGGTCATGTAGGTACAACA SI03036103 

 
Table 2.3: siRNAs targets, sequence and catalogue numbers. all siRNA used were 

obtained from Qiagen (Cambridge, UK) in the table below it shows their targets and 

sequences. 

 
 
 

2.5 Immunoblotting 
 

a) Protein sample preparation 
 

Cells were harvested and pellets were lysed by radioimmunoprecipitation 

assay (RIPA) buffer (10 mM Tris-Cl (pH 8.0), 1 mM EDTA, 0.5 mM EGTA, 1 % 

Triton X-100, 0.1 % sodium deoxycholate, 0.1 % SDS, 140 mM NaCl) with 20 µM 

MG-132 and one protease inhibitor tablet cOmplete Mini protease inhibitor cocktail 

(Roche, Basel, Switzerland). After adding the buffer, cells were kept on ice for at least 

15 minutes, sonicated with a Bandelin SONOPULS ultrasonic homogeniser 

(Bandelin, Berlin, Germany). Samples were centrifuged and supernatants were 

collected. Proetein concentration in every cell lysate was determined using 
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Colorimetric Bradford assay (BioRad Protein Assay Dye Reagent, BioRad, CA, USA) 

using a spectrophotometer (Eppendorf, Hamburg, Germany). Pre-determined 

concentrations of Bovine serum albumin (BSA) was used to standardised and calculate 

the protein concentration in each sample. A range between (20-50) µg of protein was 

used and 4 x NuPAGE LDS sample buffer (Life Technologies) was added to the 

protein lysate, followed by 5 min boiling at 70 °C (ThermoFisher Scientific), before 

loading the samples in gels. 

 
 

b) Gel electrophoresis and transfer 
 

Desired percentages of Acrylamide gels were made in the lab by following 

table 2.4 below. Normalised and uniform concentrations of samples were loaded onto 

the gels alongside 7 µl of protein ladder SeeBlue™ Plus2 Pre-stained Protein Standard 

(ThermoFisher Scientific). Gels were run at a constant voltage of 120 V for 90 mins 

in electrophoresis buffer (25 mM Tris-HCL, 192 mM glycine, 10 % SDS). 

Nitrocellulose membranes (VWR, Radnor, PA, USA) were used to transfer proteins 

in a chamber containing transfer buffer (25 mM Tris-HCL, 192 mM glycine, 20 % 

methanol) at 100 V for 90 min. To evaluate efficiency of the proteins being transferred 

from the gels to the nitrocellulose membranes, the membranes were stained with 

Ponceau S solution (0.1% (w/v) in 5% acetic acid) for 1 min and excess stain was 

removed by a quick wash with TBS-T (Tris-buffered saline with 0.1 % Tween, 20 mM 

Tris-HCL, 150 mM NaCl, 0.1 % Tween-20). Membranes then were blocked in non- 

fat 5 % milk in TBS-T for 30 mins followed by overnight incubation at 4 °C with the 

designated primary antibodies described in table 2.5 below. Next day, membranes 

were washed twice in TBS-T followed with incubation with either anti-mouse or anti- 

rabbit IgG HRP-linked secondary antibodies (Cell Signalling Technology) for 1-2 h. 
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After that, membranes were washed in TBS-T for 10 mins and protein bands 

visualized by enhanced chemiluminescence reagent ECL (GE Healthcare, IL, USA) 

via ChemiDoc Imaging system (BioRad). 

 
 
 
 

 7 % 10 % 15 % Stacking 

H2O 15.3 ml 12.3 ml 7.3 ml 12.38 ml 

30 % Protogel acrylamide 7 ml 10 ml 15 ml 2.5 ml 

1.5 M Tris-HCL, 0.4 % SDS, pH 8.8 7.5 ml 7.5 ml 7.5 ml - 

0.5 M Tris-HCL, 0.4 % SDS, pH 6.8 - - - 5 ml 

10 % ammonium persulphate (APS) 180 µl 180 µl 180 µl 180 µl 

TEMED 24 µl 24 µl 24 µl 24 µl 

 

Table 2.4: Resolving and stacking gel components required to fill a gel cassette. 

Volumes required to make up 4 gels. 
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Antibody Epitope Supplier Catalogue 
no. 

GAPDH (FL-335) AA 1-335 SC sc-25778 
P70 S6 kinase C-terminus CST 9202 

phospho P70 S6 kinase Thr (389) CST 9205 
LC3II N-terminus LC3B CST 3868 
mTOR Around Ser2481 CST 2972 

p-mTOR Ser (2448) CST 2976 
Raptor Full length CST 2280 
Rictor Around Lys1125 CST 2140 
Sin-1 C-terminus CST 12860 
AKT PH domain Upstate 14-276 

p-AKT Thr (308) Upstate 05-802 
p-AKT Ser (473) CST 9271 
AMPK Full length CST 5832S 

p-AMPK Thr (172) CST 500815 
Caspase-3 N/A CST 9662 

Cleaved PARP (D64E10) Around Asp214 CST 5625 
Beta-actin C-terminus SC sc-1616R 

OPA-1 AA 708-830 BD 612607 
Drp-1 AA 601-722 BD 611113 

p-DRP-1 Ser (616) CST 3455 
p-DRP-1 Ser (637) CST 4867 
MTFP1 N/A Sigma SAB4301167 

Cytochrome c Around AA 62 BD 556432 
HSP70 AA 661-679 Abcam ab2799 

 
 

Table 2.5: Primary antibodies used in this study. The vendors were Santa Cruz 

Biotechnology (SC, CA, USA), Cell Signalling Technology (CST, MA, USA), BD 

BioSciences (BD,California, USA), “Upstate” stands for Upstate USA Inc (NY, 

USA), Sigma-Aldrich (Darmstadt, Germany), Abcam (Cambridge, UK). 
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2.6 Clonogenic assay 
 

Cells were seeded at low density as mentioned in Table 2.6. The following day, 

cells were subjected to the required treatment and left to grow and form colonies (~ 

50 cells per colony), which usually takes between 7 to 10 days. Upon colony 

formation, cells were washed with PBS, fixed for 5 mins with fixing solution (1:7 v/v 

ratio acetic acid to methanol) at room temperature and stained with (0.5 % crystal 

violet in 20 % methanol) for 1 h. The stain then was removed, and cells washed under 

running water and left to dry for 1 day. Colonies were counted using an automated 

counting machine (GelCount -Oxford Optronix, Oxford, UK). The following equation 

was used to determine the surviving fraction: 

 
 

Surviving fraction = 𝑛𝑢𝑚𝑏𝑒𝑟	𝑜*	𝑐𝑜𝑙𝑜𝑛i𝑒𝑠	
𝑠𝑒𝑒𝑑i𝑛0	𝑑𝑒𝑛𝑠i𝑡𝑦	

X 100 
 
 

Cell line 6 well plate 12 well plate 

A253 2000-4000 1000-2000 

UM-SCC-1 500-1000 250-500 

UM-SCC-11B 500-1000 250-500 

UM-SCC-17A 2000-4000 1000-2000 

UM-SCC-81B 500-1000 250-500 

UM-SCC-74A 500-1000 250-500 

FaDu 1000-2000 500-1000 

Detroit 562 1000-2000 500-1000 

 
 

Table 2.6: Seeding density (per well) for cell lines used in the study. 
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2.7 Flow Cytometry- Phosphatidylserine (PS) externalisation assay 
 
 

Suspension cells were collected into tubes whereas adherent cells were 

trypsinised, washed with PBS and centrifuged to get a pellet. This was then 

resuspended in 500 µl of 1x Annexin Binding Buffer (10 mM HEPES, 140 mM NaCl, 

2.5 mM CaCl2, pH 7.4) with Annexin-V-FITC (1:20,000 dilution, prepared in the lab) 

and incubated at room temperature for 8 min. Just before analysis, 5 µl of propidium 

iodide (PI; 1 mg/ml) (Sigma-Aldrich/Merck, Darmstadt, Germany) was added to cell 

suspension. Cells then were run through an Attune NxT flow cytometer 

(ThermoFisher) to measure the extent of Annexin-V/PI staining. 

 
 
 

2.8 Immunocytochemistry 
 

Cells were seeded on sterile coverslips, which were placed on a 24 well plate 

to reach 70 % confluence. Following different treatments, the media was discarded, 

and coverslips were washed twice with PBS. Coverslips were then fixed with either 4 

% (w/v) paraformaldehyde or ice-cold methanol, depending on the primary antibody 

used, for 10 mins at room temperature. Cells were permeabilised with 0.5 % (v/v) 

Triton X-100 in PBS for 10 min at room temperature. Primary antibodies were made 

in 3 % BSA in PBS and added onto the coverslips. Coverslips were kept in humidified 

chamber for 1 h followed by 1 h incubation with suitable AlexaFluor (Life 

Technologies) secondary antibody at 1:1000 which was made in 3 % BSA in PBS. 

Coverslips were then rinsed multiple times with dH2O, dried and mounted on glass 

slide using Polymount (Polysciences, PA, USA) mounting solution. Images were 

taken using 3i Marianas spinning disk confocal microscope, fitted with a Plan- 
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Apochromat × 63/1.4 NA Oil Objective, M27 and a Hamamatsu ORCA-Flash4.0 

v2 sCMOS Camera (Intelligent Imaging Innovations, GmbH, Gottingen, Germany). 

 
 

2.9 Bright field microscopy 
 

EVOS FLOID cell imaging system (ThermoFisher Scientific) was used to acquire 

bright field microscopy images of cells. 

 
 

2.10 Statistics 
 

Two-way ANOVA with multiple comparisons test was used for studies with 

two numerical variables while one-way ANOVA with multiple comparisons test was 

used for studies with single numerical variables. The asterisks depicted correspond to 

the following p values: * for p ≤ 0.05, ** for p ≤ 0.01 and *** for p ≤ 0.001. GraphPad 

Prism version 7 was used to conduct these statistical analyses. 
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Chapter 3 
 

Targeting mTOR kinases in head and neck 

squamous cell carcinoma 
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3.1 Introduction 
 

Head and Neck Squamous Cell Carcinoma (HNSCC) is the sixth leading cancer 

worldwide with annual incidence of more than 550,000 cases 134. HNSCC includes 

malignancies arising in the mucosal layer beneath the epithelial cells that line the upper 

aerodigestive tract. The different subsites of this region are oral cavity, oropharynx, 

larynx and hypopharynx as shown in Figure 3.1. 

Multiple factors can cause HNSCC development, such as genetic inheritance 

and environmental factors. Consumption of alcohol and tobacco are amongst the 

classical high-risk factors associated with HNSCC. Not all smokers and alcohol 

consumers develop HNSCC, which suggest a role of genetic variations in HNSCC 

disease progression. Minimizing alcohol intake can reduce the risk of developing 

HNSCC, as the risk of developing HNSCC is directly proportional to blood alcohol 

concentration 135, and this risk can increase by 40 -fold when combined with tobacco 

consumption. Despite the advances in treatment strategies of HNSCC, the survival 

rate has not improved and remains at approximately 50 % 136. In recent years, infection 

with high risk-Human Papillomavirus (HPV) has been associated with HNSCC 

pathogenesis, especially in oropharyngeal carcinogenesis. HNSCC can be divided into 

HPV- negative and HPV-positive. Radiation and Chemotherapy are more effective 

and offer better outcomes in HPV-positive HNSCC patients 137. Other factors that can 

be associated with HNSCC pathogenesis include diet. Recent studies show diets that 

contain less red meat and higher level of fibre and carotenoids can lower the risk of 

HNSCC 138. In addition to these risk factors, chronic irritation of the lining of the 

mouth and poor dental hygiene can also play an important role in HNSCC disease 

progression 135. 
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Figure 3.1: Head and Neck anatomical subsites. Illustrations of the different 

subsites where tumour can occur and that includes oral cavity, oropharynx, larynx and 

hypopharynx. 
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The therapeutic outcomes of HNSCC treatments are often limited by acquired 

resistance to chemotherapy or radiotherapy, as well as undesirable toxicity. 

Development of more personalised therapies that can selectively target cancer cells 

are currently been explored 139. It has been found that several molecular signalling 

pathways in HNSCC are differentially regulated, thus making this cancer suitable for 

molecular targeted therapies. One such pathway is mTOR signalling that is highly 

active in HNSCC 140. The efficacy of conventional therapies for HNSCC patients can 

be enhanced by blocking this pathway using different inhibitors, such as BEZ235, PF- 

04691502 (dual PI3K/mTOR inhibitors), everolimus, rapamycin and 

temsirolimus(mTOR complex1 inhibitors) and Torin-1 (mTOR complex 1 and 2 

inhibitor). 

 
 

In this chapter, the potential to target mTOR complexes in the context of 

HNSCC will be assessed. As part of this, the following questions will be addressed: 

1. Could mTOR inhibition decrease the clonogenic survival of HNSCC cell 

lines? 

2. Could mTOR inhibition decrease spheroid growth in 3D cultures of HNSCC 

cell lines? 

3. Could mTOR inhibition cause apoptosis in HNSCC cell lines? 
 

4. Could the effect of mTOR inhibition be attributed to the induction of 

autophagy? 
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3.2 Results 
 
 

3.2.1 Characterisation of mTOR kinase signalling in HNSCC cell lines 
 

To assess mTOR signalling in HNSCC, two different cell lines per subsite were 

used. Cell lines chosen were: A253 and UM-SCC-1 derived from oral cavity, UM- 

SCC-11B and UM-SCC-17A derived from larynx, UM-SCC-74A and UM-SCC-81B 

derived from oropharynx, and Detroit 562 and FaDu derived from hypopharynx. Cells 

were lysed and western blotting was carried out for the indicated proteins to 

characterise mTOR signalling. Endogenous levels of mTOR appeared to be highly 

expressed in 5 out of the 8 cell lines tested and it was irrespective of the origin 

(anatomical subsite) of the tumour (Figure 3.2.1). Phosphorylation of mTOR at 

Ser2448 could be observed in these cell lines and correlated with total mTOR 

expression (Figure 3.2.1). Since mTOR exists in two different complexes, mTORC1 

and mTORC2, the individual components of mTOR complexes, namely Raptor and 

Rictor were assessed. Raptor was more widely expressed among the cell lines tested, 

with relatively higher expression levels in A253 and FaDu (Figure 3.2.1). In contrast, 

Rictor was highly expressed only in 5 of these 8 cell lines tested (Figure 3.2.1). The 

expression levels of downstream mTOR substrate, S6 kinase (both whole and 

phosphorylated form) were quite varied in the different HNSCC cell lines (Figure 

3.2.1). Downstream kinases, AKT and AMPK, were highly expressed in 4 out of the 

8 cell lines (Figure 3.2.1). Phosphorylation of AKT at S473 was high in UM-SCC-1 

and UM-SCC-81B, whereas it was moderately expressed in 3 cell lines, A253, UM- 

SCC-11B and Detroit 562. Phosphorylation of AMPK at Thr172 was higher in 5 out 

of the 8 cell lines (Figure 3.2.1). Taken together, all 8 cell lines demonstrate varied 

expression levels of mTOR signalling proteins. 
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Figure 3.2.1: mTOR kinase signalling is prevalent in a wide variety of HNSCC 

cell lines. a) Western blot of proteins associated with mTOR and its signalling 

pathway were analysed in 8 different cell lines derived from 4 head and neck subsites. 

b) Ponceau S staining was used as loading control because the expression levels of 

housekeeping proteins, such as GAPDH, Actin and Tubulin hugely differed in these 

cell lines. 
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3.2.2 mTORC2 appears to play a more prominent role than mTORC1 in 

decreasing clonogenicity of HNSCC cell lines 

Since mTOR signalling pathway is mediated by both mTOR complex 1 and 

complex 2, it was important to determine if mTORC1 and /or mTORC2 could inhibit 

tumour growth in HNSCC. This can be measured in vitro by assessing the clonogenic 

potential of the HNSCC cell lines. For this, cells were transfected with siRNAs against 

components of mTORC1 (namely Raptor) and mTORC2 (namely Rictor and mSin1), 

and clonogenic assays were performed. Silencing of Raptor resulted in a significant 

decrease in the colony formation of UM-SCC-1 cell line (Figure 3.2.2), whereas only 

a modest reduction was seen in UM-SCC-11B (Figure 3.2.2). In contrast, silencing of 

Raptor did not result in decreased clonogenicity of UM-SCC-81B and FaDu cell lines. 

In fact, there was a slight increase in the colony formation upon silencing of Raptor 

(Figure 3.2.2). This suggested that UM-SCC-1 and UM-SCC-11B are more dependent 

on mTORC1 than UM-SCC-81B and FaDu. To determine if mTORC2 played a 

significant role in UM-SCC-81B and FaDu, the four HNSCC cell lines were 

transfected with siRNA against Rictor. It is interesting to note that in UM-SCC-1, 

silencing of Rictor had a significant effect on clonogenicity suggesting that both 

mTORC1 and mTORC2 play important roles in the survival of this cell line (Figure 

3.2.3). In contrast, in UM-SCC-11B, silencing Rictor had a significant effect 

compared to Raptor siRNA, suggesting that mTORC2 played a more prominent role 

in UM-SCC-11B (Figure 3.2.3). The same effect was also seen in UM-SCC-81B, 

which confirmed that these two cell lines are more dependent on mTORC2 than 

mTORC1 (Figure 3.2.3). In marked contrast, in FaDu, neither Raptor nor Rictor 

affected clonogenicity, suggesting redundant roles of mTORC1 and mTORC2 in this 

cell line (Figure 3.2.3). 
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Figure 3.2.2: mTORC1 plays a significant role in the clonogenic survival of only 

UM-SCC-1 and UM-SCC-11B. UM-SCC-1, UM-SCC-11B, UM-SCC-81B and 

FaDu cells were seeded and transfected with either control siRNA or siRNA against 

Raptor. Cells were left to grow for ~ 7-10 days. Cells were then fixed and stained with 

crystal violet and counted using automated colony counter. (a) Represents the % 

survival factor in each cell line tested. (b) Represents bright field images of the 

colonies that were quantified in (a). Error bars represent standard error of the mean 

(S.E.M) from at least 3 independent experiments. ***p ≤ 0.001. 
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Figure 3.2.3: mTORC2 plays a significant role in the clonogenic survival of most 

HNSCC cell lines tested. UM-SCC-1, UM-SCC-11B, UM-SCC-81B and FaDu cells 

were seeded and transfected with either control siRNA or siRNA against Rictor. Cells 

were left to grow for ~ 7-10 days. Cells were then fixed and stained with crystal violet 

and counted using automated colony counter. (a) Represents the % survival factor in 

each cell line tested. (b) Represents bright field images of the colonies that were 

quantified in (a). Error bars represent standard error of the mean (S.E.M) from at least 

3 independent experiments. ***p ≤ 0.001. 
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As these findings were interesting, another component of mTORC2 (namely 

Sin-1) was chosen and the same experiment was repeated. mSin-1, similar to Rictor, 

resulted in a marked reduction in clonogenicity in UM-SCC-1, UM-SCC-11B and 

UM-SCC-81B cell lines (Figure 3.2.4). As previously observed, mSin-1 siRNA did 

not have an effect in FaDu cell line (Figure 3.2.4). Collectively, these results confirm 

that HNSCC cell lines seem to depend on mTORC2 more than mTORC1 for 

clonogenic survival. 
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Figure 3.2.4: mTORC2 plays a significant role in the clonogenic survival of most 

HNSCC cell lines tested. UM-SCC-1, UM-SCC-11B, UM-SCC-81B and FaDu cells 

were seeded and transfected with either control siRNA or siRNA against Sin-1. Cells 

were left to grow for ~ 7-10 days. Cells were then fixed and stained with crystal violet 

and counted using automated colony counter. (a) Represents the % survival factor in 

each cell line tested. (b) Represents bright field images of the colonies that were 

quantified in (a). Error bars represent standard error of the mean (S.E.M) from at least 

3 independent experiments. ***p ≤ 0.001, ** p ≤ 0.01. 
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3.2.3 Assessing the ability of Torin-1 to inhibit mTOR signaling in HNSCC cell 

lines 

 
Inhibition of mTOR kinases can be achieved by using different inhibitors, 

including rapamycin, everolimus and Torin-1. rapamycin and everolimus inhibit 

mTOR complex 1, whereas Torin-1 inhibits both complexes 1 and 2. Since all HNSCC 

cell lines expressed differing levels of Raptor, Rictor, S6 Kinase, AKT and AMPK 

(Figure 3.2.1), it is probable that both mTOR complexes 1 and 2 are active in HNSCC 

cell lines. Moreover, HNSCC cell lines appear to depend more on mTORC2 for 

survival (Figures 3.2.3 and 3.2.4). Therefore, it was important to inhibit both mTORC1 

and mTORC2 in this study. Torin-1 was chosen to target both mTOR complexes in 

this thesis. 

Increasing concentrations of Torin-1 was used to treat the cells for 48 h, 

followed by western blotting to analyse the expression levels of mTOR signalling 

proteins. The levels of p-S6 kinase decreased with increasing concentrations of Torin- 

1 (Figure 3.2.5), which was in agreement with previous findings, supporting that 

Torin-1 inhibited mTOR activity by preventing the phosphorylation of its downstream 

effectors, S6K-1 69. There was no change in the phosphorylation levels of both AKT 

at T308 and AMPK at T172 (Figure 3.2.5). This could be because these 

phosphorylation events (of AKT at T308 and AMPK at T172) occur upstream of 

mTOR 24. In contrast, exposure of cells to Torin-1 resulted in a decrease in the 

phosphorylation of AKT at S473 (Figure 3.2.5), supporting that this phosphorylation 

event occurs downstream of mTORC2 24, which in turn can be efficiently inhibited by 

Torin-1. Furthermore, an increase in the level of LC3II processing was observed 

(Figure 3.2.5), which indicated that inhibition of mTOR resulted in the induction of 

autophagy. 



64  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 3.2.5: Torin-1 inhibits mTOR kinases signalling in the hypopharynx cell 

line, FaDu. FaDu cells were exposed to Torin-1 (0,10,100 nM) for 48h. After 

treatment cells were lysed and were probed for the indicated antibodies. Experiment 

was performed three times. Actin was used as a loading control. 



65  

3.2.4 Targeting mTOR kinases inhibits the clonogenic survival and spheroid 

growth of HNSCC cell lines 

Since Torin-1 inhibits both mTOR complex 1 and complex 2, it could 

potentially inhibit tumour growth in HNSCC. This can be measured in vitro by 

assessing the clonogenic potential of the HNSCC cell lines. For this, HNSCC cell lines 

were exposed to increasing concentrations of Torin-1 and clonogenicity was assessed. 

As evident from Figures 3.2.6 - 3.2.9, at 5 nM Torin-1 concentration, the sensitivity 

to Torin-1 with respect to clonogenic potential can be ordered as follows: 

1 > 81B > 17A > 11B = Detroit = 74A = FaDu > A253 
 

At 10 nM Torin-1 concentration, the sensitivity to Torin-1 was largely 

similar: 1 = 81B > 17A = 11B = Detroit > 74A > FaDu > 

A253 

Taken together, it can be concluded that Torin-1 is effective in reducing the clonogenic 

potential for all 8 cell lines at concentration as low as 5 -10 nM. Although clonogenic assays 

are indirect measures of tumour growth and survival, tumours in vivo occur in a 3D 

architecture. In comparison to two-dimensional culture system, 3D cell culture provides 

relevance to in vivo tumour through exhibiting cell-cell interaction, cell-matrix interactions, 

heterogeneity and structural complexity. Unlike 2D system, 3D cultures can utilise a single 

cell line or it can be a combination of variety of cell type, for instance breast cancer co-

cultured with stromal fibroblast provided a good representation of ductal carcinoma. In terms 

of growth dynamics, cellular heterogeneity, signal pathway activity, and gene expression, is an 

appealing model because it closely mimics in vivo tumour cell properties and as it has been 

established that Torin-1 does affect cell proliferation it was reasonable to use 3D-spheroid 

model to study the effect of Torin-1.  

 

 



66  

In order to confirm the effect of Torin-1 in a 3D spheroid model, all 8 

HNSCC cell lines were seeded, as detailed in the method section, for spheroid culture. 

Of these, only FaDu and UM-SCC-17A formed well-defined spheroids without the 

requirement of extra supplements (Figure 3.2.10). Since the addition of extra 

supplementation could interfere with mTOR signalling and potentially give false 

results, FaDu cell lines were used for the spheroid study in this thesis. Consistent 

with the results of the clonogenic assays, increasing concentrations of Torin-1 

significantly decreased the volume of FaDu spheroids (Figure 3.2.11). Taken 

together, targeting mTOR kinases using Torin-1 inhibited not only the clonogenic 

survival but also the spheroid growth of the HNSCC cell lines tested. 
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Figure 3.2.6: Inhibition of mTOR kinase by Torin-1 decreases clonogenic 

potential of oral cavity HNSCC cell lines. Cell lines derived from oral cavity, UM- 

SCC-1 and A253 were seeded at low density and treated with increased concentration 

of Torin-1 and left to grow for approximately 7-10 days. Cells were then fixed and 

stained with crystal violet and counted using automated colony counter. (a) Line graph 

represents the % relative clonogenicity of cells using colony formation assay. (b) 

Representative images of the colonies counted after treatment. Error bars represent 

standard error of the mean (S.E.M) from at least 3 independent experiments; ***p ≤ 

0.001. 
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Figure 3.2.7: Inhibition of mTOR kinase by Torin-1 decreases clonogenic 

potential of laryngeal HNSCC cell lines. Cell lines derived from larynx, UM-SCC- 

11B and UM-SCC-17A, were seeded at low density and treated with increased 

concentration of Torin-1 and left to grow for approximately 7-10 days. Cells were then 

fixed and stained with crystal violet and counted using automated colony counter. (a) 

Line graph represents the % survival factor of cells using colony formation assay. (b) 

Representative images of the colonies counted after treatment. Error bars represent 

standard error of the mean (S.E.M) from at least 3 independent experiments; ***p ≤ 

0.001. 
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Figure 3.2.8: Inhibition of mTOR kinase by Torin-1 decreases clonogenic 

potential of oropharyngeal HNSCC cell lines. Cell lines derived from oropharynx, 

UM-SCC-74A and UM-SCC-81B, were seeded at low density and treated with 

increased concentration of Torin-1 and left to grow ~ 7-10 days. Cells then fixed and 

stained with Crystal violet and counted using automated colony counter. (a) Line graph 

represents the % survival factor of cells using colony formation assay. (b) 

Representative images of the colonies counted after treatment. Error bars represent 

standard error of the mean (S.E.M) from at least 3 independent experiments; ***p ≤ 

0.001. 
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Figure 3.2.9: Inhibition of mTOR kinase by Torin-1 decreases clonogenic 

potential of hypopharyngeal HNSCC cell lines. Cell lines derived from 

Hypopharynx, Detroit 562 and FaDu, were seeded at low density and treated with 

increased concentration of Torin-1 and left to grow ~ 7-10 days. Cells then fixed and 

stained with Crystal violet and counted using automated colony counter. (a) Line graph 

represents the % survival factor of cells using colony formation assay. (b) 

Representative images of the colonies counted after treatment. Error bars represent 

standard error of the mean (S.E.M) from at least 3 independent experiments; ***p ≤ 

0.001. 



71  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 3.2.10: Most HNSCC cell lines failed to form well defined spheroids. 

Representative images of some of the HNSCC cell lines tested for their ability to form 

spheroids. Cells were seeded at either 300 or 500 cells /well in ultralow attachment 96 

well plate and left to grow for three days. Scale bar 125 µm. 
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Figure 3.2.11: Torin-1 decreases tumour volume/growth in a 3D spheroid culture. 

FaDu cells were seeded in ULA 96 well plate at 300 cells/ well, spheroid culture was 

established for 72 h. The spheroids, once established, were treated with Torin-1 at 0, 

20 and 50 nM. Cells were left to grow for 9 days and images of the spheroids were 

taken every 3 days. (a) Line graph representing the change in fold of spheroid volume 

over time. (b) Representative images of the spheroids in the indicated time and 

concentrations. Scale bar (100 µm). Error bars represents standard error of the mean 

(S.E.M) from at least 3 independent experiments; ***p ≤ 0.001. 
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3.2.5 Torin-1-mediated reduction in clonogenicity is not due to enhanced 

apoptosis. 

Since Torin-1 reduced clonogenicity of HNSCC cell lines, this could be a 

result of a decrease in proliferation rate or an increase in cellular death. To test whether 

Torin-1 causes apoptosis in the 4 cell lines, the extent of phosphatidylserine (PS) 

externalisation was measured. In healthy cells, the PS is located in the inner leaflet of 

the membrane. Upon the presence of an apoptotic stimuli, PS translocates to the outer 

surface of the membrane and the externalised PS molecules can be recognised by the 

protein, Annexin-V. Therefore, the cells were stained with Annexin-V, conjugated to 

FITC and the extent of FITC fluorescence (indicative of increased Annexin-V 

binding/PS externalisation) was measured by flow cytometry as a measurement of 

apoptosis. Cells treated with increasing concentrations of Torin-1 showed no signs of 

apoptosis above the basal level (Figure 3.2.12). In contrast, Cisplatin (10 µM), a DNA 

alkylating agent, was used as positive control to induce apoptosis in these cell lines 

(Figure 3.2.12). Furthermore, processing of the caspase substrate, poly-ADP ribose 

polymerase (PARP), as well as activation of pro caspase-3 could not be observed with 

increasing concentrations of Torin-1 (Figure 3.2.13). Finally, cells exposed to 

increasing concentration of Torin-1 appeared to divide at a slower rate compared to 

cisplatin, which induced significant cell death (Figure 3.2.14). 
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Figure 3.2.12: Torin-1 does not induce apoptosis in HNSCC cell lines. UM-SCC- 

1, UM-SCC-11B, UM-SCC-81B and FaDu cells were exposed to increasing 

concentrations of Torin-1 for 24 h and assessed for PS externalisation by flow 

cytometry. Cisplatin, a positive control, was used at (10 µM) for 24 h. This work 

was performed in collaboration with Mr. Basabrain in the Varadarajan lab. Error bars 

represent standard error of the mean (S.E.M) from at least 3 independent experiments. 
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Figure 3.2.13: Torin-1 does not cause caspase activation. UM-SCC-11B were 

exposed to increasing concentrations of Torin-1 for 24 h and assessed for western 

blotting using indicated antibodies. Experiment was performed three times. This work 

was performed in collaboration with Mr. Basabrain in the Varadarajan lab. 
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Figure 3.2.14: Torin-1 appears to cause proliferation defect but not apoptosis. 

Bright field images of HNSCC cell lines, UM-SCC-1, UM-SCC-11B, UM-SCC-81B 

and FaDu cells exposed to indicated concentrations of Torin-1 or Cisplatin (10 µM) 

for 24 h. Experiment was performed three times. 
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3.2.6 Torin-1 mediated reduction in clonogenicity of HNSCC cell lines is not due 

to an induction of autophagy. 

To assess whether Torin-1-mediated reduction in clonogenicity is due to 

autophagy, UM-SCC-81B cells were exposed to Torin-1 for indicated time points and 

assessed for the induction of autophagy. In cells exposed to Torin-1, well-defined LC3 

positive-autophagosomes were formed in a time-dependent manner, suggesting that 

Torin-1 was efficient in inducing autophagy (Figure 3.2.15). This could be inhibited 

with an autophagy inhibitor, 3-MA (Figure 3.2.16). Another inhibitor of autophagic 

flux, chloroquine prevented the lysosomal degradation of the autophagosomes, which 

resulted in the accumulation of large LC3 positive-autophagolysosomes (Figure 

3.2.16). To test whether inhibiting autophagy has an effect on clonogenic survival, 

cells were exposed to Torin-1 in the presence of chloroquine or 3-MA. Both these 

inhibitors appeared to have varied responses in the cell lines tested. In 3 of the 4 cell 

lines tested, chloroquine appeared to overcome (albeit modestly) Torin-1-mediated 

reduction in clonogenicity (Figure 3.2.17). In contrast, chloroquine treatment in UM- 

SCC-11B was too toxic and hence, could not rescue the effects of Torin-1 (Figure 

3.2.17). 3-MA rescued the effects of Torin-1 in UM-SCC-1 and UM-SCC-11B, had 

no effect in UM-SCC-81B, and enhanced Torin-1-mediated reduction in clonogenicity 

in FaDu (Figure 3.2.17). Since this experiment did not yield consistent results, RNA 

interference against two critical genes of autophagy, ATG5 and ATG7 were performed 

to inhibit autophagy. Although the siRNAs used efficiently knocked down these 

proteins, Torin-1-mediated reduction in clonogenicity could not be altered in cells 

lacking ATG5 and ATG7 (Figure 3.2.18). Taken together, it can be concluded that 

Torin-1-mediated reduction in clonogenicity could not be attributed to an induction of 

autophagy. 
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Figure 3.2.15: Torin-1 induces autophagy in a time dependent manner. UM-SCC- 

81B cells were grown on coverslips and exposed to 100 nM Torin-1 at multiple time 

points (0, 0.5, 2, 4, 16 h) and formation of autophagosomes was assessed by 

immunocytochemistry through the staining of endogenous LC3. Scale bar 10 µm. 

Quantification of autophagosomes was done by counting the number of 

autophagosomes per cell for 50 cells. Error bars represent standard error of the mean 

(S.E.M) from at least 3 independent experiments; **p ≤ 0.01. 
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Figure 3.2.16: Torin-1 mediated autophagy can be inhibited by autophagy 

inhibitors, 3-MA and CQ. UM-SCC-81B were seeded and exposed to either Torin- 

1 (100 nM) alone or in combination with either 3-MA (10 mM) or CQ (100 µM) for 

16 h. The formation of autophagosomes were assessed through the staining of 

endogenous LC3 from at least 3 independent experiments. Scale bar 10 µm. 
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Figure 3.2.17: Torin-1-mediated reduction in clonogenic survival is not due 

autophagy. HNSCC cell lines, UM-SCC-1, UMSCC-11B, UM-SCC-81B and FaDu 

were seeded at low density and treated with Torin-1 (2 nM) alone, or in combination 

with either 3-MA (1 mM) or CQ (0.5 µM) and left to grow for ~ 7-10 days. Cells were 

then fixed and stained with crystal violet and colonies counted using automated colony 

counter. Error bars represents standard error of the mean (S.E.M) from at least 3 

independent experiments, **p ≤ 0.01. 



81  

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 3.2.18: Genetic knockdown of proteins critical for autophagy induction 

does not overcome the effects of Torin-1 in decreasing clonogenicity. UM-SCC- 

81B cells were seeded and transfected with either control siRNA or siRNAs against 

ATG5 and ATG7. Cells were re-seeded 3 days post transfection at low density and 

treated with Torin-1 (2 nM) and left to grow for ~ 7-10 days. Cells were then fixed 

and stained with crystal violet and counted using automated colony counter. (a) 

Represents the fold change in clonogenic survival in UM-SCC-81B in cells with 

lowered expression of ATG5 and ATG7 in comparison to control si-transfected cells 

(the clonogenic potential is normalized to 1). (b) Representative images of the colonies 

observed after the indicated treatments. Error bars represent standard error of the mean 

(S.E.M) from at least 3 independent experiments. 
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3.3 Discussion 

 
Dysregulation of the mTOR signalling pathway has been associated with 

several malignancies 141. In HNSCC, inhibition of mTOR complexes 1 and 2 using 

Torin-1 was effective in reducing the clonogenic potential of different HNSCC cell 

lines in a 2D culture as well as reducing proliferation in a 3D spheroid model (Figures 

3.2.6-3.2.9 and 3.2.11). The expression levels of mTOR and p-mTOR varied across 

the cell lines tested, which could be due to the different mutations that can occur in 

HNSCC 142, 143, 144, 145. For instance, mutations in PI3K has been reported to make the 

cells more sensitive to mTOR/PI3K inhibitors 144 and loss of PTEN expression and/or 

function can modulate PI3K/mTOR sensitivity and resistance 146. Out of 8 cell lines, 

A253 and UM-SCC-74A have missense mutation in PTEN gene while UM-SCC-1 and UM-

SCC-11B carry a wild type gene. PI3KCA gene is amplified in UM-SCC-1, UM-SCC-11B 

and UM-SCC-74A while A253, FaDu and Detroit 562 have a wild type. Expression levels 

of p-mTOR correlated with its downstream signalling proteins, namely p-S6K and p- 

AMPK but not p-AKT (Figure 3.2.1). It must be noted that expression levels of p- 

AKT correlated well with the levels of total AKT, which suggested that there might 

be other kinases that are responsible for its phosphorylation. PI3K can activate AKT 

through the conversion of PIP2 to PIP3, in a reaction that can be inhibited by PTEN 

136. In 7 % of HNSCC, PTEN has a loss of function mutation 145, which could be 

attributed to the changes in the levels of p-AKT. Moreover, p-AKT is a downstream 

substrate of mTOR complex 2 and not complex 1, which again could impact its 

phosphorylation status (Figure 3.3.1) 147. 
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Figure 3.3.1: AMPK promotes mTORC2 signaling independently of mTORC1- 

mediated negative feedback. Akt can be phosphorylated at Ser473 indirectly by the 

phosphorylation of mTORC2 via AMPK during stress or low energy levels. 
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A comparison of the sensitivity of the different cell lines to Torin-1 (UM- 

SCC-1 > 81B > 17A > 11B = Detroit = 74A = FaDu > A253) to the expression levels 

of the major players in mTOR signalling, namely mTOR, p-mTOR, Raptor and Rictor 

revealed that the sensitivity of UM-SCC-1 could be due to the lowest expression levels 

of these proteins, which could enable Torin-1 to be most effective in this cell line 

(Figures 3.2.1 and 3.2.6). In contrast, A253 and FaDu express relatively high levels of 

these proteins and exhibit much resistance to Torin-1 (Figures 3.2.1,3.2.6 and 3.2.9). 

In the remaining cell lines, there was no direct correlation in respect to the level of 

expression and the sensitivity to Torin-1, suggesting that there may be other factors 

that may play a role in their resistance. 

Out of 8 cell lines tested, only FaDu and UM-SCC-17A cells succeeded in 

forming spheroids without the need of other supplements, such as B27 and N2 (Figure 

3.2.10). Although the other cell lines used in this study could be modulated to grow in 

spheroid culture with extra supplements (Dr. Parsons, University of Liverpool; 

personal communications), reports show that addition of such supplements could alter 

spheroid growth 148, which in turn could potentially alter mTOR signalling on its own. 

Furthermore, the concentration of Torin-1 used for treating spheroids was significantly 

higher than what was used in the clonogenic assay (Figure 3.2.11). This could be 

attributed to the differences in the access of the inhibitor to the cells, when grown as 

a 2D versus 3D culture. 

Since mTOR is a major negative regulator of autophagy, inhibition of mTOR 

either by nutrient deprivation or pharmacological agents, such as Torin-1, should 

activate autophagy as a survival mechanism and to prevent apoptosis 149. Indeed, 

exposure of cells to Torin-1 resulted in autophagy in a time dependant manner, with 

no indications of apoptosis (Figure 3.2.12 and 3.2.15). Exposure of cells to 3-MA 
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prevented the formation of autophagosomes by inhibiting phosphatidylinositol 3- 

kinases (PI3K) (Figure 3.2.16), whereas chloroquine accumulated in the lysosomes 

and neutralised its acidity, which in turn prevented the lysosomal degradation of the 

autophagosomes. This could be observed by the appearance of the swollen LC3- 

positive autophagolysosomes (Figure 3.2.16). Nevertheless, genetic knockdown of 

ATG5 and ATG7 convincingly demonstrated that the reduction in clonogenicity 

observed with Torin-1 is independent of an induction of autophagy (Figures 3.2.18). 

Therefore, it could be concluded that Torin-1 reduced the clonogenicity of HNSCC 

cell lines by some other mechanism. 

Taken together, this chapter focused on the effect of Torin-1 on HNSCC cell 

proliferation and concluded that the effect of Torin-1 was independent of apoptosis 

and autophagy. Rather, Torin-1 appears to exert its effect through a protein 

translational defect. The next chapter will focus on exploring the potential of 

combining Torin-1 with other conventional therapies in HNSCC. 
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Chapter 4 

Exploring potential therapies for combination 

with mTOR inhibition in HNSCC 
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4.1 Introduction 
 

Integrative approaches are needed for optimal management of head and neck 

cancers, as they comprise heterogenous tumours arising from different subsites 150. 

Surgery and radiotherapy (RT) are among the most frequent modalities used in the 

treatment of head and neck patients 150. The main goals of these regimes are to achieve 

a loco-regional control, better survival rate and minimal toxicity to the surrounding 

non-cancer tissues 151. The extent of using RT as a treatment strategy for different 

cancers varies widely. In head and neck cancers, RT has been used as a primary 

treatment and in the early stages of HNSCC, RT as a single modality is an effective 

with its cure rate comparable to what is achieved by surgery 152, 153. In more advanced 

HNSCC, a combination of surgery and RT is more effective in controlling metastasis 

and have a better survival rate in comparison to monotherapy 152. Choosing the 

appropriate approach for a patient depends on different factors, such as functional 

impairment that can be caused by that method and patient performance status when 

choosing the method 154. 

Combining RT with chemotherapeutic agents account for another promising 

approach for HNSCC patients. Radiosensitisers, such as PARP inhibitors, when used 

in conjunction with RT provides an increase in effectiveness of RT towards cancer 

cells. The rationale behind this combination is due the enzymatic functions of PARP 

(poly-ADP ribose polymerase) in repairing DNA damage 155. Thus, upon inhibition, 

PARP prevents any repair from occurring and in turn enhances the efficacy of RT. 

Moreover, PARP is highly expressed in cancers like TNBC and breast cancer, which 

exhibit high sensitivity towards PARP inhibitors, as these cancer cells are dependent 

on PARP for survival 156. In non-small cell lung carcinoma (NSCLC), Olaparib, a 

PARP inhibitor sensitizes the tumour to RT both in vivo and in vitro )157. Similarly, 
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EGFR monoclonal antibodies, such as Cetuximab and panitumumab have been used 

to sensitize the cytotoxic effect of RT, which results in complete or partial regression 

of tumour. In a randomized phase III trial, Cetuximab in conjunction with RT 

improved the overall survival in HNSCC patients and it was achieved without the toxic 

effects that normally occur with RT 158. 

In spite of advances in RT (proton beam therapy), acute toxicity, mucositis 

and dysphagia are frequently observed as a consequence of RT in HNSCC patients. 

Mucositis and dysphagia are developed in approximately 50% of patients, as a result 

of which patients needed symptomatic care for 12 weeks from the 3rd week of initiation 

of RT 159. Another rare but serious complication of RT is osteoradionecrosis (ORN), 

which can be defined as bone death that arises as a result of damage in blood vessels 

and normal tissues surrounding the bone following RT. This can result in significant 

deterioration of the patients’ quality of life 160. Surgery complemented with medical 

therapies such as topical or systemic antibiotics, pentoxifylline and tocopherol, or 

hyperbaric oxygen (HBO) can be used to treat ORN. The use of HBO was introduced 

in 1983 by Marx and later in 1985 was used as protentional therapy for ORN 161. HBO 

is based on administrating 100% oxygen at high pressure to increase the level of 

oxygen dissolved in the plasma independently of haemoglobin which can help in 

healing tissues post RT 162. 

Similarly, Cisplatin, first made in 1844 by M. Peyrone, has been of great 

interest over the years for treating solid tumours including cancers of head and neck 

163, 164. Cisplatin, a DNA alkylating agent that can interfere with DNA repair 

mechanism, considered as one of the first line treatment of HNSCC, either as a single 

agent or combined with irradiation. Combination of radiotherapy and Cisplatin in 

postoperative HNSCC patients resulted in controlled metastasis and low disease 
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progression 165. Despite the benefits, this combination resulted in high toxicity and 

severe side effects, including vomiting and cytopenia 165. 

In this chapter, mTOR kinases will be targeted using Torin-1 in conjunction with conventional 

therapies such as Cisplatin, RT and also other novel therapies including inhibitors of BCL-2 family 

members (BH3 mimetics), PARP kinase (Olaparib), Wee1 (AZD1775), the enzyme glutaminase (CB-

839), protein kinase A (H-89) and PP2A activators (FTY720, DT-061). Following these combinations, 

the extent of clonogenic survival in different HNSCC cell lines will be assessed, in an attempt to 

identify promising leads that could be taken for further studies. When the effect seen after the 

administration of two or more agents exceeds what is expected from a single agent, it is known 

synergism or super additivity. On the other hand, additivity is when the effect of the combination is 

similar to what a single agent can cause. Throughout the experiments in this chapter, cells were treated 

with Torin-1 for 16 h followed by the designated treatment.  
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4.2 Results 
 
 
 

4.2.1 Targeting mTOR kinases by Torin-1 does not exhibit a greater reduction in 

clonogenicity, when combined with cisplatin. 

Since Torin-1 caused a decrease in clonogenic survival, it was hypothesized 

that Torin-1 when combined with other conventional therapies, such as cisplatin, could 

have a synergetic effect in HNSCC cell lines. Therefore, cisplatin at a concentration 

of 500 nM was chosen based on IC50 calculations (based on studies independent from 

this thesis) for these studies. The cell lines exhibited different sensitivity towards 

cisplatin, which can be ordered from the most sensitive to most resistant as follows: 

 
 

UM-SCC-11B > UM-SCC-1 = UM-SCC-74A > FaDu 
 
 

Although the concentration of cisplatin for different cell lines should have been 

modified to be better reflect the IC50 measurements, due to time constraints, the 

concentration of cisplatin was fixed at 500 nM, as it decreased but not abolished the 

clonogenicity of the chosen cell lines (Figures 4.2.1). Cisplatin did not enhance the 

effect of Torin-1 in UM-SCC-1 and FaDu. In UM-SCC-11B Cisplatin alone induced 

a significant reduction, which made the effect of Torin-1 difficult to notice. In contrast, 

a significant reduction effect was observed when cisplatin was treated in 

combination with Torin-1 in UM-SCC-74A cells (Figures 4.2.1). These results 

indicate that co- administration of Cisplatin with Torin-1 may not offer any benefit 

over Cisplatin monotherapy in HNSCC. 
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Figure 4.2.1: Torin-1 does not synergise with Cisplatin to reduce the clonogenic 

potential of HNSCC cell lines. Oral cavity cell line, UM-SCC-1, laryngeal cell line, 

UM-SCC-11B, oropharyngeal cell line, UM-SCC-74A, and hypopharyngeal cell line, 

FaDu, were seeded at low density and treated with increasing concentrations of Torin-

1 first for 16 h, the following day they were combined with Cisplatin (500 nM). Cells 

were allowed to form colonies and counted for clonogenic assay using automated 

colony counter. Line graph represents the % relative clonogenicity of cells. Error 

bars represent standard error of the mean (S.E.M) from at least 3 independent 

experiments. ****p ≤ 0.0001, ***p ≤0.001, **p ≤ 0.01, *p ≤ 0.05. 
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4.2.2 Targeting mTOR kinases does not synergise with irradiation (IR) in 

HNSCC cell lines. 

As cisplatin failed to have a synergetic effect with Torin-1 in most of the 

HNSCC cell lines; the next step was to assess the effect of Torin-1 in combination 

with another conventional therapy, such as IR. A range of doses of γ-radiation was 

chosen (0.25 Gy- 2 Gy), which appeared to decrease the clonogenicity of all cell lines 

tested. The cell lines exhibited differential sensitivity towards IR, which can be 

ordered from the most sensitive to most resistant as follows: 

 
 

UM-SCC-1 > UM-SCC-74A > UM-SCC-11B > FaDu 
 
 

In FaDu, exposure to increasing doses of IR did not enhance the effect of 

Torin-1 in reducing the clonogenicity at higher IR dose, it increased the clonogenic 

potential of this cell line. In UM-SCC-1, Torin-1 (2 nM) on its own had a significant 

effect in reducing the clonogenicity, whereas co-treatment with IR had only a modest 

reduction effect (Figure 4.2.2). This is most likely because the concentration of 

Torin-1 used in this experiment for UM-SCC-1 was already too high to induce a 

significant reduction in clonogenicity on its own. In contrast, a modest effect of the 

combination in reducing clonogenicity was observed in UM-SCC-11B and UM-SCC- 

74A (Figure 4.2.2). Taken together, these results suggested that combining Torin-1 

with IR will most likely not have significant benefits over IR monotherapy in HNSCC 

patients. 
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Figure 4.2.2: Combination of γ-radiation and Torin-1 failed to decrease 

clonogenicity of HNSCC cell lines. Oral cavity cell line, UM-SCC-1, laryngeal cell 

line, UM-SCC-11B, oropharyngeal cell line, UM-SCC-74A, and hypopharyngeal cell 

line, FaDu, were seeded in a 6-well plate at low density and treated with Torin-1 (2 

nM) and exposed to 0, 0.5, 1, 1.5 and 2 Gy of γ-rays. Cells were allowed to form 

colonies and counted for clonogenic assay using automated colony counter. Colony 

counting showed additive effects of the combination in 3 out of the 4 cell lines tested 

but no synergy. Line graph represents the % relative clonogenicity of cells. Error bars 

represent standard error of the mean (S.E.M) from at least 3 independent experiments. 

****p ≤ 0.0001, **p ≤ 0.01, *p ≤ 0.05. 



95  

4.2.3 Targeting mTOR kinases does not synergise with Olaparib+IR combination 

in HNSCC 

Olaparib, a potent PARP1 and PARP2 inhibitor, is an antitumor drug and a 

dose intensifier for radiotherapy. Therefore, Olaparib was combined with Torin-1 to 

assess its effect on clonogenicity of HNSCC cell lines. The concentration of Olaparib 

was fixed at 200 nM in all cell lines, as lower concentrations had minimal effects on 

decreasing clonogenicity (data not shown). Since Olaparib is a radiosensitiser, the 

speculation was that IR+Olaparib combination would greatly be enhanced with 

Torin-1. However, only a modest reduction in clonogenicity was observed in some of 

the cell lines when exposed to IR+Olaparib (Figure 4.2.3). Therefore, further 

optimisations were performed to determine appropriate concentrations of Olaparib, 

following which the effects of a triple combination of Torin-1, Olaparib and IR were 

assessed. UMSCC-1, UM-SCC-11B, UM-SCC-74A and FaDu exhibited a modest 

additive effect with the triple combination (Figure 4.2.3). These results indicated that 

Torin-1 does not enhance the effect mediated by the combination of RT and Olaparib 

in HNSCC cell lines, thus failing to offer therapeutic benefits over monotherapy. 

 
 

4.2.4 Targeting mTOR kinases does not synergise with Wee1 kinase inhibitor + 

IR combination in HNSCC 

The Olaparib study was further extended to include a WEE1 tyrosine kinase 

checkpoint inhibitor, AZD1775. Since AZD1775 causes DNA damage and forces the 

cells to enter M phase, HNSCC cells were exposed to AZD1775 (10 nM) with or 

without Torin-1 (2nM) in presence of IR. In UM-SCC-1, AZD1775 had an additive 

effect towards IR however, adding Torin-1 to this combination enhanced this effect 

and reduced the clonogenicity significantly (Figure 4.2.4). 
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Figure 4.2.3: Torin-1 does not synergise with combination of Olaparib and IR to 

reduce the clonogenic potential of HNSCC cell lines. Oral cavity cell line, UM- 

SCC-1, laryngeal cell line, UM-SCC-11B, oropharyngeal cell line, UM-SCC-74A, 

and hypopharyngeal cell line, FaDu, were seeded at low density and treated with 

Torin-1 (2 nM) or Olaparib (200 nM) alone or in combination of both with increasing 

concentration of γ-rays (Gy). Cells were allowed to form colonies and colonies were 

counted for clonogenic assay using automated colony counter. Colony counting 

showed an additive effect of the combination and no synergy. Line graph represents 

the % relative clonogenicity of cells. Error bars represent standard error of the mean 

(S.E.M) from at least 3 independent experiments. **p ≤ 0.01, *p ≤ 0.05. 
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Figure 4.2.4: Torin-1 does not synergise with combination of Wee1 kinase 

inhibitor and IR to reduce the clonogenic potential of HNSCC cell lines. Oral 

cavity cell line, UM-SCC-1, laryngeal cell line, UM-SCC-11B, oropharyngeal cell 

line, UM-SCC-74A, and hypopharyngeal cell line, FaDu, were seeded at low density 

and treated with Torin-1 (2 nM) alone or AZD1775 (10 nM) or in combination of both 

with increasing concentration of γ-rays (Gy). Cells were allowed to form colonies and 

colonies were counted for clonogenic assay using automated colony counter. Error 

bars represent standard error of the mean (S.E.M) from at least 3 independent 

experiments. ****p ≤ 0.0001, ***p ≤0.001, **p ≤ 0.01, *p ≤ 0.05. 
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In UM-SCC-11B, there was a significant reduction in clonogenicity when the 

cells were exposed to AZD1775 and that effect was further enhanced with the addition 

of Torin-1 (Figure 4.2.4). In UM-SCC-81B there was a modest reduction in 

clonogenicity with either Torin-1 or AZD1775 and the triple combination had a 

modest effect in reducing the clonogenicity (Figure 4.2.4). These results indicated that 

Torin-1 does not enhance the effect mediated by the combination of RT and AZD1775 

in HNSCC cell lines, thus failing to offer therapeutic benefits over monotherapy. 

 

4.2.5 Targeting mTOR kinases does not synergise with inhibition of protein 

kinase A in most HNSCC cell lines 

As conventional therapies failed in attenuating the effect of Torin-1 in reducing 

clonogenicity, the next step was to try novel therapies, such as the inhibitor of protein 

kinase A (PKA), H-89 and assess the effects on clonogenicity of HNSCC cell lines. 

H-89 is a cell permeable inhibitor of PKA, which has been shown to inhibit cell growth 

and induce apoptosis in pancreatic cancer cells 166. Based on IC50 calculations, a 

concentration of 1 and 5 µM of H-89 was chosen for these studies. In three out of four 

cell lines tested, H-89 failed in decreasing the clonogenicity when combined with 

Torin-1. In UM-SCC-1, H-89 had an effect as a single agent and the effect was not 

enhanced by the addition of Torin-1 (Figure 4.2.5), whereas H89 significantly 

enhanced the effect of Torin-1 in UM-SCC-11B (Figure 4.2.5). In UM-SCC-81B, H- 

89 did not have any effect on clonogenicity but when combined with Torin-1, it had 

an adverse effect and increased the clonogenicity to a level that exceeded that of the 

control (Figure 4.2.6). FaDu exhibited a modest reduction when exposed to the 

combination (Figure 4.2.6). These results suggested that H-89 may not have 

therapeutic benefits for HNSCC patients when combined with Torin-1. 
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Figure 4.2.5: Torin-1 does not synergise with H-89 to reduce the clonogenic 

potential of UM-SCC-1 but did synergise with UM-SCC-11B cell lines. UM-SCC- 

1 and UM-SCC-11B were seeded at low density and treated with Torin-1 (2 nM) alone 

or in combination with H-89 (1 µM). Cells were allowed to form colonies and colonies 

were counted for clonogenic assay using automated colony counter. (a) Graph shows 

data in which DMSO and Torin-1 was normalised to 1.0, and the other treatments were 

depicted as fold changes in relation to DMSO. (b) Representative images of the 

colonies counted after treatment. Error bars represent standard error of the mean 

(S.E.M) from at least 3 independent experiments. 
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Figure 4.2.6: Torin-1 does not synergise with H-89 to reduce the clonogenic 

potential of UM-SCC-81B and FaDu cell lines. UM-SCC-81B and FaDu were 

seeded at low density and treated with Torin-1 (2 nM) alone or in combination with 

H-89 (1 µM and 5 µM respectively). Cells were allowed to form colonies and colonies 

were counted for clonogenic assay using automated colony counter. (a) Graph shows 

data in which DMSO and Torin-1 was normalised to 1.0, and the other treatments were 

depicted as fold changes in relation to DMSO. (b) Representative images of the 

colonies counted after treatment. Error bars represent standard error of the mean 

(S.E.M) from at least 3 independent experiments. 
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4.2.6 Targeting mTOR kinases does not synergise with activators of PP2A or 

glutamine inhibitor CB-839 in HNSCC cell lines. 

Activators of the enzyme protein phosphatase 2 A (PP2A) have shown promise 

in conjunction with mTOR inhibitors in other malignancies 167. To recapitulate these 

findings in HNSCC, PP2A activators, DT-061 and FTY720 (1 mM and 0.5 µM, 

respectively, based on IC50 calculations, as detailed previously) were chosen. For 

FTY720, UM-SCC-1 had a modest reduction in clonogenicity and combining it with 

Torin-1 did not enhance the effect further (Figure 4.2.7). In UM-SCC-11B and FaDu, 

FTY720 had a significant reduction in clonogenicity and when combined with Torin- 

1 it showed an adverse effect (Figure 4.2.7). In UM-SCC-81B the combination of 

FTY720 and Torin-1 showed a modest reduction in clonogenicity. DT-061 on the 

other hand, had a significant reduction in clonogenicity in UM-SCC-1 when combined 

with Torin-1 (Figure 4.2.7). However, this promising effect observed in UM-SCC-1 

could not be reproduced in the other cell lines, especially in FaDu and UM-SCC-11B; 

as the results with DT-061 were similar to the findings with FTY720 (Figure 4.2.7). 

Finally, a novel therapeutic combination of a glutaminase (GLS-1) inhibitor, 

CB-839 with Torin-1 was assessed. The rationale behind this is the activation of 

mTOR by GLS-1 168. Three out of the 4 cell lines tested, UM-SCC-1, UM-SCC-11B 

and FaDu had an additive effect when exposed to the combination of Torin-1 and CB- 

839, at a chosen concentration of 500 nM (Figure 4.2.8). In contrast, this combination 

did not exhibit any enhanced effect than single treatments in UM-SCC-81B (Figure 

4.2.8). Taken together, these findings revealed that targeting mTOR kinases in 

HNSCC does not seem to offer a significant benefit in combination with treatments 

that have otherwise been deemed promising for other cancers. 
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Figure 4.2.7: PP2A activators failed to synergise with Torin-1 in reducing 

clonogenicity in HNSCC cell lines. HNSCC cell lines were seeded at low density and 

treated with Torin-1 (2 nM) alone or in combination with FTY720 (500 nM) or DT- 

061 (1 mM). Cells were allowed to form colonies and colonies counted for clonogenic 

assay using automated colony counter. Colony counting showed an no significant 

effect of the combinations. Torin-1 was normalised to 1.0, and the other treatments 

were depicted as fold changes in relation to DMSO. Error bars represent standard error 

of the mean (S.E.M) from at least 3 independent experiments. 
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Figure 4.2.8: Torin-1 does not synergise with CB-839 to reduce the clonogenic 

potential of HNSCC cell lines. HNSCC cell lines were seeded at low density and 

treated with increasing concentration of Torin-1 in combination with CB-839 (500 

nM). Cells were allowed to form colonies and colonies counted for clonogenic assay 

using automated colony counter. Colony counting showed no significant effect of the 

combinations. Error bars represent standard error of the mean (S.E.M) from at least 3 

independent experiments. ***p ≤ 0.001, ** p ≤ 0.01. 
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4.2.7 Torin-1 does not synergise with inhibitors of either BCL-XL or MCL-1 in 

most HNSCC cell lines 

As BCL-XL and MCL-1 are highly expressed in HNSCC cell lines, the next 

step was to test the effect of BCL-XL or MCL-1 inhibitors in synergising with Torin- 

1 to reduce the clonogenic potential of HNSCC cell lines. The oral cavity cell lines, 

UM-SCC-1 exhibited a very modest additive effect with a combination of Torin-1 

with either BCL-XL inhibitor (A-1331852) or MCL-1 inhibitor (S63845) (Figure 

4.2.9). In laryngeal cell lines, UM-SCC-11B, A-1331852 appeared to have 

pronounced effects and the effect was not enhanced by the addition of Torin-1 (Figure 

4.2.9), whereas in the oropharynx cell lines, the additive effects, if any, were extremely 

modest (Figure 4.2.9). In hypopharyngeal cell lines, FaDu, exhibited an additive effect 

which was largely undetectable (Figure 4.2.9). 

HNSCC depends on both BCL-XL and MCL-1 for survival 169. This was 

further confirmed by checking the effect of BCL-XL inhibitor (A-1331852) and MCL- 

1 inhibitor (S63845) on tumour growth in a 3D spheroid culture. As evident in (Figure 

4.2.10), single administration of S63845, but not A-1331852 slightly reduced the 

spheroid volume of UM-SCC-17A cells, in comparison to the control, DMSO-treated 

cells. In contrast, a combination of both A-1331852 and S63845 diminished the 

spheroid structure within the first three days of the 12-day long experiment (Figure 

4.2.10). 
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Figure 4.2.9: Torin-1 does not synergise with either A-1331852 or S63845 in 

decreasing clonogenic potential of HNSCC cell lines. HNSCC cell lines were 

seeded at low density and treated with increasing concentrations of Torin-1, either 

alone or in combination with S63845 (100 nM). Cells were allowed to form colonies 

for 7-10 days. Upon detection of individual colonies, cells were fixed, stained with 

crystal violet and colonies counted for clonogenic assay using automated colony 

counter. In the graphs, the solid lines represent treatment with Torin-1 alone, whereas 

the dotted lines represent the combination of Torin-1 and S63845. Error bars represent 

standard error of the mean (S.E.M) from at least 3 independent experiments. ***p ≤ 

0.001, **p ≤ 0.01. 
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Figure 4.2.10: Spheroid volume was reduced following exposure to BH3 memtics 

in UM-SCC-17A. UM-SCC-17A cells were seeded at 500 cells/ well in ULA 96 well 

plate to form 3D spheroid structure. Once established, the spheroids were treated with 

either S63845 or A1331852 (100 nM each) or a combination of both agents for 12 

days. (a) Line graph represents the change in fold of spheroid volume over time. (b) 

Phase contrast images were taken every 3 days and spheroid volume was measured 

(scale bars 100 μm). Three replicates were performed. Error bars = Mean ± SEM 

(standard error of the mean); ***p ≤ 0.0001. 
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4.2.8 Torin-1 exhibits a very modest effect on the clonogenic survival in 

combination with BH3 mimetics 

 
 

As a single agent, BH3 mimetics did not have an inhibitory effect on colony 

formation and spheroid growth (Figure 4.2.9-4.2.10). On the other hand, a 

combination of BH3 mimetics had a significant effect on spheroid growth; suggesting 

that HNSCC cells depend on both BCL-xl and MCL-1 for survival 169. To assess 

whether Torin-1 would synergise with the combination of BH3 mimetics targeting 

BCL-xl and MCL-1, UM-SCC-81B cell line was treated with Torin-1 (2 nM) along 

with increasing concentration of both A-1331852 and S63845. Torin-1 (2 nM) alone 

reduced the clonogenicity by 40% when compared to the control (DMSO). The 

addition of both A-1331852 and S63845 (20 nM each) appeared to have a slight 

additive effect when combined with Torin-1 (Figure 4.2.11). At a higher concentration 

(50 nM) of the BH3 mimetics, UM-SCC-81B exhibited a significant decrease in 

clonogenicity, which was further elevated with the addition of Torin-1 (Figure 4.2.11). 

Taken together, these results suggested that Torin-1 could synergise with BH3 

mimetics at a narrow therapeutic window. Furthermore, these results implicated that 

Torin-1 could potentially enhance BH3 mimetic-mediated apoptosis, which will be 

studied further in the next results chapter. 
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4.2.11: Torin-1 modestly synergises with the combination of A-1331852 and 

S63845 in decreasing clonogenic potential of UM-SCC-81B. UM-SCC-81B cell 

line was seeded at a low density and treated with Torin-1 (2 nM), either alone or in a) 

combination of S63845 (20 nM) and A1331852 (20 nM), and b) combination of 

S63845 (50 nM) and A1331852 (50 nM). Cells were allowed to form colonies for 7- 

10 days. Upon detection of individual colonies, cells were fixed, stained with crystal 

violet and colonies counted for clonogenic assay using automated colony counter. 

Error bars represent standard error of the mean (S.E.M) from at least 3 independent 

experiments. **p ≤ 0.01, *p ≤ 0.05. 
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4.3 Discussion 
 
 

This chapter primarily focused on identifying potent therapeutic combinations 

with Torin-1 for treatments in HNSCC. Although other mTOR inhibitors, such as 

everolimus synergised with cisplatin in decreasing the growth of cancer cell lines, 

derived from nasopharyngeal carcinoma and urothelial bladder cancer 170, 171, 

Cisplatin failed to synergise with Torin-1 to decrease the clonogenicity of HNSCC 

cell lines (Figures 4.2.1) in this study. Whether this is due to the differences in the 

specificity of Torin-1 versus everolimus to target the different mTOR complexes 

remains to be studied. 

 
 

In head and neck cancers, surgery and radiotherapy are the most frequent 

therapeutic options to treat patients. Despite the differences in side effects, both 

methods have a similar cure rate for early-stage tumours 172. In advanced HNSCC, a 

single therapy is associated with poor outcome, thus necessitating effective 

combination therapies 172. However, high doses of irradiation usually accompany 

severe side effects, ranging from dry mouth, loss of the ability to speak, mucositis and 

dysphagia and acute toxicity. For that reason, a combination of Torin-1 and low doses 

of radiation was examined. Unfortunately, this combination did not have a synergistic 

effect; thus arguing against the benefits this combination can offer over radiation as 

monotherapy (Figures 4.2.2). This was also the case for Olaparib and AZD1775 

combinations either with Torin-1 or when used in combination with IR and Torin-1 

(Figures 4.2.3-4.2.4). 
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Protein Phosphatase 2 A (PP2A) is a serine/threonine phosphatase that consists 

of a catalytic subunit C and a scaffolding subunit A which both contribute to the 

structure of the enzyme. It has a role in many cellular functions such as cellular growth, 

metabolism, cell cycle and apoptosis. PP2A is a negative regulator of PI3K and MAPK 

pathways and it is a tumour suppressor protein. Small molecules activators of PP2A 

(SMAPs) directly binds to PP2A and inhibit growth and induce apoptosis through 

dephosphorylation of ERK and AKT 167, 173. Hence, the hypothesis was that the 

combination of PP2A activators (DT-061 and FTY720) and Torin-1 would inhibit 

P13K pathway and be a promising therapeutic target for HNSCC. Unfortunately, the 

combination did not offer the desired outcome and therefore, failed in being a potential 

therapeutic option for HNSCC (Figure 4.2.7). That could be due to a loss of function 

of PTEN or hyperactivation of PI3K, which is upstream of mTOR; thus obviating the 

need for Torin-1. 

 
 

Glutaminolysis is an essential pathway where glutamine is converted to 

glutamate through a hydrolysis reaction catalysed by the enzyme glutaminase (GLS). 

It is the first and rate limited step in glutaminolysis pathway 174, 175. Glutamine is the 

most abundant amino acid circulated in the blood and it is crucial for the survival of 

cancer cells as it is counted as a source of energy that promotes essential cellular 

processes, such as the synthesis of purines, pyrmidines, fatty acids, non-essential 

amino acids 174 and is responsible of the activation of mTOR (Figure 4.3.1). GLS has 

a high expression level in variety of cancer including non-small lung carcinoma 176, 

prostate cancer 177 breast, oesophagus and head and neck cancers and it is linked to a 

poor survival rate 178, which makes it a prognostic marker and therapeutic target for 

multiple cancers. CB-839, a glutaminase inhibitor, has shown efficacy in renal 
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Figure 4.3.1: Illustration of a KG activation of mTOR. In the presence of Leucine, 

aKG converts GDP-bound Rag B/C complex to GTP-bound Rag B/C, which in turn 

activates mTOR. 
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. 

carcinoma, non-small lung carcinoma and triple negative breast cancer 179, 180, 181. 

Although CB-839, in combination with everolimus, is both well tolerated and 

efficacious against renal cell cancer 181, it failed to synergise with Torin-1 in HNSCC 

(Figure 4.2.8) in this study. 

 
 

Apoptosis is one of the most widely studied subject in cell biology and 

understanding this pathway can provide insight not only into the progression of a 

disease, but also into how it can be treated. In cancer, there is an imbalance between 

the proliferation rate and cell death of abnormal cells, which leads to the accumulation 

of abnormal cells and formation of tumours, thus emphasising the need for new 

therapeutic options to target the apoptotic pathways 182. Most cancer therapies are 

designed to induce cell death by targeting the intrinsic pathway of apoptosis. At 

mitochondrial level, this pathway is regulated by the BCL-2 family of proteins 84. 

Cancer cells keep apoptosis in check by overexpressing the anti-apoptotic proteins 

(BCL-2, BCL-XL and MCL-1), which bind to the pro-apoptotic BH3-only proteins, 

thus preventing mitochondrial outer membrane permeabilization, cytochrome c 

release and eventually apoptosis 84. The high expression levels of BCL-2 family of 

proteins in multiple cancers have led to the development of a novel category of small 

molecule inhibitors called BH3 mimetics that target the anti-apoptotic BCL-2 family 

of proteins to induce apoptosis 183. The first inhibitor identified was ABT-737 and its 

orally bio-available form, ABT-263 (Navitoclax), which inhibit BCL-2, BCL-w and 

BCL-XL 128, 184 These discoveries were followed by the development of more selective 

inhibitors, such as ABT-199 (Venetoclax), which selectively inhibits BCL-2 and was 

recently approved by FDA for the treatment of chemorefractory chronic lymphocytic 

leukaemia 129, S63845, which selectively inhibits MCL-1 and A-1331852, a selective 
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inhibitor of BCL-XL 133, 183. Chronic myeloid leukaemia cell line, K562, for instance, 

depends on BCL-XL for survival, and using A-1331852 is the most appropriate 

approach to target that protein and induce apoptosis 96. Unlike haematological 

malignancies, which depend on a single anti-apoptotic BCL-2 family of proteins for 

survival 185, 186, most solid tumours, including HNSCC depend on two anti-apoptotic 

proteins, BCL-XL and MCL-1 169. In HNSCC cell lines, targeting either BCL-XL or 

MCL-1 using A-1331852 or S63845, respectively was not enough to reduce 

clonogenicity when used as a single agent or when combined with Torin-1. However, 

a combination of Torin-1 and A-1331852 + S63845 resulted in significant reduction 

of spheroid growth in 3D culture. Similarly, a modest effect was detected in the 

clonogenic assay when this combination was used. 

Collectively, these findings suggest that Torin-1 does not provide a promising 

therapeutic combination with either conventional or novel agents over monotherapies 

in head and neck cancer cell lines. This could be attributed to the mechanism by which 

Torin-1 inhibits mTOR in comparison to other inhibitors. Torin-1 is a highly selective 

ATP competitive inhibitor, whereas rapamycin, for instance, is an allosteric inhibitor. 

Moreover, it must be noted that clonogenic assays, whilst commonly used as a 

predictor of in vitro drug sensitivity, they have a number of limitations, such as plating 

efficiency, tumour heterogeneity, the difference between in vivo and in vitro 

sensitivities to drugs, as well as responsiveness to drugs when cells from different 

passage numbers are seeded at low densities. Therefore, it would be premature to 

dismiss the potential of these combinations solely based on negative results from 

clonogenic assays. 
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Chapter 5 

Characterizing the mitochondrial role of 

mTOR inhibition in the context of 

apoptosis in HNSCC 
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5.1 Introduction 

 
BH3 mimetics induce apoptosis by disrupting the integrity of mitochondria. 

As mentioned earlier, mitochondrial membrane permeabilization is a major step in 

apoptosis and this process is highly regulated by a dynamic network within the 

mitochondrial structure, which allows it to constantly divide (fission) and fuse 

(fusion). Fission is a process by which mitochondria divide into two or more structures 

and it is regulated by Drp-1, a GTPase that belongs to dynamin family of proteins 187, 

188. During fission, Drp-1 translocates from the cytosol onto the mitochondrial fission 

sites, where it binds to its receptors, namely MFF, MiD49, MiD51 and Fis1. 

Subsequently, Drp-1 forms a tight ring-like structure around the mitochondria, 

providing a force which eventually leads to division. Drp-1 activity is dependent on 

its phosphorylation status. Phosphorylation of Drp-1 at Ser616 by cyclin-dependent 

kinases, for instance, induces its activity and results in enhanced fission. On the other 

hand, phosphorylation at Ser637 has the opposite effect 189. 

Fusion, a process by which two individual mitochondria fuse together is 

regulated by GTPase proteins that belong to dynamin family of proteins, namely optic 

atrophy 1 (OPA-1), mitofusins 1 and 2 (MFN1 and MFN2). While MFN1 and MFN2 

are responsible for fusion of the outer mitochondrial membranes, OPA-1 regulates the 

fusion of the inner mitochondrial membranes. Furthermore, OPA-1 is also responsible 

for maintaining cristae structure and cytochrome c redistribution within the 

mitochondria. OPA-1 exists as three short (S OPA-1) and two long (L OPA-1) 

isoforms. During cell death, mitochondrial membrane dynamics play an integral role 

as it marks the commencement of the intrinsic pathway. OPA-1 proteolysis results in 

reshaping of cristae and cytochrome c release into intermembrane space, following 

which cytochrome c can be released into the cytosol through BAK/BAX pores on the 
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MFN1 

OPA-1 MFN2 

outer mitochondrial membrane190. Previous work in Varadarajan lab showed that BH3 

mimetics can induce mitochondrial structural changes, such as loss of cristae, matrix 

swelling and breakage in the outer-membrane, in a Drp-1 dependant manner 191. 

 
 
 
 

 

 

 
Figure 5.1.1: Mitochondrial fission and fusion processes. Fusion is mediated by 

MFN1 and MFN2 on the mitochondrial outer membrane and OPA-1 on the inner 

membrane where they promote the merging of two mitochondria. On the other hand, 

fission is controlled by DRP-1. Upon binding to its receptor, it aligns in a ring shape 

structure around the mitochondria which eventually segment the mitochondria into 

two parts. 

Drp-1 
 
 

MFF 
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mTORC1 promotes several mitochondrial processes such as respiration, 

tricarbolic acid (TCA) cycle and protein translation through the recruitment of specific 

mRNA to ribosomes for increased translation that result in energy production, cellular 

growth and proliferation. One of these proteins is mitochondrial fission process 

protein1 (MTFP1), also called MTP18. MTFP1 is an inner mitochondrial protein that 

inhibit mitochondrial hyperfusion and its overexpression results in mitochondrial 

fragmentation 192. MTFP1 activity is coupled with the phosphorylation status of Drp- 

1. In nutrient rich situation, mTORC1 promotes the translation of MTFP1, which 

accompanies a normal balance between Drp-1 phosphorylation at Ser616 and Ser637 

192. As a result, mitochondria in a nutrient rich environment are able to maintain a 

dynamic balance between fission and fusion. On the other hand, mTORC1 inhibition 

will result in a decreased expression of MTFP1 and increased phosphorylation of Drp- 

1 at Ser637, which results in hyperfused mitochondria. This could explain why 

mTORC1 inhibition does not result in enhanced apoptosis, as mitochondrial 

fragmentation (structural perturbation) is an integral feature of apoptosis induction. 

Although targeting mTOR kinases, either alone or in combination with several 

chemo/radiotherapies, reduced the clonogenic survival of HNSCC cell lines, none of 

these combinations resulted in enhanced cell death. This chapter will be aimed at 

assessing the crosstalk between mTOR inhibition, apoptosis and mitochondrial 

dynamics in the context of HNSCC. In order to address this, this chapter is aimed at 

answering the following questions: 

1. Does Torin-1 regulate mitochondrial membrane dynamics? 
 

2. Does Torin-1 alter phosphorylation and mitochondrial translocation of Drp-1? 
 

3. Could Torin-1-mediated mitochondrial effects impinge upon MOMP and 

apoptosis? 
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5.2 Results 

 
5.2.1 Torin-1 results in mitochondrial hyperfusion. 

 
Since Torin-1 failed in synergising with most therapeutic combinations to 

reduce the clonogenicity and increase the extent of apoptosis of HNSCC cell lines, it 

was speculated that this could be attributed to the effect of Torin-1 in regulating 

mitochondrial structure. To assess that, experiments were performed using UM-SCC- 

81B in which cells were exposed to an increasing concentration of Torin-1 (0-100 nM) 

for 16 h. Cells were fixed and assessed for mitochondrial integrity by 

immunofluorescence using antibodies against a mitochondrial marker (HSP70). Even 

at concentrations as low as 1 nM, mitochondria appeared elongated or hyperfused and 

HSP70 staining showed a filamentous network of mitochondria (Figure 5.2.1). These 

results suggested that Torin-1 indeed has an effect on mitochondrial structure integrity 

and might play a role in fission or fusion processes. 

 
 

5.2.2 Torin-1- mediated mitochondrial hyperfusion accompanies changes in the 

phosphorylation status of Drp-1 

To examine whether Torin-1-mediated mitochondrial hyperfusion is due to 

enhanced fusion or a loss of fission, the expression levels of mitochondrial fission and 

fusion proteins were analysed by western blotting. Although Torin-1 did not alter the 

expression levels of OPA-1 or total Drp-1, there was an increase in the 

phosphorylation levels of Drp-1 637 and a reduction in Drp-1 616 phosphorylation 

levels, which indicate that the fission process is supressed (Figure 5.2.2). These 

changes were accompanied with a loss in MTFP1 expression levels (Figure 5.2.2). 
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Figure 5.2.1: Exposure to Torin-1 causes mitochondrial hyperfusion. UM-SCC- 

81B cell lines were treated with increasing concentration of Torin-1 (1,10,100 nM) for 

16 h. Cells were then fixed and immunostained against a mitochondrial marker 

HSP70. The dotted boxes in the images are enlarged in the right panel for better 

visualisation of the changes in mitochondrial structure. Scale bar 100 μm. 

Experiment was performed three times. 
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Figure 5.2.2: Torin-1 causes changes in mitochondrial dynamics and promotes a loss in 

MTFP1 expression. UM-SCC-81B were exposed to increasing concentration of Torin-1 

(0,10,100 nM) for 16 h. The cells were assessed for western blotting using indicated antibodies 

(* denotes a non-specific band). (a,b,c,d,e) represents different isoforms of OPA-1.
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5.2.3 Torin-1 does not appear to affect Drp-1 translocation 
 
 

Since Torin-1 altered Drp-1 phosphorylation to favour hyperfusion, it was 

speculated that Torin-1 could affect the translocation of Drp-1 from cytosol to the 

mitochondrial membranes. To test this, UM-SCC-81B cell line was exposed to 

increasing concentration of Torin-1 (1,10,100 nM) for 16 h, following which the cells 

were processed for immunostaining with antibodies against Drp-1 and HSP70. In 

control cells, Drp-1 appeared to be scattered between the mitochondria and cytosol 

and the mitochondria appeared to be normal with no evidence of hyperfusion or 

fragmentation. Upon Torin-1 treatment, mitochondrial hyperfusion was evident as 

shown previously (Figure 5.2.1). However, Torin-1 did not appear to affect Drp-1 

translocation to the mitochondria, as Drp-1 punctate distribution was observed both in 

the cytosol as well as the mitochondria (Figure 5.2.3). Since Torin-1-mediated 

hyperfusion accompanied changes in Drp-1 phosphorylation but not Drp-1 

translocation, it could be concluded that the translocation experiment will have to be 

refined further to include extensive quantitation and other biochemical analyses, 

including subcellular fractionation. 
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Figure 5.2.3: Torin-1 does not appear to prevent mitochondrial translocation of 

Drp-1 in UM-SCC-81B. UM-SCC-81B were treated with increasing concentration 

of Torin-1 (0,1,10,100 nM) for 16 h. After that, cells were fixed and immunostained 

for Drp-1 localisation (red) and mitochondrial marker HSP70 (green). The dotted 

boxes in the images are enlarged in the right panel for better visualisation of the 

changes in mitochondrial structure. Scale bar 10 µm. 
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5.2.4 Torin-1 -mediated mitochondrial hyperfusion does not confer resistance to 

apoptosis 

 
 

Since HNSCC cell lines depend on both BCL-XL and MCL-1 for survival, 

inhibitors that target both these proteins will induce apoptosis in these cells 169. 

Previous reports showed that BH3 mediated apoptosis occur in a Drp-1-dependant 

manner 193. Since Torin-1 resulted in mitochondrial hyperfusion, most likely via the 

phosphorylation of Drp-1, it was speculated that Torin-1 could antagonise BH3 

mimetic-mediated apoptosis. For this, UM-SCC-81B were treated with Torin-1 for 16 

h followed by 4 h exposure to A1331852+S63845. BH3 mimetics induced an 

extensive apoptotic death, which was not overcome by Torin-1 at any of the 

concentrations used (Figure 5.2.4). This indicated that Torin-1 does not prevent cell 

death mediated by BH3 mimetics. 

These results were hardly surprising as Torin-1 enhanced BH3 mimetics- 

mediated apoptosis in chemoresistant cancer cell lines, derived from haematological 

malignancies. This was performed in an independent study in which chemoresistant 

haematological cell lines were re-sensitised to BH3 mimetic-mediated apoptosis by 

concurrent administration of Torin-1 (Figure 5.2.5). Since this study is not directly 

related to the main focus of this thesis, this is not addressed extensively beyond Figure 

5.2.5. 
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Figure 5.2.4: Torin-1 does not prevent apoptosis caused by BH3 mimetics. Bright 

field images of UM-SCC-81B exposed to indicated Torin-1 concentration for 16 h 

followed by a combination of S63845 and A13311852 at 100 nM each. Scale bars at 

100 μm. 
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Figure 5.2.5: Torin-1 increases apoptosis in resistant K562 cell line. The bar graph 

shows the effect of Torin-1 on K562 cells, which are made resistant to the BH3 

mimetic A-1331852. Cells were exposed to Torin-1 (10 nM) for 16 h followed by 4 h 

exposure to A-1331852 (50 nM) and PS externalisation was assessed by FACS. Error 

bars represent standard error of the mean (S.E.M) from at least 3 independent 

experiments. ***p ≤ 0.001. 
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5.2.5 Torin-1-mediated mitochondrial hyperfusion does not prevent BH3 

mimetic- mediated cytochrome c release 

 
 

Drp-1 has previously been shown to be critical for BH3 mimetics-mediated 

cytochrome c release from the mitochondria. Since Torin-1 altered Drp-1 

phosphorylation status without affecting Drp-1 translocation, it was important to 

confirm whether Torin-1 altered BH3 mimetic-mediated cytochrome c release 

upstream of apoptosis (Figure 5.2.6). To assess whether Torin-1 mediated 

mitochondrial hyperfusion could prevent BH3 mimetic-mediated cytochrome c 

release in HNSCC cell lines, UM-SCC-81B cells were exposed to a combination of 

A1331852 and S63845 (at 100 nM each) with increasing concentration of Torin-1 and 

assessed for cytochrome c release. As expected, cells exposed to a combination of A- 

1331852 and S63845 induced profound cytochrome c release in the cell line tested 

(Figure 5.2.7). Surprisingly, co-administration of Torin-1 did not antagonise BH3 

mimetic-mediated cytochrome c release, suggesting that targeting mTOR kinases does 

not negatively regulate apoptosis. Therefore, it is important to determine the functional 

role of Torin-1-mediated phosphorylation of Drp-1 at Ser637. 
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Figure 5.2.6: A schematic diagram of the effect of Torin-1 on the distinct steps 

leading to apoptosis. BH3 mimetics induce apoptosis by activating and oligomerizing 

pro-apoptotic proteins, BAX and BAK. Drp-1 has been shown to act upstream of BAX 

and BAK activation persumably by phosphorylation at Drp-1 Ser616. Since Torin-1 

prevented Drp-1 phosphorylation at Ser616, it is possible that Torin-1 could negatively 

regulate the downstream pathways. However, Torin-1 has been shown to enhance 

BH3 mimetic- mediated apoptosis (denoted by + in the scheme). Whether Torin-1 will 

influence BH3 mimetic-mediated cytochrome c release (hence denoted by a dashed 

line) remains to be seen. 
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Figure 5.2.7: Torin-1 does not prevent BH3 mimetics mediated cytochrome c 

release. UM-SCC-81B were treated with increasing concentration of Torin-1 

(0,10,100,1000 nM) for 16 h followed by Z-VAD (30 µM) for 30 mins. Cells were 

then exposed to a combination of A1331852 and S63845 (100 nM each) for 4 h. Cells 

were fixed and immunostained for mitochondrial marker HSP70 (green) and 

cytochrome c release (red). Scale bar 10 µm. Cytochrome c release was quantified by 

counting ~100 cells from 3 independent experiments. 
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5.2.6 Torin-1 alters the extent of mitochondrial fragmentation mediated by BAY- 

2402234 

 
 

Dihydroorotate dehydrogenase (DHODH), a key enzyme in pyrimidine 

biosynthesis, is located in the mitochondria and it converts Dihydroorotate to orotate 

in the De novo pyrimidine biosynthesis pathway. BAY-2402234 is a DHODH 

inhibitor that binds to the catalytic site of the enzyme and suppress its action 194. 

Targeting DHODH activity has been used to treat variety of diseases, including cancer 

195. In UM-SCC-81B, BAY- 2402234 (100 nM) resulted in extensive mitochondrial 

fragmentation, as evident by HSP70 staining (Figure 5.2.8). Exposure to Torin-1 (100 

nM) resulted in the reversal of BAY-2402234-mediated mitochondrial fragmentation 

(Figure 5.2.8). 
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Figure 5.2.8: BAY-2402234-mediated mitochondrial fragmentation is reversed 

by co-administration of Torin-1. UM-SCC-81B cell lines were treated with Torin-1 

16 h followed by BAY-2402234 (100 nM) for 36 h. Cells were then fixed and 

immunostained against a mitochondrial marker HSP70. Scale bar 100 μm. 
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5.2.7 Torin-1 rescues BAY-2402234 -mediated cell death 
 
 

Further studies were performed to assess whether Torin-1 could rescue BAY- 

2402234-mediated cell death and other mitochondrial effects. Firstly, to assess the 

effect of Torin-1 on BAY-2402234-mediated cell death, UM-SCC-81B was treated 

with BAY-2402234 (100 nM) for 36 h. Exposure to BAY-2402234 resulted in 

extensive cell death, which was effectively rescued by Torin-1, as evidenced by bright 

field microscopy (Figure 5.2.9), as well as a reversal in PARP cleavage (Figure 

5.2.10). 

 
 

5.2.8 Torin-1 rescues other mitochondrial effects mediated by BAY-2402234 
 
 
 

Since the extensive cell death mediated by BAY-2402234 was reversed by 

Torin-1, the next step was to determine if Torin-1 alters the expression levels of 

proteins that regulate mitochondrial dynamics. For this, the phosphorylation levels of 

Drp-1 at Ser637 and Ser616 were assessed. BAY-2402234 -mediated mitochondrial 

fragmentation accompanied a decrease of Drp-1 Ser637 and increase of Drp-1 Ser616 

(both events are associated with enhanced mitochondrial fragmentation), both of 

which were completely reversed by Torin-1 (Figure 5.2.10). Taken together, these 

experiments convincingly demonstrated that Torin-1 prevented both mitochondrial 

effect and cell death triggered by BAY-2402234. 



133  

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 5.2.9: BAY-2402234 mediated cell death is rescued by exposure to Torin- 

1. Bright field images of UM-SCC-81B cell lines in which they were treated with 

BAY-2402234 (100 nM) followed by treatment of Torin-1 (100 nM) for 16 h. Scale 

bar 100 µ. Experiment was repeated three times. 
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Figure 5.2.10: Torin-1 reverses mitochondrial changes mediated by BAY- 

2402234. UM-SCC-81B cell line was treated with Torin-1 (100 nM) for 16 h followed 

by BAY-2402234 (100 nM) for 36 h. Cells were lysed and processed for western blot 

analysis (* denotes a non-specific band). 
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5.2.9 The anti-apoptotic effect of Torin-1 does not extend to mTORC1 inhibitors 
 
 

Although Torin-1 exhibited an antiapoptotic effect following BAY-2402234, as 

assessed by the extent of PS externilisation, other inhibitors of mTORC1 rapamycin 

(100 nM) and everolimus (100 nM) had little effect on BAY -2402234- mediated cell 

death (Figure 5.2.11). These findings suggested that simultaneous inhibition of 

mTORC1 and mTORC2 may be required to antagonize cell death mediated by BAY- 

2402234. 

 
 
 
 
 

 
Figure 5.2.11: Torin-1 significantly recuses BAY-2402234- mediated cell death in 

comparison to rapamycin and everolimus. UM-SCC-81B cell line was treated 

with BAY-2402234 (100 nM) for 36 h, alone or in combination with either Torin-1 

(100 nM), rapamycin (100 nM) or everolimus (100 nM). Error bars represents 

standard error of the mean (S.E.M) from at least 3 independent experiments. ***p ≤ 

0.001, *p ≤ 0.05. 
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5.3 Discussion 
 
 

This chapter is focused on understanding the connection between mTOR 

inhibition and mitochondrial dynamics in the context of apoptosis. Torin-1 resulted in 

significant mitochondrial hyperfusion, which accompanied changes in Drp-1 

phosphorylation (Figure 5.2.1-5.2.2). Moreover, Torin-1 also decreased the translation 

of MTFP1 (Figure 5.2.2). These changes in MTFP1 expression and Drp-1 

phosphorylation could explain why the mitochondria are hyperfused. This is in 

agreement with a previous report that shows a reduction in MTFP1 expression 

mediated by mTOR inhibition resulted in elongated branched mitochondria and this 

mitochondrial morphology was accompanied with changes in Drp-1 phosphorylation 

status 192. Furthermore, this could also explain the cytostatic effect observed following 

Torin-1 treatment (Figure 3.2.12). 

 
 

Since Torin-1 causes mitochondrial hyperfusion, proliferative defect and no 

apoptosis, it was speculated to antagonise BH3 mimetic-mediated mitochondrial 

fragmentation and apoptosis. However, Torin-1 treatment failed to reverse BH3 

cytochrome c release (Figure 5.2.7). Although Torin-1-mediated changes in Drp-1 

phosphorylation has been attributed to mitochondrial hyperfusion (Figure 5.2.2), 

whether Torin-1 would retain this function in the presence of BH3 mimetics has yet 

to be confirmed. In contrast, when another apoptotic agent, such as BAY-2402234 

was used, Torin-1 not only prevented mitochondrial fragmentation, but it also reversed 

BAY-2402234 mediated changes in Drp-1 phosphorylation (Figures 5.2.8 and 5.2.10). 

To explain further, BAY-2402234 causes an increase in Drp-1 Ser616, which results 

in mitochondrial fragmentation and this in turn can be reversed by Torin-1, as Torin- 
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1 decreases Drp-1 Ser616 phosphorylation and consequently prevent fragmentation 

(Figures 5.2.8 and 5.2.10). It is interesting to note that Torin-1-mediated changes in 

Drp-1 phosphorylation does not influence the mitochondrial translocation of Drp-1 

(Figure 5.2.3). There is some evidence that BH3 mimetic-mediated apoptosis does not 

involve any alteration in Drp-1 phosphorylation 196. This could explain why Torin-1 

when combined with BH3 mimetics does not prevent mitochondrial fragmentation, 

unlike the rescue observed when combined with BAY-2402234. Therefore, the effect 

observed with Torin-1 could be a stimulus-dependant effect and could occur 

independently of Drp-1 phosphorylation status. Further studies are required to couple 

/uncouple Drp-1 phosphorylation and mitochondrial translocation in the context of 

Torin-1 and BH3 mimetics. 

Since Torin-1 does not affect BH3 mimetic-mediated mitochondrial 

translocation of Drp-1 or mitochondrial fragmentation, it is hardly surprising to note 

that Torin-1 does not prevent BH3 mimetics-mediated cytochrome c release and 

apoptosis (Figures 5.2.4 and 5.2.7). In contrast, Torin-1 antagonises BAY-2402234- 

mediated Drp-1 phosphorylation, mitochondrial fragmentation as well as apoptosis 

(Figures 5.2.8-5.2.10). Therefore, it is reasonable to assume that Torin-1 probably also 

prevented BAY-2402234-mediated mitochondrial translocation of Drp-1, BAX/BAK 

activation and oligomerisation as well as cytochrome c release. These experiments, 

however, could not be performed in this thesis due to time constraints. Nevertheless, 

this hypothesis could couple Drp-1 phosphorylation and mitochondrial translocation 

in the context of apoptosis. 
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Chapter 6 

General discussion 
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6.1 mTOR inhibitors in cancer therapy 

 
Given the wide range of cellular events that mTOR complexes control, it is no 

surprise that mTOR signalling activation is linked to cancer incidence and progression. 

The activation of mTOR complexes offers tumours a significant growth advantage, 

with increased protein synthesis and decreased autophagy. Enabled mTOR signalling 

has been linked to an increase in tumour progression and, in some cases, a decrease in 

patient survival 197. mTOR expression levels, as well as its downstream targets eIF4E, 

4EBP1, S6K1, and S6, have been shown in some studies to be a potential diagnostic 

and prognostic biomarkers for cancers, such as head and neck. In a study that involved 

25 laryngeal squamous cell carcinoma (LSCC) patients, treated with surgery followed 

by RT, mTOR expression levels were high, which correlated with higher risk of 

recurrence and reduced rate of disease-free survival 198. As a result, targeting mTOR 

pathway and the use of mTOR inhibitors offers a promising option for cancer 

therapies. To achieve this, scientists have developed first- and second-generation 

mTOR inhibitors for cancer therapy. 

Despite the high efficacy of these inhibitors in blocking mTOR activity, their 

therapeutic potential in cancer treatments is limited. A study using everolimus on 656 

advanced gastric cancer patients concluded that everolimus did not have a significant 

effect on overall survival 199. Similarly, in another clinical study for non-small cell 

lung carcinoma (NSCLC), everolimus did not have desirable clinical benefits for 

patients, despite reaching tolerable doses in patients 200. Clinical trials using other 

mTOR inhibitors, such as Temsilrolimus in advanced prostate cancer also failed to 

exhibit sufficient clinical benefits on the patients 201. This can be due to different 

reasons. Firstly, the majority of alterations and mutations resulting in mTOR 

activation in cancer are observed in the signalling proteins that are located upstream 
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of mTOR. One of the most common alteration occurs within the catalytic domain of 

PI3K, which results in the activation of mTOR through Akt/TSC complex 202. This 

alteration has been shown in a variety of cancers. For instance, PI3K gene is often 

amplified in ovarian cancer, and mutation within PI3K kinase domain is common in 

breast, colorectal, endometrial and gastric cancers 203. Moreover PTEN, a tumour 

suppressor and negative regulator of PI3K, is a commonly mutated gene and its loss 

of function can lead to hyperactivation of mTOR. PTEN mutation has been observed 

in a variety of cancers, including hepatic cell carcinoma 204 breast and prostate cancers 

205. Genetic heterogeneity in the mTOR signalling pathway could also be a 

contributing factor to ineffective therapies. An immunohistochemical staining of 

phosph-4E-BP1and phosph-S6K1, as a marker for mTOR activity in human cancer 

cells, exhibited varying degree of staining within the same sample 206. In addition, 

genome sequencing of human renal carcinoma cells displayed mutation within mTOR 

kinase domain that was not present in every single renal carcinoma cell 207. Secondly, 

negative feedback loops are commonly found to disrupt overactive mTOR signalling. 

For instance, PI3K/AKT/mTROC1 when active leads to activation of its downstream 

effector, S6K. S6K in turn results in the phosphorylation and degradation of insulin 

receptor substrate (IRS-1). This prevents IRS-1 from binding to its receptor, thereby 

inhibiting mTOR activation through insulin/IGF-1 signalling 208 209. Pharmacological 

inhibition of mTOR could relieve this negative feedback pathway and as a result, 

constitutively activate PI3K/AKT 208, 209. This will be counterintuitive as uncontrolled 

PI3K/AKT activation could result in cancer cell proliferation. Furthermore, a short- 

term inhibition of mTORC1 using rapalogs can result in the compensatory activation 

of mTORC2 210, which also promotes cell survival via Akt activation and 

phosphorylation at Ser473 210. Thirdly, mutations in the kinase and FRB domains of 
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mTOR as well as in TSC1/TSC2 have been associated with chemoresistance to 

rapalogs in treatment of renal 211 and bladder cancers 212. 

Due to the unsatisfactory response to the first generation mTOR inhibitors (most 

likely for the reasons mentioned above), mTOR inhibitors have been used in 

combination with other conventional therapies to maximise their effect. In a phase II 

trial of RCC patients, everolimus was combined with Lenvatinib, a VEGF (vascular 

growth factor) inhibitor, and it resulted in extended progression free survival in 

comparison to monotherapy 213. In phase II trials of patients with metastatic large-cell 

neuroendocrine carcinoma (LCNEC), everolimus was combined with carboplatin and 

paclitaxel in which the drug combination showed high efficacy and maximum 

tolerance 214. In a phase II trial of patients with non-Hodgkin’s lymphoma, a 

combination of Rituximab and everolimus showed an improved response rate and it 

was well tolerated by patients 215. Although these studies are encouraging, numerous 

other studies report no therapeutic advantage. For instance, a combination of 

everolimus with EGFR inhibitor, Gefinitib in patients with metastatic prostate cancer 

exhibited no anti-tumour activity 216. Similarly, everolimus had no effect when 

combined with Sunitinib in advanced RCC 217. However, studies exploring therapeutic 

combinations with mTOR inhibitors continue to be conducted. In patients with locally 

advanced/metastatic ER+ (Estrogen Receptor Positive) breast cancer, AZD2014, a 

dual mTOR inhibitor, is administered in combination with Palbociclib (a cyclin 

dependent kinase inhibitor) in an ongoing phase II trial to assess the effect on tumour 

size (ClinicalTrials.gov Identifier: NCT02599714). 

 
 
 

The recently developed dual mTOR inhibitors as well as PI3K/mTOR inhibitors 

demonstrate excellent efficacy in cell lines as well as xenograft models but are yet to 
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be examined in the context of clinical trials 218, 219, 220, 221. INK128, for instance, can 

enhance the radiosensitivity of pancreatic carcinoma cell lines 219. Similarly, 

Paclitaxel- resistant gastric cancer cell lines demonstrate enhanced anti-tumour 

response when treated with BEZ235, a dual PI3K/mTOR inhibitor, in comparison with 

everolimus 222. It would be interesting to assess whether the in vitro potency and 

efficacy of these new inhibitors could extend to cancer therapy in patients. 

It must however be noted that treatment with mTOR inhibitors could result in 

undesirable adverse effects. These include hyperglycaemia, hypertriglyceridemia, and 

hypercholesterolemia, as well as thrombocytopenia, anaemia, nausea, and stomatitis 

223, 224. This is unsurprising as mTOR inhibition has been reported to impair glucose 

homeostasis and increase insulin resistance and gluconeogenesis in the liver 225, as 

well reduce fatty acid β-oxidation and ketogenesis 226. In a phase II study of patients 

with metastatic prostate cancer, MLN0128, a dual mTOR inhibitor, has been 

associated with adverse side effects including fatigue, anorexia, and rash 227. On a 

more worrying note, a study involving the mTORC1 inhibitor, everolimus on HNSCC 

patients reported that 30% of the cohort were withdrawn as a result of intolerable 

toxicity, whereas the rest experienced grade 3 toxicity 228. 

In the context of head and neck cancer, mTOR inhibitors have generally been 

promising as monotherapy. Reduced cell proliferation has been observed following 

rapamycin in SCC-15 cells 229 and temsirolimusin FaDu and FaDu 9000 cells 230. 

Similar reduction in tumour growth of xenografts, derived from HNSCC cell lines, 

HN21, CAL27, and UM-SCC-11B, have been observed following rapamycin 229 and 

temsirolimus230. everolimus, repressed tumour growth and decreased the number of 

lymph nodes in mice upon treatment and resulted in overall survival 231. In the clinic, 

mTOR inhibitors, rapamycin, everolimus, Temsirolimus, have been used as 
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monotherapy in advanced or metastatic head and neck cancer. In a phase II clinical 

trial, 16 patients received rapamycin for 21 days. Despite the short treatment time, 

rapamycin resulted in significant clinical response, marked by reduction in tumour 

growth measured clinically by CT (computerized tomography) and FDG-PET 

(fluorodeoxyglucose (FDG)-positron emission tomography) scans, as well as 

immunohistochemistry staining for p-S6K1 and p-Akt levels, as a marker for mTOR 

signalling inhibition 232. In contrast, the efficacy of everolimus in 9 patients with 

recurrent/metastatic HNSCC was rather discouraging in that 7 out of the 9 patients had 

no response to treatment and 2 patients experienced high toxicity and discontinued the 

treatment. This indicated that everolimus as monotherapy may not be effective in 

HNSCC 228. In another study involving a larger cohort of cetuximab-refractory, 

recurrent and/or metastatic squamous cell carcinoma, temsirolimusreduced tumour 

size and enhanced progression free survival rate of patients 233. However, the lack of 

predictive parameter for treatment success with these inhibitors highlight the need for 

precise molecular analyses for future studies. The reasons for such disparate response 

to the different rapalogs are not clear. Moreover, rapalogs cause cancer stabilization 

but not tumour regression, demonstrating that they are cytostatic. As a result, rapalogs 

are unlikely to cure cancer, despite the fact that some clinical trials are still studying 

their anticancer efficacy 234. 

Combining mTOR inhibitors with radiation, chemotherapeutic agents, or other 

targeted therapeutic agents has been shown in some studies to result in synergistic 

suppression of head and neck cancer. In mice with FaDu- and SCC40-derived 

xenografts, a combination of temsirolimusand radiation resulted in augmented 
 

inhibiton in tumour size in comparison to radiation alone 235. A combination of 

temsirolimuswith paclitaxel, and carboplatin in patients with recurrent/metastatic 
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HNSCC revealed a partial response from the 18 patients enrolled in the study, as 

several patients experienced high toxicity (anaemia, leukopenia, thrombocytopenia, 

and hyperglycaemia). As a result, a second phase of this study is ongoing using a lower 

dose of temsirolimus236. 

In clinical trials for HNSCC, the use of mTOR inhibitors has emerged as a novel 

treatment choice. However, there is not enough clinical trials to validate the direct 

function of these agents in HNSCC tumour response or survival, since no prospective, 

randomized Phase III trials have been reported to date (Table 6.1). Furthermore, most 

of these trials revealed that mTOR inhibition often accompanies moderate to severe 

skin, kidney and haematological side effects. This usually requires dose reduction, 

which in turn affects the treatment efficacy. Finally, the expression levels of mTOR 

varies greatly in cancers and blocking its activity is rather challenging. All these 

reasons, taken together, could explain why mTOR inhibitors are not effective as 

monotherapy in treatment of cancer 234. 
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Treatment Phase Condition Trial ID Status 

everolimus + Cisplatin +RT I IHNSCC NCT01057277 Terminated 

everolimus + Carboplatin 
 
 + Paclitaxel 

I/II IHNSCC NCT01333085 Completed 

everolimus + previous RT I HNSCC NCT03578432 Recruiting 

everolimus + Erlotinib II RHNSCC NCT00942734 Completed 

everolimus + Docetaxel  
 
+ Cisplatin 

I LAHNSCC NCT00935961 Completed 

Temsirolimus + Cetuximab II RMHNSC NCT01256385 Completed 

Temsirolimus + Cisplatin  
 
+ Cetuximab 

I/II RMHNSC NCT01015664 Terminated 

 
 

Table 6.1: mTOR inhibitors in HNSCC trials as monotherapy or in combination 

with other conventional therapies. INHNSCC stands for inoperable HNSCC; 

RHNSCC - recurrent HNSCC; LAHNSCC - locally advanced HNSCC; RMHNSCC 

- recurrent or metastatic HNSCC. 
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6.2 Factors contributing to inconsistent success rates of mTOR inhibitors in 

combination therapy 

Solid tumours arise as a result of genetic aberration that causes alteration in their 

metabolic signalling pathways. Targeting theses pathways utilising a single 

therapeutic agent does not provide a sustainable effect towards tumours. Therefore, 

the use of two or more selective agents in combination, to block or substantially delay 

signal traffic down these pathways, will result in optimal and long-term clinical gain. 

In breast cancer, PARP inhibitor Olaparib, when combined with everolimus in 

BRCA2-mutated patient-derived xenografts showed tumour regression 237. Another 

study revealed that inhibition of PI3K/mTOR pathway can sensitise endometrial 

cancer cells to Olaparib 238. These studies suggest the possibility of combining mTOR 

inhibitors with PARP inhibitor for a targeted therapeutic strategy for cancer patients. 

However, a similar effect was not seen in this thesis as combination of Olaparib and 

Torin-1 did not sensitise the cells to IR (Figure 4.2.3). One possibility to explain the 

lack of efficacy could be due to the HPV negative status of the cells used in this thesis. 

It is known that HPV positive HNSCC tend to activate mTOR signalling pathway 

through increased mitochondrial respiration, whereas HPV negative HNSCC 

demonstrate high glucose metabolism, evident by high oxygen consumption and 

lactate production 239. HPV negative HNSCC exhibit radio resistance and increased 

growth and survival in comparison to HPV positive cells, as HPV positive have high 

expression levels of pyruvate dehydrogenase, which inhibits pyruvate entry into the 

mitochondria to elicit TCA cycle. This can lead to higher sensitivity towards IR 239. 

Another mechanism that explains the high radio sensitivity of HPV positive cells is IR 

promote cell death by the accumulation of double strand break (DSBs) within DNA 

and HPV positive cells lack the ability for DNA repair due to an increase expression 
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level of p16 which impair the recruitment of RAD51, an enzyme that aid in DNA 

DSBs repair, to the site of DNA damage by downregulation of cyclin D1 expression 

240. Taken together, the combination of Olaparib and Torin-1 could be more promising 

in sensitising the HPV positive HNSCC cells to IR. 

Tumour cells evade apoptosis in a highly orchestrated mechanism that involves 

changes in the expression levels of distinct BCL-2 family of proteins 84. Targeting 

these proteins to enhance apoptosis in cancer cells is an attractive therapeutic 

approach. For this reason, BH3 mimetics that target the anti-apoptotic BCL-2 family 

of proteins were developed as anti-tumour drugs. One of the challenges associated 

with BH3 mimetic therapy is the acquired chemoresistance that is brought about by 

the upregulation of multiple members of the BCL-2 family, thereby altering the 

dependence of a cancer cell from one protein to another. For instance, in resistant acute 

lymphoblastic leukemia (ALL), combining mTOR inhibitor, CCI-779, with BCL- 

2/BCL-XL inhibitor, ABT-737, enhanced apoptosis of the resistant cells 241. This was 

attributed to CCI-779-mediated reduction of MCL-1 expression, which was deemed 

to be the contributing factor of chemoresistance 241. Regardless of combination 

therapies, BH3 mimetics have generally been quite promising in haematological 

cancers, as these malignancies often depend on a single BCL-2 family member for 

survival. For instance, CLL depends on BCL-2 for survival, CML on BCL-XL and 

AML on MCL-1 96, 129, 133, 186. However, unlike haematological malignancies, BH3 

mimetics do not offer a promising therapeutic option in solid tumours. The reason for 

this is attributed to the dependence of solid tumours on multiple BCL-2 proteins. In 

the case of HNSCC, the cells depend on both BCL-XL and MCL-1 for survival 169As 

a result, in this thesis, a synergic effect could not be seen when individual BH3 

mimetics were combined with Torin-1 in the cell lines tested (Figure 4.2.9). On the 
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other hand, a triple combination of Torin-1, BCL-XL and MCL-1 inhibitors had a 

significant effect in comparison to the use of single BH3 mimetics (Figure 4.2.11). 

This finding is not in agreement with another study that reported that a combination 

of mTOR inhibitor, either BEZ235 or AZD8055 with ABT-263 (BCL-2 and BCL-XL 

antagonist) resulted in significant apoptosis in triple negative breast cancer cells, as 

well as in a xenograft model, in comparison to utilising each inhibitor alone 242. Since 

these cell lines depend on both MCL-1 and BCL-XL for survival 243, the synergistic 

effect was attributed to the reduction of MCL-1 expression levels via mTOR 

inhibition, which in turn resulted in sensitising the cells to ABT-263-induced cell 

death 242. Given that rationale, HNSCC cell lines would have been expected to be 

sensitised to A-1331852-mediated apoptosis, particularly when MCL-1 expression is 

downregulated via mTOR inhibition. However, a similar effect was not seen in this 

study. It is likely that the concentration of Torin-1 used in this study was not sufficient 

to induce a reduction in MCL-1 expression levels. alternatively, Torin-1 could induce 

a compensatory mechanism enabling the overexpression of other antiapoptotic 

proteins for survival. It must be noted that mutations in EGFR genes are more common 

in HNSCC compared to TNBC244, which correlates with poor overall survival 245. 

Whether this contributes to the difference in sensitivity to BEZ235 or AZD8055 with 

ABT-263 remains to be characterised. 

Protein Phosphatase 2A (PP2A) is a serine/threonine phosphatase that is 

responsible for regulating different signalling pathway such as, KRAS 246, cell cycle 

progression, p53 stability, as well as DNA damage response 247, 248. PP2A is a tumour 

suppressor but can act as an oncogene when downregulated, thus indicating its 

important role in regulating kinase activity. In pancreatic cancer, PP2A activity 

generally downregulated, owing to high expression levels of its endogenous inhibitor, 



149  

Cancerous inhibitor of protein phosphatase 2A (CIP2A), and correlates with reduced 

survival rate 249. In pancreatic cancer, mTOR inhibition as monotherapy has had little 

success in inducing cell death, and could be attributed to KRAS-mediated enhanced 

MYC activity, which occurs upstream of PI3K/mTOR pathway 250. This could be 

overcome by combining PP2A activators, such as DT1154 and OP449, along with an 

mTOR inhibitor, INK128, to reduce MYC expression and inhibit PI3K/mTOR 

pathway 250. Since HNSCC has been reported to exhibit high expression levels of 

CIP2A, which also correlated with disease progression 251, it was speculated that a 

similar combination of PP2A activator and mTOR inhibition could enhance cell death 

in HNSCC cell lines. However, in this thesis, no such synergy was observed when 

Torin-1 was combined with PP2A activators, FTY720 and DT-061. Whether such lack 

of efficacy is due to CIP2A expression levels remains to be seen, as some pancreatic 

cancer cells that had high CIP2A levels also failed to respond to this proposed 

combination 252. 

As PI3K/Akt/mTOR pathway is altered in cancers, Ras/Raf/MEK/ERK 

(MAPK) is often activated by changes in upstream signalling molecules, such as 

tyrosine kinase receptors 253. Mutations in Ras, observed in 30% of human cancers, 

can result in constitutively active Ras kinase that leads to the activation of its 

downstream effectors, thus promoting cancer cell survival and proliferation 254. An 

interconnection between PI3K/Akt/mTOR and MAPK have been identified through 

multiple studies. Ras has been shown to directly bind and activate PI3K, which in turn 

can activate mTOR 255. Alternatively, Ras-mediated activation of ERK can 

phosphorylate TSC1/TSC2 and regulate mTOR activity 256. This crosstalk pathway is 

inundated with multiple feedback loops, as mTORC1-mediated S6K1 activation can 

negatively regulate PI3K (negative feedback), which in turn could prevent Ras 
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activation 257. Thus, mTORC1 inhibition can lead to Ras activation and that is 

dependent on the negative feedback of S6K on PI3K 257 (Figure 6.1). 

 
 
 
 
 

 
 

 
Fig 6.1: Schematic diagram of the mechanisms of action of mTOR and MEK 

inhibitors. mTOR activation leads to S6K1 activation, which results in inhibiting 

PI3K, as well as Ras pathway via a negative feedback loop (top left). Upon using 

mTOR inhibitors, this negative feedback signal is lost and result in activation of PI3K 

and Ras pathway (top right). Combining both mTOR and MEK inhibitors inhibit cell 

survival (bottom). Activated proteins are represented by blue outline, whereas 

inhibited proteins are represented by red outlines. 
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In cancer cell biology, MEK kinase is one of the most known kinase of 

Ras/Raf/MEK/ERK cascade. MEK dysregulation is observed in variety of cancers 

including melanoma, pancreatic, lung, colorectal, ovarian and breast cancers and it 

plays an important role in cancer cell survival which makes it a potential therapeutic 

target for cancer therapy 258, 259, 260. In hepatocellular carcinoma (HCC), both MAPK 

and mTOR pathway is hyperactivated and an administration of MEK inhibitor, 

PD901, and mTOR inhibitor, MLN0128, resulted in profound reduction in cellular 

growth of HCC both in vivo and in vitro 261. A similar effect was seen in ovarian cancer 

cell line when dual PI3K/mTOR inhibitor, PF-04691502, and MEK inhibitor, PD- 

0325901. The combination resulted in synergistic growth suppression in vivo and in 

vitro 262. Since this combination was effective in cell lines it is reasonable to test if the 

same effect is feasible in patients. Several clinical trials are underway using a 

combination of PI3K/mTOR and MEK inhibitors 263. This combination has not been 

tried in the context of HNSCC in this thesis, due to time constraints. It would be 

interesting to assess the relative expression levels of the distinct members of the 

MAPK pathway, their crosstalk mechanisms in HNSCC and whether targeting MEK 

and mTOR together would result in synergy. 

One of the most essential amino acids in cancer cells metabolism is glutamine. 

As cancer cells undergo rapid growth and proliferation, they require a source of 

energy, so they adapt their nutrient metabolism to utilise glutamine. Since the 

establishment of the importance of glutamine for cancer cell survival, several studies 

have been conducted to exploit glutamine availability for anti-cancer therapies 264. 

Benzylserine and L-γ-glutamyl-p-nitroanilide (GPNA) is an inhibitor of glutamine 

transporter SLC1A5 that in non-small cell lung carcinoma (NSCLC) showed a 

decrease in glutamine uptake, cellular growth and induced apoptosis 265. However, this 
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effect was not specific to cancer cells and resulted in toxicity to normal cells. Inhibitors 

of the enzyme GLS, CB-839 and bis-2-(5-phenylacetamido-1,2,4-thiadiazol-2- 

yl)ethyl sulfide (BPTES) (69-70)266, 267, supressed tumour growth in a variety of 

cancers in vivo and in vitro 179, 268. In hepatocellular carcinoma, a recent study 

elucidated that glutamine deficiency when combined with mTOR inhibition results in 

an adaptive mechanism for survival through autophagy. Increased autophagy flux aids 

in restoring Akt levels, post-glutamine deficiency and abrogates its proteasomal 

degradation, which in turn results in cell survival 269. Although this adaptive 

mechanism was seen in hepatocellular carcinoma, the specificity of this phenomena is 

unknown. However, this highlighted an important link between mTOR pathway and 

glutamine metabolism, which could explain our findings upon using Torin-1 and CB- 

839. 

The interpretations of efficacy or lack of it based on cell line-based assays do 

not provide an accurate estimation of the therapeutic combinations mentioned in this 

study. It limits the evaluation of the effect as it lacks the in vivo microenvironment 

present in patient tumour. This could be alleviated only by performing suitable in vivo 

studies. Moreover, clonogenic assay, that forms the major read-out to determine the 

therapeutic efficacy of drug combinations in this thesis, is an in vitro assay that 

measures the ability of a single cell to divide and form a colony of ~50 cells. Although 

it is widely used method to assess the effect of a drug/gene on cellular proliferation 

rate, the measurement is based on the assumption of a linear relationship between the 

number of cells seeded versus the number of colonies counted. Errors in plating 

efficiency could vastly compromise the accuracy of this method 270, 271. Proliferation 

and viability assays in cell cultures are two distinct techniques used to monitor health 

and response of cells post treatments. Viability assays are used to measure the 

number of healthy living cells based on their metabolic activity, for instance MTT 
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assay, it measures the ability of living cells to metabolise and reduce yellow tetrazole 

is to purple formazan which can then be measure by spectrophotometer. Another 

simple inexpensive technique of measuring viable cells is Trypan blue, a dye 

exclusion test, viable cells will not take up the dye which makes it easy to 

differentiate between live and dead cells under the microscope. Proliferation assays 

are used to monitor cellular division and cell number over a period of time. 

Clonogenic assay can measure the ability of cells to proliferate as it is based on the 

ability of a single cell to grow and form a colony. A possibility of a better option to 

study the effectiveness of this drug combination is by using explant culture. Explant 

culture has more advantages in comparison to 2D culture, as it simulates the 

environment of tumour within an organ. They can retain the biological signals required for the 

morphology and homeostasis of the tumour. This would be ideal to assess cell death by 

monitoring the cleavage of PARP or caspase-3 (apoptotic markers). However, since the 

combinations used in this study were mainly cytostatic and only caused a proliferation defect 

with no induction of apoptosis, the proliferation defect could be potentially studied by utilising 

proliferation markers, such as Ki67 272. Another method would be to use 3D organoid models, 

which can be developed within months. Organoids that resemble tissue including liver, 

pancreas, thyroid, kidney, lung and retina have been successfully established in vitro 273, 274, 275. 

However, despite the advances in making organoids models and the resemblance towards real 

tumour tissues, they lack vasculature that is essential for nutrient and waste transportation, as 

well as tissue complexity seen in vivo 275. A more sophisticated approach to study cancer 

biology and metabolism is the use of animal model. Animal models are important for pre-

clinical research as they give an insight of tumour growth, metastasis, drug response as well 

as providing the accurate resemblance of tumour microenvironment. 
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6.3 Avenues to enhance the therapeutic efficacy of mTOR inhibition 

 
In some cancer cell lines, such as neuroblastoma, glioblastoma, and colorectal 

cancer, a novel form of cell death known as micropinocytosis has been identified 276. 

Micropinocytosis is characterized by the formation of macropinosomes vesicles 

through the fusion of a plasma membrane ruffles or lamellipodia with the plasma 

membrane and enclosing extracellular fluid 277. These vesicles are formed by 

projecting from the plasma membrane and contain no organelle and thus, are 

distinctive from autophagosomes by containing only a single membrane 277. These 

vacuoles can fuse together and rupture causing cell death. Dual inhibition of mTORC1 

and mTORC2 using MLN0128, Torin-1, PP242 and OSI-027 causes extensive 

macropinosomes formation in rhabdomyosarcoma (RMS) cells 277. rapamycin or 

mTORC2 knockdown alone have a minimum or reduced effect of micropinocytosis, 

in comparison to the combination of rapamycin and mTORC2 downregulation 277. 

This indicates that mTORC2 is important for macropinosomes formation, and has 

been shown in both cell line and xenograft models of RMS. This has also been 

observed in HeLa, MCF7 and CW9019 cells 277, which indicates that this phenomenon 

occurs in a variety of cancer cell lines. The cell death that occurs as a result of 

micropinocytosis is distinct from apoptosis (absence of cleaved caspase 3) or 

autophagy (no induction of LC3B) 277. Therefore, further exploration of how Torin-1 

influences micropinocytosis, and the precise molecular events involved in 

micropinocytosis could enhance our understanding of how this can be exploited in a 

therapeutic context. 

 

Mitochondria elongation is mediated through mTOR/4EBP1/MTFP1 axis. 

mTOR promotes the mRNA translation of MTFP1, the levels of which regulates 

mitochondrial fission-fusion dynamics. Downregulation of MTFP1 results in 
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mitochondrial hyperfusion whereas overexpression of MTFP1 results in 

mitochondrial fragmentation 192. Hyperfusion is an adaptive mechanism acquired by 

the cell to evade cell death mediated by mTOR inhibition. MTFP1 regulates 

fusion/fission processes by modulating DRP-1 phosphorylation downstream of mTOR 

by mechanisms that are yet to be understood. In theory, MTFP1 levels can be 

modulated to alter the effects (hyperfusion/ fission or survival/death) of Torin-1 

(Figure 6.2). 

 

Doxorubicin is a chemotherapeutic agent that has been used in treatment of 

variety of cancers 278. Doxorubicin increases the formation of free radical and 

oxidative stress within the cell which leads to mitochondrial changes and activation of 

apoptotic pathway 279. In cardiomyocytes, exposure to Doxorubicin induced apoptosis 

and caused mitochondrial fission in a time dependant manner and this effect was 

accompanied with an increase in MTFP1 expression levels 280. In theory, MTFP1 

levels can be modulated by using Doxorubicin and in combination of Torin-1 and in 

can have a potential therapeutic outcome for patients. 
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Figure 6.2: Illustration of mTOR inhibition on mitochondrial dynamics. mTOR 

controls cell fate by regulating the expression level of MTFP1. mTOR regulates 

mitochondrial fission by promoting the translation of MTFP1. When mTOR is 

inhibited, MTFP1 expression levels decrease, which leads to mitochondrial 

hyperfusion coupled with DRP-1 phosphorylation. When mTOR inhibition is 

combined with overexpression of MTFP1 it will lead to cell death via mitochondrial 

fragmentation (Adapted from Morita, M., et al 2017). 
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6.4 Conclusion 
 
 

The main conclusions from this study are as follows: 

 
• Inhibition of mTORC1 and mTORC2 impaired cellular growth and reduced 

proliferation in 2D and 3D spheroid culture of HNSCC cell lines. 

• Co administration of Torin-1 does not seem to provide a therapeutic advantage 

over monotherapies in the clonogenic assay of HNSCC cell lines. Further in 

vivo studies will have to be performed to confirm these observations. 

• Unlike its cytostatic effect and autophagy induction, Torin-1 differentially 

regulated apoptosis in a stimulus dependant manner. 

• The antiapoptotic property of Torin-1 could be attributed to its role in 

mitochondrial hyperfusion, changes in phosphorylation levels of Drp-1 as well 

as MTFP1 expression. 
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