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Abstract

Introduction: Advanced clear cell renal cell cancer (CCRCC) is incurable, but
molecularly targeted treatments have improved the prognosis. One such
molecular target is the mammalian target of rapamycin (mTOR) and two
rapalogues (everolimus and temsirolimus) have been licensed for the treatment
of advanced CCRCC, but resistance to treatment is a significant problem. Novel
mTOR kinase inhibitors show more complete blockade of mMTOR downstream
targets, and greater in vitro anti proliferative activity, although resistance

remains a problem.

Hypotheses: 1) CCRCC cell lines, resistant to mTOR kinase inhibition could be
generated in vitro through continuous culture in drug, and 2) mediators of
resistance could be identified through screening cells at the mRNA and
protein/phosphoprotein level, or by examining the signalling in resistant cells to

identify the re-activation of key mTOR targets.

Methods: Resistant cells were created by continuous culture in the PI3K-mTOR
kinase inhibitor BEZ235. Resistance was assessed by CellTiter-Glo viability
assays and clonogenic assays. mRNA microarray and antibody arrays were
conducted. Intra-cellular signalling was assessed by western blotting. The
functional relevance of identified markers of resistance were assessed with small

molecule inhibitors and siRNA protein depletion.

Results: BEZ235 resistant cells were created and had a 14 fold higher growth

inhibitory 50 (Glso) concentration compared to sensitive cells (99 nM vs. 7 nM).

xvii



Array screening of the cells identified markers, but not mediators of resistance

(MET, Abl, MEK/ERK and the Notch pathway).

In BEZ235 resistant cells, the downstream mTOR target 4E-BP1 was re-
phosphorylated, despite evidence of on-going blockade of another mTOR target,
S6. Recovery of 4E-BP1 phosphorylation was associated with increased protein
expression of the mTOR binding partner RAPTOR, and could be reduced by
depletion of RAPTOR, or by the addition of rapamycin. Both of these

interventions partially reversed BEZ235 resistance.

Conclusions: RAPTOR protein up-regulation, represents a novel mechanism of
resistance to mTOR kinase inhibition and can be partially overcome by
rapamycin. The combination of BEZ235 and rapamycin warrants further
investigation to evaluate its potential to overcome resistance to mTOR kinase

inhibition in RCC.
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Chapter 1 Introduction

1 Introduction

1.1 Renal cancer

Renal cell cancer (RCC) is an abnormal and uncontrolled growth of cells that
arises within the kidney, but that has the potential to invade local structures and
spread to distant parts of the body. It shares the characteristics of cancer that
were first published by Hanahan and Weinberg in 2000, and updated in 2011
(Hanahan and Weinberg 2000, Hanahan and Weinberg 2011). The original six
hallmarks of cancer as they called them were “self-sufficiency in growth signals,
“Insensitivity to anti-growth signals”, “tissue invasion and metastasis”, “limitless
replicative potential”, “sustained angiogenesis”, and “evading apoptosis”. In 2011
two emerging hallmarks were added, “deregulating cellular energetics” and

“avoiding immune destruction”, as well as two enabling characteristics, “genome

instability and mutation”, and “tumour promoting inflammation”.

As will be detailed in the following sections, renal cancer is a significant public
health problem, but is not a single entity. Rather, this is a heterogenous group of
cancers that all arise from the kidney, but do not share all of the same
characteristics (Linehan et al. 2013). As will be shown, renal cancer is sometimes
curable, and in recent years much more treatable than in the recent past, but

metastatic disease remains fatal and resistance to treatment is a major problem.
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1.1.1 Epidemiology of renal cancer

The latest statistics on renal cancer within the UK come from 2011 and showed
10,144 new diagnoses per annum (http://www.cancerresearchuk.org/health-
professional /cancer-statistics/statistics-by-cancer-type/kidney-cancer). There
is a male preponderance of renal cancer with an incidence of 20.1 cases per
100,000 men compared to 12.1 cases per 100,000 women. This made renal
cancer the 8th most common cancer overall (7t most common cancer in men,
and 10t most common in women) (ONS 2014). The risk of developing renal
cancer increases with age, and 75% of cases are diagnosed in individuals over
the age of 65. The incidence of renal cancer is also increasing with time over the

last 40 years (Ljungberg et al. 2011).

The prevalence of renal cancer reveals some keys facts about its prognosis.
Despite an annual incidence of approximately 10,000, the one year prevalence is
5080 (in 2006), while five year prevalence is 17,237, and the 10 year prevalence
is 26,503 ((NCIN) 2010). The relatively lower prevalence with time indicates
that there is a short life expectancy associated with renal cancer. In 2011, there
were 4,189 deaths from renal cancer in the UK (61% in men) making renal
cancer the 12 most common cause of cancer death in the UK accounting for 3%
of all cancer deaths (http://www.ons.gov.uk/ons/rel/vsob1/mortality-statistics-

-deaths-registered-in-england-and-wales--series-dr-/2013 /index.html).

While metastatic disease remains incurable, there have been significant
improvements in survival from renal cancer in the last 40 years. One year

survival rates have risen from 45% to 71%, 5 year survival rates from 28% to
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54%, and 10 year survival rates from 25% to 44%. In many cancers, 5 year
survival is often equated with cure, but in renal cancer, survival continues to
decline beyond five years. Renal cancer is known for its late recurrences after
prolonged disease free intervals, and also the rate of progression varies greatly
between individuals such that 5 year survival with metastatic disease also occurs

(Jonasch et al. 2014).

There are several risk factors for renal cancer, both environmental and genetic.
The risk of developing renal cancer is associated with cigarette smoking
(Mellemgaard et al. 1994), hypertension (Shapiro et al. 1999b) and obesity
(Shapiro et al. 1999a), as well as workplace exposure to chemicals such as the
solvent trichloroethylene (Brauch et al. 1999). Renal failure is also associated
with increased risk of renal cancer (Doublet et al. 1997). A family history of renal
cancer confers a 2.5 fold risk of developing renal cancer and there are also
several familial cancer syndromes that predispose to renal cancer (Ljungberg et
al. 2011). Inactivating mutations of the tumour suppressor von Hippel Lindau
(VHL) gene cause von Hippel Lindau disease which is characterised by renal and
pancreatic cysts and clear cell renal carcinomas, as well as haemangioblastomas
of the retina and central nervous system, phaeochromocystomas,
neuroendocrine tumours, endolymphatic sac tumours, and broad ligament
cystadenomas (Latif et al. 1993). Activating mutations of the MNNG-Hos
Transforming gene (MET) oncogene cause hereditary type I papillary renal
carcinomas (Schmidt et al. 1997). Hereditary leiomyomatosis and type II
papillary renal cell carcinoma is predisposed to by mutations of the gene

encoding the tumour suppressor fumarate hydratase, a component of the Krebs



Chapter 1 Introduction

cycle (Tomlinson et al. 2002). The Birt-Hogg-Huber (BHD) syndrome is caused
by mutations in the BHD gene and is associated with benign hamartomas of the
hair follicle, pulmonary cysts, increased risk of spontaneous pneumothorax, and

chromophobe renal cancer (Nickerson et al. 2002).

1.1.2 Subtypes and molecular biology of renal cancer

Renal tumours most commonly arise from the renal cortex, and cells of the
proximal tubules are thought to be the cells of origin (Cairns 2010). Sporadic
renal tumours tend to be unilateral, and there is no difference in incidence
between left and right-sided tumours. Tumours can be cystic or solid, and are

often highly vascular, with frequent areas of necrosis and haemorrhage.

The majority, 75-80%, of renal cancers are clear cell renal cell carcinomas
(CCRCC), and are characterised by loss of functional VHL in 70-80% of cases
either through mutation, or through epigenetic mechanisms (Gnarra et al. 1994,
Herman et al. 1994). Histologically CCRCC has vacuolated cytoplasm high in
cholesterol and lipids, which gives a clear staining cytoplasm, and gives rise to

the name “clear cell” renal cell carcinoma.

VHL is a tumour suppressor gene that gives rise to the eponymous syndrome if
mutated in the germ line, but also accounts for the vast majority of sporadic
CCRCC. The VHL gene product, VHL is a 30 kDa protein that forms the substrate
recognition subunit of the E3 ubiquitin ligase complex. It recognises hypoxia
inducible factors (HIF) for polyubiquitination and degradation by the
proteasome (Maxwell et al. 1999, Ohh et al. 2000). In normoxia, HIFs are

hydroxylated on conserved proline residues by prolyl hydroxylases, which
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allows HIFs to be recognised by VHL and targeted for destruction. In hypoxia,
HIF’s accumulate, and HIF1a or HIF2a dimerise with HIF13 and act as a
transcription factor in the nucleus (Wang et al. 1995). HIFs upregulate a range of
genes to adapt cells for survival in hypoxia. These genes include vascular
endothelial growth factor (VEGF), platelet derived growth factor receptor 3
(PGDFR(), erythropoietin, glucose transporter 1, transforming growth factor
(TGF) and epidermal growth factor receptor (EGFR) (Sung et al. 2007, Biswas et

al. 2012).

The second most common type of renal cancer is papillary renal cell carcinoma,
which makes up approximately 15% of all cases. It has been subdivided into type
I and type Il based on morphological features. Both types are characterised by
the presence of papillae, but type I has small cells with pale cytoplasm, whereas
type Il cancers have large cell with eosinophilic staining (Delahunt and Eble
1997). Type Il papillary cancers are often more aggressive, with a worse
prognosis (Delahunt and Eble 1997, Antonelli et al. 2010). Papillary renal
cancers do not have mutations in VHL, but are associated with mutations in
specific oncogenes. Familial type [ cases are associated with activating mutations
of MET, as described above. MET mutations are also found in 13% of sporadic
cases of type I papillary RCC (Schmidt et al. 1999). Familial cases of type Il
papillary renal cancer harbour mutations in the fumarate hydratase gene, but it
is not known whether mutations of this gene are found in sporadic cases

(Jonasch et al. 2014)

The third commonest type of renal cancer is chromophobe renal cancer,

characterised by large polygonal cells with pale reticular cytoplasm (Yamazaki et
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al. 2003). Rare forms of renal cancer include renal medullary cancer, renal
collecting duct carcinoma, mucinous tubular and spindle-cell carcinoma,
translocation carcinoma and post-neuroblastoma carcinoma (Srigley and
Delahunt 2009). All forms of renal cancer can present with areas of sarcomatoid
change where the cells have dedifferentiated, and this feature is associated with

a worse prognosis (Cangiano et al. 1999).

1.1.3 Intratumor heterogeneity in renal cancer

In addition to the recognised heterogeneity between types of renal cancer as
described above, it has become increasingly recognised that significant
intratumoral heterogeneity exists in CCRCC. Exome sequencing from multiple
sites of the primary renal tumour and multiple metastases from individual
patient’s tumours have revealed that 63-69% of identified mutations are not
found in all sampled areas (Gerlinger et al. 2012). Phylogenetic analysis revealed
a branching pattern of somatic mutations. Aberrations of VHL have been found
ubiquitously, but up to 75% of other driver aberrations have been found to be
clonal (Gerlinger et al. 2014). These findings have implications for personalised
medicine based on the analysis of single biopsies, which may well not be
indicative of the true sensitivity of the cancer being treated. There are also
implications for the preclinical study of CCRCC using established cell lines, which
are clonal expansions of single cells and therefore do not model this

heterogeneity.
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1.1.4 Treatment of early stage renal cancer

The treatment of choice for early stage renal cancer is surgical resection.
Traditional surgery is open radical nephrectomy, where the entire kidney is
removed together with Gerota’s fascia and the ipsilateral adrenal gland. Open
surgery is now largely replaced by laparoscopic surgery (Ogan et al. 2003).
Smaller renal tumours, generally less than 4 cm in diameter, may be removed by
partial nephrectomy. This so called “nephron sparing” surgery is particularly
useful in cases of bilateral renal cancer, cancers in solitary kidneys, or in patients

with impaired renal function (Gill et al. 2003, Yap et al. 2014).

In selected patients and tumours, a less invasive form of treatment with
radiofrequency ablation has been performed, and early data on the technique
suggests that outcomes may be comparable to that of partial nephrectomy.
Factors suggesting suitability for radiofrequency ablation include small tumours,

and comorbidity that increases the risks of surgery (Chang et al. 2014).

If curative intent surgery is performed in cases where the renal tumour is

confined to the kidney (not invading into major vessels, or the collecting system,
or extending into perinephric tissues) with no signs of lymph node involvement,
then cure rates are 80% or greater. This falls to 60% if any of the above features

are present (Jonasch et al. 2014).

There is as yet, no standard adjuvant therapy that reduces the chance of
recurrence, or increases the chance of survival post surgery for renal cancer.
Trials with immunotherapy have been published, where no benefit from

interferon a or interleukin 2 was seen (Clark et al. 2003, Messing et al. 2003).
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Trials of newer targeted agents including sorefenib, the VEGF receptor (VEGFR)
and murine sarcoma viral (v-RAF) oncogene homolog B (BRAF) inhibitor are on

going (Janowitz et al. 2013).

1.1.5 Treatment of metastatic renal cancer

The prognosis of metastatic renal cancer varies, but risk factors for poor
prognosis have been defined in the Memorial Sloane Kettering Cancer Centre
Score. Five independent adverse features were identified and defined three
groups of patients with differing prognosis ranging from 30 months to 4.8
months median survival (0 adverse features, 1 or 2 adverse features, and 3 or
more adverse features). The factors identified were Karnofsky performance
status less than 80, less than 1 year between diagnosis and first systemic
treatment, hypercalcaemia, anaemia and lactate dehydrogenase (LDH) greater

than 1.5 times the upper limit of normal (Motzer et al. 2002).

Metastatic renal cancer is not amenable to curative surgical resection. The
majority of treatment options are systemic therapies, although as yet none of
these offer the prospect of cure. Traditional chemotherapeutics are ineffective in
renal cancer (Yagoda et al. 1995), but an understanding of the molecular biology
of renal cancer has led to the development of targeted therapies. These targeted
therapies will be discussed in detail below, but there is also a role for a variety of

local therapies.
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1.1.5.1 Local therapies for metastatic renal cancer

Nephrectomies are performed in a subset of patients with metastatic disease.
Historical reports suggest that this can induce a low rate of spontaneous
regression of metastases of approximately 1% (Janiszewska et al. 2013). The role
of cytoreductive nephrectomy in influencing survival outcomes in the current
era of targeted therapies is unclear, but some reports suggest survival benefit,
particularly in patients with prognosis greater than 12 months, and fewer than 4
poor prognostic markers (Abern et al. 2014, Heng et al. 2014). Cytoreductive

nephrectomy also has a role in symptom control (Mickisch et al. 2001).

Spontaneous regressions of renal cancer have also been observed, for example a
response rate of 6% was noted in the placebo control arm of one study, but these
responses are generally not durable (Gleave et al. 1998). This phenomenon
suggests an immunological mechanism of tumour regression, and another such
effect has also been reported in renal cancer. The abscopal effect has been
reported in renal cancer, where radiation to one tumour site causes regression in
metastases distant to the irradiated area (Wersall et al. 2006). Renal cancers are
generally considered to be radio-resistant, and the use of radiotherapy in renal
cancer has generally been confined to palliative situations such as whole brain
radiotherapy for brain metastases, or irradiation of painful bone metastases

(Ljungberg et al. 2010).

Surgery also has a role in the treatment of recurrent disease post nephrectomy,
particularly in patients where there is a prolonged disease free interval (greater

than 12 months) post nephrectomy, and where recurrence is solitary. Removal
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of isolated metastases is reported to achieve 5 year survival of 55%, and there
may even be a role for multiple resections of metachronous metastases, e.g. in
very indolent disease (Kavolius et al. 1998, Alt et al. 2011). As well as solitary
recurrence, and long disease free interval, other important prognostic factors
suggesting suitability for metastectomy are young age, good performance status,
and feasibility of complete resection of metastasis. For patients in whom surgery
is not possible, it is sometimes now possible to radiofrequency ablate
metastases, including at multiple sites, with results comparable to surgical

removal in some case series (Soga et al. 2009).

1.1.5.2 Multi-targeted tyrosine kinase inhibitors

The first advancements in the treatment of metastatic renal cancer were made
from the observation that tumours are highly vascular, and that the main genetic
driver of CCRCC is loss of function of VHL, which leads to constitutive HIF
signalling, promoting angiogenesis (Maxwell et al. 1999). Targeting angiogenesis
therefore became a rational approach to the treatment of renal cancer. The main
driver of angiogenesis is VEGF, and the VEGF receptors. This axis has been
targeted by two classes of drugs. The first targets VEGF with monoclonal
antibodies, and the second targets receptor activity with small molecule tyrosine

kinase inhibitors (Jonasch et al. 2014).

Bevacizumab is a recombinant humanised VEGF monoclonal antibody which at
high dose was shown to prolong progression free survival in comparison to low
dose bevacizumab or placebo in patients with metastatic renal cancer, but did

not alter overall survival in a phase II trial (Yang et al. 2003). When combined
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with interferon « in a large phase III study, bevacizumab resulted in a significant
prolongation of progression free survival (10.2 vs. 5.4 months on inferferon
alone) (Escudier et al. 2007b). However, there was no difference in overall
survival, although these data may have been confounded by the use of
subsequent lines of therapy (Escudier et al. 2010). The use of bevacizumab in
renal cancer therefore remains unclear, and largely due to the availability of

alternative treatments, is used very little in the UK.

During the same period of time during which bevacizumab was being tested, the
multikinase inhibitor sorefenib was being developed. Sorafenib is a multikinase
inhibitor of VEGFR, PDGFR and Raf kinases, originally developed to inhibit B-Raf
(Wilhelm et al. 2004). Post immunotherapy in metastatic renal cancer, sorafenib
prolonged progression free survival (5.5 vs. 2.8 months on placebo) with a 10%
response rate, but no increase in overall survival (Escudier et al. 2007a, Escudier
et al. 2009a). A phase II trial of sorafenib versus interferon a« showed comparable
progression free survival, but more responses in the sorafenib group and the
addition of interferon a to sorafenib gave no additional benefit (Escudier et al.

2009b, Jonasch et al. 2010, Procopio et al. 2013).

After failure of other VEGF/VEGFR targeted agents, sorafenib, has an 8-10%
response rate (Di Lorenzo et al. 2009, Di Lorenzo et al. 2010, Garcia et al. 2010,
Kontovinis et al. 2012). Second or third line sorafenib therefore was used in
several phase III studies as a comparator arm for new agents. For example,
sorafenib compared with axitinib, a new generation VEGFR tyrosine kinase
inhibitor, as second line treatment in CCRCC, showing response rates of a 9% for

sorafenib, and 19% for axitinib, which was associated with prolonged

11
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progression free survival of 6.7 months vs. 4.7 months, although no prolongation
of overall survival (Rini et al. 2011, Motzer et al. 2013a). In the third line setting,
sorafenib was compared to fibroblast growth factor receptor (FGFR) inhibitor
dovitinib. Both drugs showed very modest benefit, with progression free survival
of 3.6 months, response rates of 4% and overall survival of 11 months (Motzer et

al. 2014).

In summary, the precise role for sorafenib remains unclear, and it has largely
been surpassed by other multikinase and mTOR inhibitors as will be discussed

below.

Sunitinib is a small molecule multikinase inhibitor that inhibits VEGFR, PGDFR,
stem cell factor receptor (KIT), glial cell-derived neurotrophic factor receptor
(Rearranged during Transfection; RET), FMS-like tyrosine kinase-3 (FLT3) and
the receptor for macrophage colony-stimulating factor (CSF-1R) (Christensen
2007). Sunitinib has become established as a standard first line treatment of
renal cancer. In untreated patients, sunitinib achieved progression free survival
of 11 months, in comparison to 5 months for interferon a, accompanied by a
higher objective response rate (31% vs. 6%) and improved quality of life
(Motzer et al. 2007). Updated trial data increased the response rates to 47% and
12% respectively, and despite 33% of the interferon a group receiving sunitinib,
and 32% receiving an alternative anti VEGFR therapy, overall survival was still
statistically longer in the sunitinib group at 26.4 months vs. 21.8 months (Motzer
et al. 2009). Sunitinib has not been compared directly to sorafenib in a clinical
trial, but was adopted as first line treatment based on apparently better

progression free survival, overall survival and response rates.

12
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A direct competitor to sunitinib is the drug pazopanib, which targets many of the
same tyrosine kinases. In comparison to placebo, pazopanib prolonged
progression free survival in the untreated, or interferon o treated metastatic
setting. Progression free survival was 9.2 months with a 30% objective response
rate (Sternberg et al. 2010). Updated results for overall survival were
comfounded, once again by extensive cross-over from placebo to active drug.
Consequently, the increased overall survival of 22.9 vs 20.5 months, did not

reach statistical significance (Sternberg et al. 2013).

Although both pazopanib and sunitinib appeared to have comparable efficacy,
the side effects differ. Most obviously, pazopanib is given continuously, while
sunitinib is given in six week cycles, of four weeks on treatment, followed by a
two week break, which allows for recovery from side effects. Initial comparisons
suggested that sunitinib caused more mucositis and fatigue, whereas pazopanib

caused more diarrhoea (Powles et al. 2012).

In a randomised phase IlI trial, comparing pazopanib and sunitinib the outcome
suggested non-inferiority of pazopanib in median progression free survival (8.4
months versus 9.5 months for sunitinib), overall response rate (31 % vs. 25% for
sunitinib) and median overall survival (28.4 months vs. 29.3 months for
sunitinib) (Motzer et al. 2013b). Sunitinib was noted to cause fatigue, hand and
foot syndrome, and thrombocytopaenia more frequently, whereas pazopanib
caused deranged liver transaminases more frequently (Motzer et al. 2013b).
Both drugs are frequently used as first line treatments in renal cancer in the UK.
Pazopanib has become increasingly accepted as first line treatment on the basis

of non-inferiority data and better tolerance/quality of life data.

13
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Axitinib is a new generation multi-targeted VEGFR inhibitor that has gained
acceptance as second line treatment and tivozanib, is a VEGFR-1, -2 and -3
inhibitor that showed improved progression free survival compared to sorafenib

in the first line treatment of metastatic renal cancer (Motzer et al. 2013c)

The rationale for the use of agents targeting angiogenesis in renal cancer comes
from the knowledge that loss of VHL function causes up-regulation of these
pathways. As described above, this is the case in the majority of CCRCCs, which
in turn make up the majority of renal cancers (Gnarra et al. 1994, Herman et al.
1994). There is however a significant proportion of renal cancers that are not
VHL/HIF driven. Many trials of sunitinib and sorafenib selected for patients with
CCRCC, but reports suggest that these drugs are also active in papillary and

chromophobe renal cell cancer (Choueiri et al. 2008).

1.1.5.3 Inhibitors of the mammalian target of rapamycin

The second major class of drug used to treat renal cancer clinically is the
mammalian target of rapamycin (mTOR) inhibitors. These drugs block the
translation of proteins involved in cell proliferation and angiogenesis (Laplante
and Sabatini 2012). It was through the discovery of the parent molecule
rapamycin that mTOR was discovered (Vezina et al. 1975, Heitman et al. 1991).
In order to understand the mechanism of action of these drugs, it is necessary to

understand the mTOR pathway.

14
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1.2 The mammalian target of rapamycin (mTOR) pathway

mTOR is the protein target of the macrolide rapamycin (also known as sirolimus)
that is produced by the bacteria Streptomyces hygroscopicus, and first discovered
on Easter Island (Vezina et al. 1975). mTOR was identified and characterised
through this interaction, initially in yeast as the target of rapamycin, and then in
mammals as the mammalian target of rapamycin (mTOR) (Heitman et al. 1991,
Brown et al. 1994). mTOR is a serine threonine kinase that exists in two distinct
protein complexes, mTOR complex 1 (mTORC1) and mTOR complex 2
(mTORCZ2), defined by its binding partners. Each complex has different functions,
and is controlled by different mechanisms (Laplante and Sabatini 2012).
mTORC1 regulates the balance in the cell between anabolic and catabolic
processes, integrating signals from growth factors, nutrients, oxygen and energy
levels. When conditions are favourable, mTORC1 is activated and stimulates
protein synthesis, lipid synthesis, energy metabolism, growth and proliferation
(Dowling et al. 2010). Simultaneously, mTORC1 activation inhibits autophagy,
which is the main catabolic process by which organelles are recycled either
because they are damaged, or because the cell requires amino acids during times
of poor nutrient availability (Hosokawa et al. 2009). mTORC2 lies upstream in
the signalling cascade from mTORC1, receiving input from growth factors, and as
well as activating mTORC1, has roles in cytoskeletal organisation, cell survival
and metabolism (Jacinto et al. 2004, Sarbassov et al. 2004, Sarbassov et al. 2005).
The main components, activators and downstream effects of the mTOR pathway

are illustrated in Figure 1-1.
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1.2.1 mTOR complex 1 structure

mTORC1 is composed of 6 components, four of which are common to mTORC2:
mTOR, mammalian lethal with sec-13 protein 8 (mLST8), DEP domain
containing mTOR interacting protein (DEPTOR), and the tti1/Tel2 complex (Kim
et al. 2003, Peterson et al. 2009, Kaizuka et al. 2010). The proteins that are
unique to mTORC1 are regulatory associated protein of mammalian target of
rapamycin (RAPTOR), and proline-rich AKT substrate 40 kDa (PRAS40) (Hara et
al. 2002, Kim et al. 2002, Sancak et al. 2007). mTOR is the kinase of the complex,
DEPTOR and PRAS40 are both inhibitors of mTOR, tti1/Tel2 are scaffold
proteins, mLST8 is of unknown function, and RAPTOR is a scaffold protein and

binds mTORC1 substrates (Foster et al. 2010b).

1.2.2 mTOR complex 2 structure

Instead of RAPTOR and PRAS40, the mTORC2 complex contains rapamycin-
insensitive companion of mTOR (RICTOR), mammalian stress-activated kinase-
interacting protein 1 (mSin1) and protein observed with rictor 1 and 2
(protor1l/2) as unique binding partners. These three proteins are scaffolding
proteins and mediate substrate binding and specificity (Jacinto et al. 2004,

Sarbassov et al. 2004).
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Figure 1-1 The mTOR pathway

The structure of mMTORC1 and mTORC2 are illustrated in a simplified mTOR signalling network. Boxes with black borders mark regulators of mTOR activity. Boxes with green borders
mark oncogenic actions of mTOR. Solid red and green boxes mark oncogenes and tumour suppressors respectively. 4E-BP1 (eukaryotic translation initiation factor 4E binding
protein 1) AMPK (5’ AMP-activated protein kinase) AKT (protein kinase b) ERK (extracellular signal-regulated kinase) Grb2 (growth factor receptor-bound protein 2) HIF (hypoxia
inducible factor) IP3 (inositol triphosphate) IRS-1 (insulin receptor substrate 1) LKB1 (liver kinase B1) MEK (mitogen-activated protein kinase kinase) PDK1 (phosphoinositide-
dependent kinase-1) PI3K (phosphoinositide 3-kinase) PIP2 (phosphatidylinositol 4,5-biphosphate) PTEN (phosphatase and tensin homolog) RAF (rapidly accelerated fibrosarcoma)
RAS (rat sarcoma) REDD1 (regulated in development and DNA damage responses 1) Rheb (ras homology enriched in brain) S6K (ribosomal protein S6 kinase) Shc (Src homology 2
domain containing) SOS (son of sevenless) TSC1/2 (tuberous sclerosis complex 1/2) VHL (von Hippel-Lindau)
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1.2.3 Activation of mTORC1

Many of the signals and environmental cues that activate mTOR converge on
tuberous sclerosis 1 and 2 (TSC1/2), also known as hamartin and tuberin.
TSC1/2 is a guanine triphosphate hydrolase (GTPase) activating protein that
facilitates Ras homology enriched in brain (Rheb) GTPase activity, and
hydrolysis from Rheb-guanine triphosphate (GTP) to Rheb-guanine diphosphate
(GDP). When Rheb is bound to GTP it binds and strongly activates mTORC1
kinase activity. Therefore, when TSC1/2 is active, mTOR is inactivated (Inoki et

al. 2003a).

Tuberous sclerosis complex is an autosomal dominant inherited disorder in
which mutations in either TSCI or TSCZ are found. Inactivation of TSC1/TSC2
leads to constitutive mTOR activation, and the disease is characterised by
multiple harmartomas (benign tumours) in numerous organs including the
kidney and brain (Crino et al. 2006). The following sections will consider the
different pathways through which the TSC1/2 - Rheb - mTOR interaction is

altered, and alternative mechanisms by which mTORC1 activity is controlled.

1.2.3.1 Growth factors

By binding to receptor tyrosine kinases, growth factors can activate mTOR by
two pathways. One of the most well characterised activators of mTOR is the
insulin and insulin like growth factor 1 (IGF-1) pathway. Receptor activation
leads to downstream signalling along the phosphoinositide 3-kinase (PI3K) -
protein kinase b (AKT) pathway and the rat sarcoma (Ras) - rapidly accelerated

fibrosarcoma (Raf) - mitogen-activated protein kinase kinase (MEK) -
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extracellular signal-regulated kinase (ERK) pathways (described in more detail
in section 1.3). ERK and AKT both phosphorylate and inactivate TSC1/2, thereby
activating mTORC1 (Inoki et al. 2002, Manning et al. 2002). AKT has also been
shown to phosphorylate PRAS40 causing it to dissociate from mTORC1, releasing

mTORC inhibition (Sancak et al. 2007).

1.2.3.2 Amino acids

Amino acids, especially leucine, arginine and tryptophan, are essential for full
activation of mTORC1, but the mechanism for this has only relatively recently
been uncovered and shown to be dependent on the Ras related GTP binding
protein (Rag) GTPases (Sancak et al. 2008, Wang et al. 2015). There are four Rag
GTPases, A - D, which form heterodimers. Amino acids stimulate Rag A/B,
through a vacuolar adenosine triphosphate hyrdrolase (ATPase), to interact with
RAPTOR, and recruit mTORC1 to the lysosomal surface where it docks with a
protein called Ragulator, which is required for mTORC1 activation (Sancak et al.

2010, Zoncu et al. 2011).

1.2.3.3 Cellular stresses

The energy status of the cell is sensed as the adenosine diphosphate:adenosine
triphosphate (ADP:ATP) ratio by liver kinase B1 (LKB1). When ATP levels fall,
LKB1 activates AMP-activated protein kinase (AMPK), which has two actions.
The first is to phosphorylate and activate TSC2 (Inoki et al. 2003b). The second is
to reduce mTOR activity through phosphorylating RAPTOR and reducing mTOR

activity (Gwinn et al. 2008).
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One of the HIF target genes that is induced by hypoxia is regulated in
development and DNA damage response 1 (REDD1). REDD1 is a TSC2 activator,
and consequently an inhibitor of mTOR in hypoxia (Brugarolas et al. 2004).
mTOR can also be inhibited by DNA damage, which inhibits mTORC1 via a
variety of p53 dependent mechanisms including increased phosphatase and
tensin homolog (PTEN) expression which dephosphorylates PI3K and down-
regulates mTORC1 activity, increased TSC2 expression and activation of AMPK

(Feng et al. 2005, Budanov and Karin 2008).

1.2.4 Activation of mTORC2

Little is known of the precise mechanisms that activate mTORC2. This mTOR
complex is not sensitive to the nutrient inputs that control mTORC1, but is
activated by growth factors such as insulin and IGF-1, possibly in a PI3K
dependent manner (Jacinto et al. 2006). There is possibly also a role for TSC1/2,
where inactivating mutations supresses growth factor stimulated phospho AKT

in a Rheb/mTORC1 independent manner (Huang et al. 2008).

1.2.5 Actions of mTORC1

1.2.5.1 Translation

The best characterised action of mMTORC1 is to promote protein synthesis. It does
this through the phosphorylation of two downstream targets, the eukaryotic

initiation factor 4E binding protein 1 (4E-BP1) and S6 kinase (S6K) (Figure 1-1).

When 4E-BP1 is unphosphorylated, it binds eukaryotic initiation of translation

factor 4E (elF4E), sequestering it and preventing it from joining the elF4F
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complex (Pause et al. 1994, Beretta et al. 1996). The elF4F complex is the
initiator of cap dependent translation, and initiation of translation is the rate
determining step and therefore the key determinant of protein synthesis (Gross
et al. 2003). 4E-BP1 is phosphorylated by mTORC1 at multiple sites including
threonines 36, 45 and 69, and serine 64. mTOR itself is the kinase of at least
threonine 36 and 45 phosphorylations and causes 4E-BP1 to dissociate from

elF4E (Heesom and Denton 1999, Livingstone and Bidinosti 2012) (Figure 1-2).

S6K promotes translation, and its target S6 is often used as a measure of mTOR
activity (Boulay et al. 2004). The first S6K target to be identified was the
ribosomal S6 protein (S6). S6 forms part of the 40S ribosomal subunit and has
been shown to interact with messenger RNA (mRNA) and transfer RNA (tRNA).
Phosphorylation of S6 has been associated with increased cell size and
translation of mRNA with 5’ terminal oligopyrimidine tracts (TOP) (Ruvinsky
and Meyuhas 2006). S6K also phosphorylates and targets programmed cell death
protein 4 (PCDC4) for degradation. PCDC4 is an inhibitor of the RNA helicase
elF4A, which unwinds complex structures in the 5’ untranslated region of mRNA
(Dorrello et al. 2006). In addition to this indirect release of e[F4A activity, SK6
also phosphorylates elF4B, which activates elF4A (Raught et al. 2004) (Figure
1-2). mTOR also promotes translation by causing an increase in ribosome
biogenesis, including synthesis of ribosomal RNA and transfer RNA

(tRNA)(Kantidakis et al. 2010).

Protein synthesis is required to increase cell size, and cell proliferation. Work in
4E-BP1 knockout cells suggests that the 4E-BP1 - elF4E pathway regulates cell

proliferation, but that the S6K pathway regulates cell size (Dowling et al. 2010).
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Figure 1-2 Translation initiation

When activated, mTORC1 promotes cap-dependent translation through the release of eIF4E from 4E-BP1 and activation of the RNA helicase elF4A. EIF4A, elF4E and elF4G together
make up the elF4F complex. elF (eukaryotic initiation of translation factor) PCDC4 (programmed cell death protein 4)
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1.2.5.2 Metabolism

mTOR affects metabolism in two ways to facilitate protein synthesis, cell growth
and division. The first is through the translation of HIF1a, which increases
glycolytic flux (Hudson et al. 2002, Duvel et al. 2010). The second effect is on
lipid biogenesis, through sterol regulatory element-binding protein 1/2

(SREBP1/2) transcription factors (Duvel et al. 2010).

1.2.5.3 Autophagy

In addition to activating anabolic processes, mTORC1 also phosphorylates and
inactivates the kinase complex required to initiate autophagy. This complex
consists of three proteins, unc-51 like kinase (ULK1), mammalian autophagy
related gene 13 (atgl3) and focal adhesion kinase family-interacting protein of
200 kDa (FIP200). RAPTOR binds to ULK1, and both ULK1 and atg13 are
phosphorylated by mTOR. When mTORC1 is inactivated, RAPTOR releases ULK1
(Hosokawa et al. 2009). The role of autophagy in cancer appears to be complex,
and may contribute to the ability of cancer cells to survive during periods of
starvation, or during drug treatments, which suggests a role in tumourogenesis,
but there is also evidence that autophagy works in a tumour suppressor role

(Chen and Debnath 2010).

1.2.6 Actions of mTORC2

mTORC2 was discovered to be the kinase responsible for the phosphorylation of
AKT on S473 (Sarbassov et al. 2005). AKT is also phosphorylated on threonine

308 by phosphoinositol dependent kinase 1 (PDK1) in response to ligand
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stimulation of receptor tyrosine kinases and PI3K activation. S473
phosphorylation of AKT by mTORC2 facilitates phosphorylation on threonine
308 and full activation of AKT (Scheid et al. 2002). As well as activating AKT,
mTORC2 regulates other members of the AGC family including protein kinase C-
a (PKC-a) and serum - and glucocorticoid - induced protein kinase 1 (SGK1)
(Garcia-Martinez and Alessi 2008, Ikenoue et al. 2008). mTORC2 influences the
cytoskeleton to promote cell spreading in vitro through activating PKC-a, paxillin

and Rho GTPases (Jacinto et al. 2004, Sarbassov et al. 2004).

Through activating AKT and SGK1, mTORC1 controls the activity of the
transcription factor forkhead box 01/3a (Fox01/3a). AKT and SGK1
phosphorylate FoxO1/3a and promote its nuclear export and inactivation
(Brunet et al. 1999a, Schachter et al. 2012). Fox01/3a is a transcription factor
that promotes expression of pro apoptotic proteins such as Bim, and
downregulates antiapoptotic proteins (Dansen and Burgering 2008). AKT also
has a known role in activating mTORC1, through phosphorylation of TSC2 and
PRAS40, as discussed earlier, but this role may not be mediated by mTORC?2,
given that RICTOR null mouse models show defective pAKT signalling to

Fox01/3a, but not to TSC2 (Guertin et al. 2006).

1.2.7 Inhibitors of mTOR

1.2.7.1 Allosteric mTOR inhibitors

The first inhibitor of mTOR to be identified was rapamycin, and as explained
above, it was actually through rapamycin that mTOR was identified and

characterised. Rapamycin was originally developed as a macrolide antibiotic, but
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immunosuppressive effects limited its use. It subsequently found a role in
transplant medicine as an anti-rejection immunosuppresive. Its use however is
complicated by poor bioavailability, which is altered by fat content in meals, and
has necessitated monitoring of drug levels to optimise dosing in individual

patients (Murakami et al. 2014).

Subsequently, several rapalogues were manufactured based upon rapamycin,
but with improved bioavailability. The two most clinically advanced of these are
everolimus and temsirolimus. Everolimus is an oral medication, and
temsirolimus is an intravenous preparation. Temsirolimus is a pro drug that is
converted to sirolimus, with both compounds detectable in the blood of treated

patients.

All the rapalogues share a common mechanism of action, and also share common
side effects. Rapalogues are allosteric inhibitors of mTOR, and the precise
mechanism of their action is not completely understood (Guertin and Sabatini
2009). What is known is that rapamycin binds to the intracellular FK506-binding
protein (FKBP12) (Brown et al. 1994, Sabatini et al. 1994) and that FKBP12 -
rapamycin then interacts with mTOR at a site distant to the kinase domain.
Although the mechanism by which this causes inhibition of mTOR is not
established, it has been noted that binding causes the dissociation of RAPTOR

from the mTORC1 complex (Kim et al. 2002, Yip et al. 2010).

Rapalogues show specificity for binding and inhibiting mTORC1, and indeed,
mTORC2 was initially characterised as rapamycin insensitive. This insensitivity
is not however complete, and prolonged rapamycin treatment in myeloma,

prostate cancer, hepatic cancer, glioblastoma, melanoma, leukaemia and
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lymphoma cell lines has been shown to inhibit mTORC2 activity, possibly
through binding to free mTOR and preventing the formation of the mTORC2

complex (Sarbassov et al. 2006).

There are some notable class side-effects of rapalogues. All can cause
immunosuppression, and the consequent risk of infection, and additionally all
rapalogues have metabolic effects, resulting in hyperglycaemia and
hypercholesterolaemia in a subset of patients. In phase IlI trials, the use of
temsirolimus and everolimus was associated with an approximately 10%
incidence of pneumonitis, which could range from an asymptomatic radiological
finding, to a treatment limiting symptomatic condition characterised by cough
and dyspnoea, requiring cessation of rapalogue and treatment with
corticosteroids (Hudes et al. 2007, Motzer et al. 2008). Retrospective reviews of
treated patents suggest that the incidence of pneumonitis may in fact be higher

(Dabydeen et al. 2012).

The efficacy of the rapalogues has been tested in a number of clinical trials over
the last 7-8 years. Temsirolimus is licenced for the first line treatment of
advanced renal cancer with poor prognostic features, following a phase Il
clinical trial in which temsirolimus was compared to interferon «, or the
combination of interferon a and temsirolimus. Temsirolimus as single agent
prolonged overall survival from 7.3 months with interferon a to 10.9 months,
and progression free survival increased from 1.9 months to 3.8 months.
Objective response rates were modest, with 8.4% of patients experiencing a
response to temsirolimus. The combination treatment did not improve efficacy

(Hudes et al. 2007). This trial recruited patients with clear cell and non-clear cell
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renal carcinomas, and subgroup analysis indicated that temsirolimus was active

in both groups (Dutcher et al. 2009).

Second line temsirolimus was compared to sorafenib after progression on
sunitinib, and although progression free time was the same, the overall survival
with sorafenib was longer than with temsirolimus (16.6 months vs. 12.3 months)
and although the causes for this are unclear, it is possible once again that overall
survival was confounded by subsequent treatments, and data on these was not
systematically recorded in the trial. The overall response rate with both drugs

was 8% (Hutson et al. 2014).

The second licenced mTOR inhibitor is everolimus, which is used as second line
treatment after failure of sunitinib or sorafenib. In this setting, everolimus
prolonged median progression free survival from 1.9 months for placebo, to 4
months. Response rates were lower than seen for first line temsirolimus, at 4%,
but disease stabilisation (stable disease for greater than 56 days) was seen in
63% (Motzer et al. 2008). Updated results increased the median progression free
survival with everolimus to 5.5 months, but overall survival, at 14.8 months was
not greater than placebo. As with many other recent trials in renal cancer, the
overall survival data are likely confounded by crossover from placebo to active
drug, and in this trial, 80% of the placebo group received everolimus (Motzer et
al. 2010). Similarly to temsirolimus, there is evidence that everolimus is active
against renal cancer histologies of both clear cell and non-clear cell type (Koh et

al. 2013).

In addition to its use in renal cancer, everolimus is also used in combination with

the aromatase inhibitor exemestane in hormone receptor positive advanced
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breast cancer (Baselga et al. 2012). In pancreatic neuroendocrine tumours
everolimus has shown efficacy as a single agent, and in combination with
octreotide (Pavel etal. 2011, Yao et al. 2011). In subependymal giant cell
astrocytomas, which are found in 20% of children with tuberous sclerosis
complex, everolimus has been shown to reduce the bulk of these brain tumours

and decrease seizure frequency (Krueger et al. 2010)

Despite the fact that some case series report evidence of activity of VEGFR
targeted therapy including sunitinib, pazopanib and sorafenib in non clear cell
renal cell carcinoma, the response rates may be quite low in comparison to clear
cell renal cell carcinoma (Tannir et al. 2012, Bellmunt and Dutcher 2013). In light
of the uncertainty of the benefit derived from anti-VEGFR therapies in non clear
cell renal cell carcinoma, trials are underway comparing mTOR inhibition to

VEGFR inhibition in the first line setting in this group.

1.2.7.2 Kinase inhibitors of mTOR

The latest generation of mTOR inhibitors target the kinase domain of mTOR in an
ATP dependent manner, and consequently inhibit both mTORC1 and mTORC2
with comparable potency. The first two mTOR kinase inhibitors to be developed
were Torin and PP242 (Feldman et al. 2009, Thoreen et al. 2009). Both showed
the expected activity against mTORC1 and mTORC2, but also revealed more
incomplete inhibition of mTORC1, particularly showing greater and more
prolonged inhibition of phosphorylation of 4E-BP1. Other mTORC kinase
inhibitors have followed including AZD2014 and AZD8055 (Chresta et al. 2010).

A second class of mTORC kinase inhibitors that also inhibit the closely related
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PI3K have also been developed, including BEZ235 (Maira et al. 2008) and PI-103

(Knight et al. 2006).

These drugs have entered early phase clinical development. Preliminary results
indicate that AZD2014 was tolerable, and inhibited mTORC1 and mTORC2 in vivo
in mixed solid tumours (Banerji et al. 2012). This drug is currently undergoing
further clinical testing, including in renal cancer. An earlier compound AZD8055
was also tested in a phase I trial, but is not being actively pursued in further

clinical trials (Naing et al. 2012a).

BEZ235 has completed early phase clinical trials and despite problems with
bioavailability and formulations, the drug has entered further clinical trials, and
results of additional trials, including in renal cancer, are awaited (Burris et al.
2010, Peyton et al. 2012). Other PI3K/mTORC kinase inhibitors including
SAR245409 (Papadopoulos et al. 2014), GSK2126458 (Munster et al. 2011), PF-
04691502 (Britten et al. 2014), GDC-0980 (Wagner et al. 2009), and BGT226

(Markman et al. 2012) have been tested in phase I clinical trials.

Although there are now numerous targeted therapies for the treatment of renal
cell carcinoma, beyond first line treatment, response rates are low, and time to
progression remains relatively short. Primary and acquired resistance to these
drugs is a real clinical problem, and will be discussed in more detail below.
Understanding of these problems may lead to identification of biomarkers upon
which to select patients for particular treatments, or to suggest combination

treatments to overcome resistance.
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1.2.8 Predictors of sensitivity and resistance to mTORC1 inhibition

It is a growing theme throughout the clinical practise of oncology that treatments
should be targeted towards appropriate groups of patients. This practice is well
established in terms of using physical criteria (cancer staging) to select local
therapies such as surgery, and is increasingly being applied through use of
biomarkers to guide systemic treatments. Some such biomarkers are selected
because their presence predicts response to treatment, e.g. the use of anti
oestrogens and human epidermal growth factor receptor 2 (HER2) antibodies in
breast cancer based upon expression of oestrogen receptor and overexpression
of HER2 receptor respectively (Andre et al. 2014). Mutations have also been
identified as positive predictive factors, for example in the treatment of non-
small-cell lung cancer with inhibitors of EGFR, where activating EGFR mutation
predicts for response (Lynch et al. 2004). Mutations can also be negative
predictive factors, such as the influence of activating KRAS mutations as
predictors of resistance to EGFR antibody cetuximab in the treatment of

colorectal cancer (Sorich et al. 2014).

There has been interest in identifying similar markers that could guide use of
mTOR inhibitors, but without the same level of success. At present there are no
validated biomarkers of response or resistance, although several pathways have
shown limited promise. The use of mTOR inhibitors in renal cancer was trialled
in part because recognition that mTOR promotes the translation of HIF, which is
an important oncogenic protein in VHL deficient renal cancer (Maxwell et al.
1999, Biswas et al. 2012). Therefore absence of functional VHL was thought to be

a good candidate for predicting response to treatment, and some preclinical data
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supported the hypothesis (Thomas et al. 2006). However, results from the phase
I1I clinical trials of temsirolimus and everolimus were not supportive of VHL as a
potential biomarker. The general response rate was low despite the majority of
CCRCC lacking functional VHL due to mutations or epigenic gene silencing
(Gnarra et al. 1994, Herman et al. 1994). Moreover, responses were seen in non-
clear cell renal cancer, which does not harbour VHL mutation (Hudes et al. 2007,
Motzer et al. 2008, Dutcher et al. 2009, Koh et al. 2013). Other markers that have
been considered are activators of the mTOR pathway, including PTEN and
PIK3CA, which are commonly mutated in cancers (see Figure 1-1)(Li et al. 1997,
Steck et al. 1997, Samuels et al. 2004, Chalhoub and Baker 2009). Inactivation of
PTEN, or activation of PI3K both cause AKT activation, and downstream
mTORC1 activation. There is some evidence that PTEN null mouse embryonic
fibroblasts (MEFs) and human cancer cell lines are more sensitive to mTOR
inhibition (Neshat et al. 2001). There is also evidence that cell lines harbouring
activating mutations in PIK3CA are more sensitive to mTOR inhibition, and those
with KRAS mutation are more resistant, while cell lines harbouring mutations in

both genes have an intermediate sensitivity (Ducker et al. 2013).

As well as searching for pre-treatment biomarkers of response or resistance,
there has also been interest in the implications for sensitivity of the signalling
response of the cell to treatment with mTOR inhibition. Particular attention has
focused on a feedback circuit that potentiates signalling via the insulin like
growth factor 1 receptor (IGF-1R). When mTOR is active, S6K phosphorylates
insulin receptor substrate 1 (IRS1) on serine 612, which leads to IRS-1

dissociating from the IGF-1R and being degraded, limiting signalling from the
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IGF-1R to PI3K and AKT. However, when mTORC1 is inactivated by rapamycin
this feedback loop is inactivated, signalling via the IGF-1R to AKT is potentiated,
and AKT is activated (O'Reilly et al. 2006, Wan et al. 2007). This pathway is

summarised in Figure 1-3.

Previous work in our group showed that this feedback loop is also active in
CCRCC cell lines, and that treatment with rapamycin causes an increase in pAKT.
Further work showed that small interfering RNA (siRNA)-induced depletion of
the IGF-1R abrogated this signalling, and sensitised renal cancer cell lines to

treatment with rapamycin (Yuen et al. 2009).

Other groups have shown similar feedback activation acting via the PDGFR
(Zhang et al. 2007, Ho et al. 2012). Alternative feedback loops may also activate
the mitogen activated protein kinase (MAPK) pathway resulting in increased
phosphorylation of ERK (Carracedo et al. 2008). There is considerable interest in

these pathways as potential mediators of clinical resistance to mTOR inhibition.
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Figure 1-3 Inhibition of mTORC1 by rapamycin potentiates signalling via the IGF-1R to AKT

S6K phosphorylates IRS-1 on S612, which leads to dissociation from IGF-1R and degradation, thereby abrogating IGF-1R signalling. When mTORC1 is inhibited by rapamycin, S6K
activity decreases and the inhibitory feedback onto IRS-1 is relieved. This allows potentiation of IGF-1R signalling. Dashed green arrow indicates activation of mTORC2 via an
unknown mechanism of action.
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1.3 The insulin like growth factor 1 receptor

The IGF-1R is a receptor tyrosine kinase that is ubiquitously expressed in normal
tissues (Moschos and Mantzoros 2002). The IGF-1R axis consists of the ligands
IGF-1, and IGF-2, the IGF binding proteins (1-6), the IGF-1R and hybrid receptors
formed with the insulin receptor (IR). The highest affinity ligand for the IGF-1R is
IGF-1, which has 5 fold greater affinity than IGF-2, and one thousand fold greater
affinity than insulin. IGF-1 is produced and secreted by the liver in response to
growth hormone, and locally in tissues where it exerts paracrine and autocrine

effects (Cohick and Clemmons 1993, De Meyts et al. 1994).

1.3.1 Structure of the IGF-1R

The IGF-1R is a heterotetrameric receptor comprising of 2 extracellular a

subunits, and 2 transmembrane 8 subunits linked by disulphide bonds. « and 3

subunits are cleaved from a single proreceptor (Chitnis et al. 2008). The IGF-1R
and IR share 70% homology, which is greater in the kinase domain at 84%
(Ullrich et al. 1986). The IGF-1R can form hybrid receptors with two isoforms of
the insulin receptor. IRB, which contains exon 11, forms hybrid receptors that
behave similarly to the IGF-1R and are responsive to IGF-1. The IRA is the foetal
isoform, that lacks exon 11, and which behaves more like IGF-1R, being activated
by IGF-2 to induce proliferation and cell survival. IRA also forms hybrids with
IGF-1R, and these are responsive to IGF-1, IGF-2 or insulin and elicit proliferative

and migratory effects (Belfiore et al. 2009).
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1.3.2 Activation of the IGF-1R

Upon ligand binding, the IGF-1R undergoes conformational change, and
autophosphorylates tyrosines 1131, 1135 and 1136, all of which lie within the
kinase domain, activating the IGF-1R tyrosine kinase. The IGF-1R also
autophosphorylates other residues which act as docking sites for scaffolding
proteins (Adams et al. 2000). The recruitment and tyrosine phosphorylation of
IRS-1 allows for recruitment of the p85 subunit of PI3K via its src homology 2
(SH2Z) domain (Engelman et al. 2006a). The p110 catalytic subunit of PI3K then
catalyses the conversion of phosphatidylinositol 4,5-biphosphate (PIP;) into
phosphatidylinositol 3,4,5-triphasphate (PIP3) at the plasma membrane. PIP3
recruits AKT to the plasma membrane, where it is phosphorylated at threonine

308 by PDK1 (Courtney et al. 2010).

Recruitment of other scaffold proteins allows activation of a second major
signalling pathway. Src homology and collagen domain protein (Shc) is recruited
tp activated IGF-1R, leading to recruitment of by growth factor receptor bound
protein 2 (GRB2) and son of sevenless (SOS) which is a guanine nucleotide
exchange factor. SOS activates Ras proteins, leading to activation of the MAPK

pathway (illustrated in Figure 1-1) (Katz et al. 2007).

1.3.3 Functions of the IGF-1R

Through activating the PI3K - AKT - mTOR and RAS - RAF - ERK pathways, the
IGF-1R has effects on cell growth, proliferation and survival. It also exerts effects

on motility, invasion and angiogenesis, by inducing the expression of matrix-
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metalloproteinases and the pro-angiogenic HIF and consequently VEGF (Fukuda

et al. 2002, Zhang et al. 2003).

The IGF-1R axis has been associated with malignancy in numerous ways.
Increased circulating IGF-1 levels are associated with increased risk of
developing malignancy (Hankinson et al. 1998, Pollak et al. 2004). Conversely,
congenital IGF-1 deficiency in Laron Syndrome confers a reduced risk of
malignancy (Guevara-Aguirre et al. 2011, Steuerman et al. 2011). The IGF-1R
appears to be important for anchorage independent growth, and is absolutely

required for cellular transformation (Sell et al. 1993, Sell et al. 1994).

1.3.4 The IGF-1R in renal cancer

The IGF-1R is frequently overexpressed in cancer, including renal cancer where
it confers a worse prognosis and is associated with higher grade tumours
(Ahmad et al. 2004a, Parker et al. 2004). Previous work in our group showed
that IGF-1R mRNA is upregulated in VHL deficient CCRCC, but not VHL proficient
papillary renal carcinoma. This was shown to be due to the ability of VHL to
sequester the Sp1 transcription factor, preventing activation of the IGF-1R
promoter (Yuen et al. 2007). Our group further showed that the cellular location
of the IGF-1R is of prognostic importance in renal cancer: IGF-1R can translocate
to the nucleus of renal cancers, and is associated with worse prognosis (Aleksic

etal. 2010).
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1.3.5 Inhibitors of the IGF-1R

There are three main classes of clinical IGF-1R inhibitor: monoclonal IGF-1R
antibodies, which tend to be specific for the IGF-1R, antibodies against the
ligands, and small molecule inhibitors, which also inhibit the IR, because of the
homology in the kinase domains (Ullrich et al. 1986, King et al. 2014). Although
responses to single agent IGF-1R inhibition have been seen in rare tumours
including Ewings sarcoma, (Olmos et al. 2010), there have not been dramatic
response in other solid tumours (Haluska et al. 2007). Clinical development
therefore focused on use of IGF-1R inhibitors in combination with standard
therapies or other targeted agents. One such example was the addition of the
monoclonal antibody figutumumab to carboplatin and paclitaxel in non-small
cell lung cancer. Despite encouraging data from a phase Il trial, results from a
large phase III trial were not positive (Langer et al. 2014). This trial, and others
with similar designs were for the treatment of unselected patients, and there are,

as yet, no biomarkers indicating likely response to IGF-1R treatment.

IGF-1R tyrosine kinase inhibitors such as OSI-906 (Mulvihill et al. 2009) offer
potential advantages over monoclonal antibodies. They are orally administered,
which is preferred by patients, and they have a shorter half-life, which allows
flexibility in timing of dosing in combinations with chemotherapeutics. Small
molecule inhibitors may be able to penetrate the blood brain barrier in a manner
that monoclonal antibodies cannot (Pan et al. 2007). In the IGF-1R field in
particular, small molecule inhibitors may have one other advantage. By
inhibiting the anti-apoptotic insulin receptor variant IRA as well as the IGF-1R,

they may be more effective as the IRA may play a role in compensating for IGF-
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1R inhibition (Ulanet et al. 2010, Buck and Mulvihill 2011). The disadvantage of
this dual IGF-1R/IR inhibition is that blockade of the IRB causes hyperglycaemia

as dose limiting toxicity (Macaulay et al. 2011, Puzanov et al. 2015).
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1.4 The aims of this project

The principal objective of this project was to understand the mechanisms by
which cancers are resistant to the effects of mTOR inhibition, specifically in the

context of clear cell renal cell cancer.

1.4.1 Hypotheses:

1. Activation of the IGF-1R - PI3K - AKT pathway in clear cell renal cell
cancer contributes to resistance to mTOR inhibition.

a. Inhibition of this pathway with small molecule inhibitors of the
IGF-1R can sensitise to rapalogue inhibition of mTOR.

b. Mutant VHL status, which upregulates IGF-1R, is a biomarker for
activation of this resistance pathway and sensitisation by IGF-1R
inhibition.

Aims:

Test small molecule inhibitors of the IGF-1R - PI3K - AKT pathway,

developed for clinical use, in CCRCC in vitro and to test the ability of such

inhibitors to sensitise CCRCC cells to rapamycin.

Use isogenic VHL mutant pairs of cell lines with stably transfected wild

type VHL, or empty vector to test the role of VHL mutation status in

affecting the ability of IGF-1R inhibitors to sensitise to mTOR inhibition.
2. CCRCC cells resistant to mTOR kinase inhibition can be created in vitro by

continuous culture in an mTOR kinase inhibitor.

a. mTOR kinase resistant CCRCC cells will have altered signalling

pathways characterised by altered gene expression, protein
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expression, or posttranslational modification (phosphorylation)
that mediate resistance.
Aims:
To create mTOR kinase resistant CCRCC cells by continuous culture in
drug by two methods; firstly by slow incremental increase in the
concentration of drug as cells adapt to its presence, secondly by
introducing the drug at high concentration and culturing surviving cells.
To screen mTOR kinase resistant CCRCC cells at the protein and
phosphoprotein level to detect altered signalling networks.
To screen mTOR kinase resistant CCRCC cells at the gene transcription
(mRNA) level by micro array.
To validate the hits from the screens by alternative techniques and to test
the functional relevance of the altered pathways by the use of small
molecule inhibitors and protein depletion with siRNA.
3. The properties of the mTOR kinase resistant CCRCC cells will reveal
insight into the mechanism of resistance

a. mTOR kinase resistant CCRCC cells may show reactivation of key
mTOR targets, i.e. resistance occurs through reactivation of the
inhibited mTOR pathway.

b. The stability of the mTOR kinase resistance phenotype on
withdrawal of the inhibitor from continuous culture will give
insight into the mechanism through which resistance to drug was
gained, i.e. reversible inhibition may indicate an epigenetic

mechanism, stability of the phenotype may indicate gene mutation.
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Aims:

To test the mTOR kinase resistant CCRCC cells to alternative inhibitors of
the mTOR pathway.

To examine the downstream signalling from mTORC1 and mTORC2 and
investigate the mechanism of any reactivated signalling.

To establish the stability of mTOR kinase resistance phenotype during
prolonged withdrawal of drug from continuous culture. If loss of
resistance is detected, to investigate the contribution of epigenetic
modifications to mTOR kinase inhibition through the use of clinical

inhibitors of histone deacetylases.
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2 Methods

2.1 Cell culture

2.1.1 General techniques

Cell culture was performed in sterile tissue culture hoods. Cells were maintained
in tissue culture grade flasks dishes or plates (Falcon or Nunc) in humidified
incubators with 10% CO2 and 90% air. Cells were negative for mycoplasma when

tested with the MycoAlert detection kit (Lonza, UK).
2.1.1.1 Recovery of cryopreserved cells

To unbank cells from cryostorage, a vented cap tissue culture flask was prepared
and warmed to 379C with 50 ml of complete medium. A cryovial was retrieved
from the liquid nitrogen store and kept on dry ice until ready to be thawed.
Thawing was performed in a 37°C water bath with regular mixing to ensure
rapid thawing. As soon as the cells were fully thawed they were transferred into
the pre-warmed tissue culture flask. The following day medium was exchanged
for 25 ml of fresh complete medium. Cells were passaged three times as

described below before use.
2.1.1.2 Subculture

Cells were cultured in the growth media specified in Table 2-1 supplied by
Invitrogen Gibco, supplemented with 10% foetal calf serum (FCS PAA

Laboratories) and 100 units/ml penicillin and 0.1 mg/ml streptomycin. For
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routine passaging of cells, disaggregation was performed with 3 mM EDTA in
phosphate buffered saline (PBS) for 5 minutes at 37°C followed by gentle
tapping of the flask sides. The EDTA was diluted with an equal volume of
complete medium before transfer to a centrifuge tube for pelleting of cells by
centrifugation at 1200 rpm for 5 minutes. Cells were resuspended in complete
medium for reseeding into tissue culture flasks. Routine weekly passage was
conducted by a 1:30 split for 786-0EV, 786-0VHL, RCC4EV and RCC4VHL cell

lines, and 1:5 for UMRC2VA and UMRC2VHL cells.

2.1.1.3 Cryopreservation and cell banking

To cryopreserve and bank cells, disaggregation and cell pelleting was performed
as above followed by resuspension in 1 ml of ice cold freezing medium (10%
DMSO, 50% FCS and 40% Dulbecco’s Modified Eagle Medium (DMEM)) and
aliquoting into round bottom cryovials (Corning, Fisher Scientific, UK). Vials
were frozen down to -80°C at 1°C/min in an isopropanolol-bath freezing

container. After 24 hours vials were transferred to liquid nitrogen.

2.1.2 Cell lines

The cell lines used in this project are listed in Table 2-1. Three isogenic pairs of
human CCRCC cell lines were used. The parental cell lines all lack functional
pVHL due to mutations in the VHL gene as described in Table 2-2. Functional
wild type pVHL had been re-expressed by stable transfection. The 786-0 cells
had been stably transfected with empty vector (pRc) or wild type pVHL (pRc
HA.VHL (1-213)) containing an NH.-terminal HA epitope tag, to generate

sublines 786-0EV, 786-0VHL (Iliopoulos et al. 1995). RCC4 (Maxwell et al. 1999)
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and UMRC2 (Zatyka et al. 2002) were transfected with empty vector or pcDNA3-
VHL and stable integrants were selected using G418 to create RCC4EV, RCC4VHL
and UMRC2VA, UMRC2VHL. The 786-0 and RCC4 isogenic pairs were obtained
from Cancer Research UK Laboratories, Clare Hall, Hertfordshire, UK. The
UMRC?2 isogenic pair was gifted by Dr D Mole, Wellcome Trust Centre for Human
Genetics, University of Oxford. All cell lines were maintained in complete media
as described above with the addition of G418 0.5 mg/ml (Invitrogen). Cell lines

were not formally authenticated by short tandem repeat profiling during this

project.
Cell Line Origin Medium Culture Conditions
786-0EV Human CCRCC DMEM 10% CO2
786-0VHL Human CCRCC DMEM 10% CO2
RCC4EV Human CCRCC DMEM 10% CO2
RCC4VHL Human CCRCC DMEM 10% CO2
UMRC2VA Human CCRCC DMEM 5% CO;
UMRC2VHL Human CCRCC DMEM 5% CO;

Table 2-1 Cell lines used in this project. EV (transfected with empty vector), VA (transfected with
vector alone) VHL (transfected with wild type VHL)

Cell Line Mutation Consequence Reference
786-0 1 nt deletion 523 | Codon 104 Frameshift (Gnarra et al. 1994, Zatyka et al.
2002)
RCC4 C407G Ser65Trp (Gnarra et al. 1994)
UMRC2 G458C Arg82Pro (Zatyka et al. 2002)

Table 2-2 VHL status of cell lines used in this project
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2.1.3 Treatment with small molecule inhibitors

The small molecule inhibitors used in this project are listed in Table 2-3.
Rapamycin was purchased as 5 mM solution in DMSO (Calbiochem) and was
aliquoted into single use aliquots before being stored at -20°C and protected
from light. All other inhibitors were supplied as powders and were dissolved in
the required volume of DMSO to achieve the stock concentration as listed in

Table 2-3 before aliquoting into single use aliquots and storing at -20°C or -80°C.

For individual experiments OSI-906 was first diluted in DMSO before being
further diluted in pre-warmed complete medium containing 5% DMSO to
produce a 10X stock solution of OSI-906. All other drugs were diluted to the
required concentration directly into complete medium. Control cells in each
experiment were treated with complete medium containing an equal

concentration of DMSO to that of drug treated cells.

45



Chapter 2

Methods

Drug

Source

Stock
Concentration

Molecular
Target

Notes

Rapamycin

Calbiochem

5 mM (DMSO)

mTORC1

Allosteric inhibitor. Specific

to mTORC1, but prolonged

exposure inhibits mTORC2
in some models.

0SI-906

0SI
Pharmaceuticals

10 mM (DMSO0)

IGF-1R

Kinase inhibitor of IGF-1r
with ICs 0.035 pM. Inhibits
IR at ICs9 0.075 pM.

AZ12253801

AstraZeneca

10 mM (DMSO)

IGF-1R

Kinase inhibitor. Also
inhibits IR. Off target effects
against aurora kinase above

300 nM.

BKM120

Selleckchem

20 mM (DMSO)

PI3K

ATP competitive inhibitor,
also inhibits PI3K with
known activating

mutations. See Table 3-3

BEZ235

Selleckchem

10 mM (DMSO)

mTORC1,
mTORC2

APT competitive inhibitor
of mTOR, also active against
PI3K. For IC50’s see Table

3-3. Also inhibits DNAPK

and ATM.

AZD2014

Selleckchem

10 mM (DMSO)

mTORC1,
mTORC2

ATP competitive inhibitor,
specific for mTOR, ICso
0.028 pM. ICs0 PI3Ka 3.8
uM, PI3Kp > 30 uM, PI3Ky
>30 uM, PI3K§ >29 uM.

AZD5363

Selleckchem

10 mM (DMSO)

AKT

ATP competitive inhibitor.
Equipotent against AKT
isoforms. Also active in

vitro against PKA, P70S6K

and 14 AGC family
members.

Panobinostat

Selleckchem

10 mM (DMSO)

HDAC

Hydroxamic acid based
compound. Activity against
class I, Il and IV HDACs. ICsp

<13.2 nM for all HDACs
except HDAC4, 7 and 8 (ICso

203 - 531 nM).

INC280

Selleckchem

10 mM (DMSO)

MET

Small molecule kinase
inhibitor. Specific for MET.

AZD6244

Selleckchem

10 mM (DMSO)

MEK1

Non ATP competitive.
Specific for MEK.

Imatinib

Selleckchem

10 mM (MDSO)

ABL
kinase

ATP competitive inhibitor.
Specific for ABL. Not active
against related kinase SRC.

Table 2-3 Small molecule inhibitors used in this project

0SI-906 and AZ12253801 were obtained under Material Transfer Agreement (MTA) from their respective
pharma companies. All other agents were purchased commercially.

2.1.4 Creation of BEZ235 resistant cells

RCC4 and 786-0 cells resistant to BEZ235 were generated as part of this project,

and a detailed description of this method can be found in results chapter 2. In
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brief cells were continuously cultured in BEZ235 and serially tested for
development of resistance as defined by Glso (see section 2.2.2 CellTiter-Glo cell
viability assay for details of methods of testing for GIso). Two approaches were
used to create BEZ235 resistant RCC cells. The first method was to treat cells
with a high concentration of BEZ235 (100 nM) and culture the surviving cells, as
used by Sharma (Sharma et al. 2010). This method proved successful in creating
BEZ235 resistant 786-0 cells, but was not tolerated by RCC4 cells. The second
method was to initiate treatment with low concentrations of BEZ235 (10 nM)
and slowly increase the concentration of serial passages, as in (Ricci et al. 2002,
Engelman et al. 2006b). This method was successful in producing RCC4 cells that

were resistant to BEZ235 20 nM.

2.1.5 Treatment with IGF-1 ligand

Stimulation of cells with IGF-1 was used to test the ability of IGF-1R inhibitors to
inhibit IGF-1 induced phosphorylation of the IGF-1R and downstream signalling
pathways. Human long R3 IGF-1 (Sigma-Aldrich) was dissolved in 10 mM HCl,
aliquoted and stored at -80°C. In order to stimulate with IGF-1, adherent cells
were washed with PBS and then incubated with serum free medium for 24
hours. Cells were treated with 10 nM IGF-1 in serum free medium for 10 minutes
before harvesting as described below (2.3.1). Control cells were treated with an

equivalent volume of 10 mM HCI.

2.1.6 Gene silencing by RNA interference

Cells were reverse transfected with siRNA using DharmaFECT transfection
reagent (Dharmacon, USA). Stock siRNA (20 pM ) was diluted in serum and
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antibiotic free medium to a concentration of 100 nM. DharmaFECT transfection
reagent was diluted 1:400 into the 100 nM siRNA solution. The
siRNA/DharmaFECT solution was added to an appropriate dish/96-well plate
and cells were seeded into this in an equal volume of serum and antibiotic free
medium. Following 6 hours incubation, the transfection reagent mixture was
removed, and replaced with complete medium. Control cells were transfected

with non-silencing control siRNA (Qiagen) to control for the non-specific effects

of siRNA transfection.
Catalogue DharmaFECT
Name Target Source Transfection
Number
Reagent
Human non-
All Stars negative control silencing Qiagen 1027281 1
control
HS_MET_10 Human MET Qiagen $102654897 1
SASI_HS01_00048380 RHA“P?‘& Sigma-Aldrich | NM_020761 1

Table 2-4 siRNA used in this project

2.2 Cellular assays

2.2.1 Clonogenic survival/growth assay

Cells were disaggregated as described above (2.1.1.2) and cells were counted
using trypan blue dye (Sigma) and a haemocytometer. All cells were seeded at
3000 cells per 10 cm dish in triplicate, except BEZ235 resistant cells, which were
seeded at 6000 cells per 10 cm dish. The following day, cells were treated with
drug or solvent control dissolved in complete medium, and incubated for 6-8
days at 37°C and 10% CO:. Colonies were defined as being ready for fixation
when control treated colonies were at least 50 cells in number, and were fixed

and stained with 0.1% Coomassie Blue, 7% acetic acid and 50% methanol for 20-
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30 minutes. After washing and drying, colonies were counted on a Colcount
automated colony counter (Oxford Optronix). Results were expressed as a
percentage of survival in solvent treated control dishes. Unless otherwise stated
in the figure legend, data presented are from taken from three independent
experiments, and graphed using GraphPad Prism v6. Curves were fitted and used
to extrapolate the concentration of drug required to inhibit survival to 50% of

untreated cells (defined as the SFsy).

2.2.2 CellTiter-Glo cell viability assay

Cells were disaggregated and counted as described above and seeded at 1000
cells per well of an opaque side-wall, clear bottomed 96 well plate (Grenier Bio-
one) in triplicate. The following day cells were treated with drug or solvent and
incubated for 72 hours at 37°C and 10% CO-. Cell viability was measured using
CellTiter-Glo (CTG) Luminescent assay reagent (Promega) mixed in a 1:1 ratio
with medium in wells, and after 30 minutes incubation in the dark on a rocker at
room temperature, luminescence was read on a luminometer (Fluorstar Optima,
BMG Labtech). CTG reagent lyses cells, and contains luciferin and recombinant
luciferase, which in the presence of ATP and oxygen produces oxyluciferin in an
electrically excited state, which emits light. Viability was expressed as a
percentage of solvent treated controls. Unless otherwise stated, data presented
are from three independent experiments, and graphed using GraphPad Prism v6.
Curves were fitted and used to extrapolate the concentration of drug required to
inhibit viability to 50% of untreated cells (defined as the Glso). The extrapolated

plateau of the curve of best fit was taken as the population of cells resistant to
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the drug treatment and was used as additional marker of efficacy of drug

treatments, particularly if the GIso was not reached.

2.3 Protein analysis

2.3.1 Collection and lysis of adherent cells

Monolayer cells were washed twice with ice-cold PBS before being collected by
scraping in PBS. Cells were pelleted by centrifugation at 14,000 rpm at 4°C
followed by aspiration of the supernatant. Cell pellets could be stored at -20°C
following snap freezing in dry ice with 100% ethanol. Cell pellets were lysed in
IGF-1R lysis buffer (50 mM HEPES, 100 mM sodium chloride, 10 mM EDTA, 4
mM sodium pyrophosphate, 2 mM sodium orthovanadate, 10 mM sodium
fluoride and 1% Triton X-100) or radio-immunoprecipitation assay (RIPA) Lysis
buffer (20 mM Tris pH7.5, 1 mM EDTA, 100 mM sodium chloride, 1% Triton X-
100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulphate (SDS)) for 30
minutes on ice. Both lysis buffers were supplemented with EDTA-free protease
cocktail inhibitor cocktail, 1.5 mM Pefabloc (Roche) and phosphatase inhibitor

complex II (Sigma P5725) and complex III (Sigma P0044).

2.3.2 Protein quantification

Protein concentration was calculated against bovine serum albumin (BSA)
standards (0.1-2 ml/ml) using Pierce Bicinchoninic Acid (BCA) assay and
analysed on a plate reader at 562nm (pQuant Universal Microplate
Spectrophotometer, NorthStar Scientific). This assay quantifies protein content

through the peptide bond reduction of Cu?* to Cu*, which BCA collates to produce
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a purple coloured product. Equal amounts of protein were denatured with 3X
Laemmli Buffer (70 mM Tris pH 6.8, 5% (v/v) B-mercaptoethanol, 40% (v/v)

glycerol, 3% (w/v) SDS, 0.05% (w/v) Bromophenol Blue) at 95°C for 5 minutes.

2.3.3 Direct lysis and collection of adherent cells

For experiments using drug treatments of 6 hours or less and only comparing
treatments within one cell line, an alternative method of collecting and lysing
cells was used. Equal numbers of cells were seeded into dishes and 24 hours
later drug treatments applied. Cells were washed twice with chilled PBS and
lysed in the dish with 3X Laemmli Buffer, sonicated for 10 seconds and then
denatured by heating to 95°C for five minutes. In order for this method to
produce samples containing equal concentrations of protein, two assumptions
are made; firstly that the same number of cells are present and being lysed in
each dish, and secondly that each cell contains the same amount of protein. In
order for these assumptions to hold true, this method of lysis was only used for
comparisons of drug treatments within the same cell line, and secondly for
treatments of six hours or less, which were not expected to significantly alter cell
number through anti-proliferative or cytotoxic effects. Equal volumes of each

sample were analysed by SDS-PAGE as described below.

2.3.4 SDS polyacrylamide gel electrophoresis (SDS-PAGE)

Proteins were separated according to their electrophoretic mobility by SDS
polyacrylamide gel electrophoresis (PAGE) on 5%, 7.5%, 10% or 12%
polyacrylamide gels. Proteins were electrophoresed at 125 volts in a gel running
tank (Bio-Rad) with running buffer (192 mM glycine, 25 mM Tris-Cl, 0.1% SDS)
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for approximately 90 minutes. Proteins were transferred onto Hybond ECL
nitrocellulose membrane (Amersham) in semi-dry transfer buffer (48 mM Tris,
49 mM glycine, 20% methanol, 0.039% SDS, final pH 9.2) using a semi-dry
transfer apparatus (Hoefer SemiPhor Transfer Unit, TE 77 PWR, Amersham
Biosciences) at a constant current of 40 mA per membrane for 3 hours, or 150
mA per membrane for 1 hour. Alternatively when intending to probe for cleaved
Notch, proteins were transferred to PVDF membranes (IMMOBILON-P,
Millipore) in transfer buffer (NuPAGE Life Technologies) in a wet transfer tank
(Hoeffer standard transfer tank with cooling apparatus, TE62) at 20 V for 15
hours. To reduce nonspecific binding of primary antibodies, membranes were
blocked for 1 hour using 5% non fat dry milk (Sigma-Aldrich) or 5% BSA (Sigma)
in tris-buffered saline (TBS) with 0.1% Tween 20 (TBST) on a shaking platform.
Primary antibodies were made up as indicated in Table 2-5 and were incubated
with the membrane overnight at 4°C on a shaking platform. Membranes were
washed for ten minutes in TBST three times before incubation with the indicated
(see Table 2-5) HRP conjugated secondary goat anti-rabbit or goat anti-mouse
antibodies (Dako or Cell Signaling) at room temperature for one hour on a
rocking platform. A further three washes in TBST were performed, for ten
minutes each. Proteins were detected using enhanced chemiluminescence (ECL+
or ECL Prime, Amersham) and membranes were either exposed to radiographic
film (Super RX Fugifilm) or visualised on a gel-doc chemiluminescence imaging
machine (Fusion FX, Vilber Lourmat). Radiographs were scanned and imported
into Adobe Photoshop (Abobe). Densitometry quantification was performed in
Image] (NIH, USA) and normalized to a loading control protein, typically $-actin

or B-tubulin.
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Predicted
sowee | frmay | Seondary | Molec
(kDa)
4E-BP1 Cell Signaling (#9644) 1:1000 Jabo 15-20
c-ABL Cell Signaling (#2862) 1:1000 11?138(1;2;0 135
Acetyl-Histone H3 Merk Millipore (#06-599) 1:1000 11?138(1;2;0 17
B-Actin Abcam (ab8224) 1:10000 11?’[1%‘8550 42
AKT Cell Signaling (#9272) 1:1000 11?135’(1)’2;0 60
CaMKII Cell Signaling (3362) 1:1000 11?135’32;0 60, 50
CRK II Cell Signaling (#3492) 1:1000 11?135’32;0 42
Cyclin D1 Cell Signaling (#2922) 1:500 11?135)(1;2;0 36
EGFR Cell Signaling (#2232) 1:1000 11?135’(1)’2;0 175
elF4E Cell Signaling (#2067) 1:1000 11?135)(1;2;0 25
Anti-Hes1 was a gift from Dr.
st | Tt T bdwte | oy | R g
Feller 2008)
AlFla Labgzgirelz%:gtiggsm 1:500 11?11%%?0 120
| NomsmeenelsC ] g | R ] g
HSL Cell Signaling (#4107) 1:500 11?135’32;0 81,83
IGF-1R B Cell Signaling (#3027) 1:1000 | SN 95
IGF-1R B Thermols%esnot;fic(PAS- 1:1000 11?1515)(1))2;0 95
IR B Cell Signaling (#3025) 1:1000 11?135’(1)’2;0 95
Jagged 1 Cell Signaling (#2620) 1:1000 11?138(1;2;0 180
LIMK 1 Cell Signaling (#3842) 1:1000 11?135’32;0 70
LIMK 2 Cell Signaling (#3845) 1:1000 11?138(1)’2;0 70
MAPKAPK-2 Cell Signaling (#3042) 1:1000 11?138(1)’2;0 47,49
MEK 1/2 Cell Signaling (#4694) 1:1000 11?’[1%‘8550 45
MET Cell Signaling (#8198) 1:1000 11?135’32;0 140,170
Nm‘g};gﬁ;’ed) Cell Signaling (#4147) 1:1000 11?135’(1)’2;0 110
PA‘?észl%PK Cell Signaling (#4695) 1:1000 11?135’(1)’2;0 42, 44
PARP Cell Signaling (#9542) 1:1000 11?138(1)’2;0 86,116
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Predicted
. Primary Secondary Molecular
Antibody Source Dilution | Antibody Weight
(kDa)
Phospho-4E-BP1 . . . Rabbit
(Thr37/46) Cell Signaling (#2855) 1:1000 1:10000 15-20
Phospho-AKT , . ) Mouse
(Ser473) Cell Signaling (#4051) 1:1000 1:10000 60
Phospho-AKT . . . Rabbit
(Thr308) Cell Signaling (#9275) 1:500 1:5000 60
Phospho-CRKII . . ) Rabbit
(Tyr221) Cell Signaling (#3491) 1:1000 1:10000 42
Phospho Cyclin D1 . . ) Rabbit
(Thr286) Cell Signaling (#3300) 1:500 1:10000 36
Phospho-IGF-1R 8 Rabbit
(Tyr1135/6 /IR B Cell Signaling (#3024) 1:500 1:2000 95
Tyr1150/1) )
Phospho-MEK1 . . . Rabbit
(Ser221) Cell Signaling (#2388) 1:1000 1:10000 45
Phospho-MET . . i Rabbit
(Tyr1234/1235) Cell Signaling (#3077) 1:500 1:2000 145
Phospho-Met ) Rabbit
(Tyr1356) Abnova (#PAB0536) 1:500 1:2000 145
Phospho-MET ) Rabbit
(Tyr1356) Abgent (#AP3168a) 1:500 1:2000 145
Phospho-p44/42 Rabbit
MAPK (Erk1/2) Cell Signaling (#4377) 1:1000 1:10000 42,44
(Thr202/Tyr204) '
Phospho-PRAS40 . . . Rabbit
(Thr246) Cell Signaling (#2640) 1:1000 1:10000 40
Phospho-S6 Rabbit
Ribosomal Protein Cell Signaling (#2211) 1:2000 1:10000 32
(Ser235/236) '
PP2A C Cell Signaling (#2259) 1:1000 ffg&to 36,38
Bethyl Laboratories ) Rabbit
PPMI1G (#A300-880A) 1:1000 1:10000 70
PRAS40 Cell Signaling (#2610) 1:1000 Janh 40
PTEN Cell Signaling (#9559) 1:1000 Jab 54
Raptor Cell Signaling (#2280) 1:500 Ei%%‘; 150
RAS-GRF1 Cell Signaling (#3322) 1:500 Ei%%‘; 155
s6 Cell Signaling (#2217) 1:1000 113135’(1)’(‘;0 32
B-Tubulin Sigma-Aldrich (#T4026) 1:5000 1ﬁ%%s§0 55

Table 2-5 Antibodies used for western blotting in this project

2.3.5 Immunoprecipitation

Monolayer cells were washed twice with ice cold PBS before being collected by

scraping in ice-cold PBS. Cells were pelleted by centrifugation then lysed in RIPA
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buffer for 30 minutes on ice as described in section 2.3.1. Typically 0.5-1mg of
protein was precleared with 10ug of control Rabbit IgG and 30ul of 50% slurry of
agarose-conjugated protein A or protein G beads (Sigma), for one hour at 4°C on
a rotating wheel. Protein beads were prepared by weighing lypophilized beads
and swelling in ten times the volume of ice cold PBS for 30 minutes on ice. Beads
were washed three times in ice cold PBS before re-suspending to the original
volume with PBS. Lysates were centrifuged at 3000 rpm for 2 minutes and then
pre-cleared lysates were transferred to a new screw cap eppendorf tube for
incubation with primary antibody (2pg per 1mg of lysate) overnight at 4°C on a
rotating wheel. Immunoprecipitates were collected with 30pl of 50% slurry of
agarose-conjugated protein A or protein G beads, for one hour at 4°C on a
rotating wheel. The beads with collected immunoprecipitates were washed three
times in ice cold RIPA lysis buffer for 5 minutes on a rotating wheel at 4°C. After
the final wash samples were denatured for 5 minutes in 3X Laemmli Buffer, and

analysed by SDS PAGE and western blotting.

2.4 Antibody array

A commercial antibody array service, the Phospho Explorer Array, was

purchased from Full Moon Biosystems (www.fullmoonbiosystems.com). This

approach uses proprietary antibodies that are printed onto glass micro-array

slides.
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2.4.1 Collection of cell samples

Monolayer cells growing in 10 cm dishes were washed twice in ice-cold PBS on
ice, followed by collection by scraping in 1 ml ice cold PBS. Cells were pelleted by
centrifugation and the supernatant removed. Cell pellets were snap frozen in
ethanol/dry ice and stored at -209C. Samples were couriered on dry ice to Full
Moon Biosystems, 754 North Pastoria Avenue, Sunnyvale, CA 94085, USA, who

performed the following steps to complete the antibody array.

2.4.2 Protein extraction

Cell pellets were lysed by the addition of lysis beads with extraction buffer
(containing phosphatase inhibitors), vortexing for 30 seconds and incubation for
10 minutes on ice. Vortexing and incubating was repeated at 10 minute intervals
for a total of 60 minutes. Lysates were next centrifuged at 10,000 g for 20
minutes and the supernatant transferred to a fresh tube. Spin columns were used
to exchange the buffer in the supernatant to labeling buffer and then protein

concentration was measured.

2.4.3 Biotin labeling of protein extracts

Labeling buffer was added to the protein sample to bring the total volume to 75
uL and 3 uL of Biotin/Dimethylformamide (DMF) was added (10 pg/uL Biotin).
The sample was mixed, incubated at room temperature for 2 hours with constant
mixing, and then 35 pL of stopping reagent was added and incubated for 30

minutes with mixing to terminate the reaction.
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2.4.4 Coupling

The antibody array included 1318 antibodies directed against phospho-proteins,
with corresponding antibodies to the non-phosphorylated epitopes of the same

proteins (full list available online at www.fullmoonbiosystems.com). Each

antibody was spotted onto the slide in duplicate. The antibody arrays were
blocked using blocking buffer for 40 minutes at room temperature on a rocking
platform to reduce non-specific binding of proteins, and then washed in milli-Q
grade water. In a coupling chamber 95 pg of labelled protein in 6 mL coupling
solution was incubated with the antibody array on an orbital shaker for 2 hours
at room temperature. Antibody array slides were then washed three times with

washing buffer and finally rinsed with de-ionised water.

2.4.5 Detection of antibody-bound proteins

Antibody-bound biotinylated proteins were detected with streptavidin. To 60 ml
of detection buffer, 30 pL of Cy3-streptavidin was added and incubated with the

antibody array slides for 45 minutes at room temperature in the dark. The slides
were then washed three times in washing buffer, rinsed in de-ionised water and

dried with compressed nitrogen. The slides were scanned on an Axon Genepix

Array Scanner.

2.4.6 Data analysis

For each spot on the array the median signal intensity was recorded, and then
the median signals of replicate spots were averaged (the average signal intensity

of replicate spots), and coefficient of variation for each set of replicates
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calculated. Data were normalised to the median of replicate averages (the

median signal intensity).

Normalized data = Average signal intensity of replicate spots / median signal

intensity
Normalised data were used to calculate the fold change between samples.
Fold change = Treated normalised data / Control normalised data

A “true signal” on the antibody array was defined as an average signal intensity

of replicate spots at least 3 times the level of background signal.

2.5 RNA analysis

2.5.1 General techniques for working with RNA

All work surfaces and equipment were cleaned prior to any work with RNA using
RNaseZAP (Ambion). Filter tips were used for pipetting (Axygen), RNase and
DNase free tubes (Axygen) and nuclease free water (Ambion) were used

throughout.

2.5.2 RNA extraction from cultured cells

An RNeasy micro kit (Qiagen, UK) was used to extract RNA according to the
manufacturers protocol, including the optional on column DNase treatment step.
Approximately 10°-107 monolayer cells were cultured in a 10cm dish. Cells were
washed in ice cold PBS and then lysed in 600 pL of buffer RLT containing 3-

mercaptoethanol, and the resulting lysate was homogenised by passing through
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a blunt 20-gauge needle five times. An equal volume of 70% ethanol was added,
and mixed by pipetting. The resulting mixture was added to a silica membrane
RNeasy spin column and centrifuged at 13,000 for 15 seconds. Silica bound RNA
was washed with 350 pL of Buffer RW1 by centrifugation at 13,000 rpm for 15
seconds. Next an on-column DNA digestion step was performed with DNase
(RNase-free DNase set, Qiagen, UK), using 80 pL of DNase incubation mix (10 pL
DNase 1 stock solution and 70 pL buffer RDD), which was added to the spin
column. After incubating for 15 minutes at room temperature, 350 pL buffer
RW1 was added and the column centrifuged at 13,000 rpm for 15 seconds. Next,
the column was washed twice with buffer RPE before RNA was eluted in 40 pL of

RNase-free water by centrifugation at 13,000 rpm for 1 minute.

RNA concentration was determined by spectrophotometry (Nanodrop
Technologies, Wilmington, DE, USA) supported with NanoDrop version 3.5.2
software. Purity of the RNA was assessed by the ratio of absorbance at 260 nm

versus 280 nm (ratio of 2.0 for pure RNA). RNA was stored at -80°C.

2.5.3 Gene expression microarray analysis

Monolayer RCC4 control cells (BEZ235 sensitive) were grown in 10 cm dishes
and treated with 20 nM BEZ235 or solvent control for one hour. Cells were
collected and RNA extracted as described above (section 2.5.2). RCC4 BEZ235
resistant cells were grown in 10 cm dishes in media containing 20 nM BEZ235
(their standard growing conditions). The medium was exchanged for fresh
medium containing 20 nM BEZ235 and one hour later cells were collected and

RNA extracted as described above. Triplicate independent samples were
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collected for each condition. Microarray analysis was performed at the Cancer
Research UK Manchester Institute Microarray Service (Cancer Research UK
Manchester Institute, University of Manchester, UK) using the Affymetrix
GeneChip Human Exon 1.0 ST Array platform. To perform the analysis, 500 ng of
total RNA at a minimum of 100 ng/uL was provided. RNA integrity was
confirmed on an Aligent Bioanalyzer (Agilent Technologies UK Limited, Cheshire,
UK) at the Cancer Research UK Manchester Institute. cDONA was synthetised from
RNA and then amplified, fragmented and biotin labelled. Labelled cDNA was
allowed to hybridize with gene probes on the affymetrix GeneChip Human Exon
1.0 ST array, which contains multiple probes for each gene. The slide was then
stained and scanned before data were uploaded onto the online database MIAME
VICE. Data analysis was performed by Stephen Taylor (Head of Computational
Biology Research Group, Weatherall Institute of Molecular Medicine, University
of Oxford, Oxford, UK) to generate a list of transcripts showing altered
expression in BEZ235 resistant cells compared to BEZ235 sensitive cells, and
BEZ235 sensitive cells acutely treated with BEZ235. Transcripts were filtered by

p value <0.05 and arranged in order of log fold of change. Results were uploaded

to Metacore (http://thomsonreuters.com/metacore/) for pathway analysis.

2.5.4 Reverse transcription

cDNA was synthesised by reverse transcription using the SuperScript III First-
Strand Synthesis System for RT-PCR (Invitrogen, Life Technologies) according to
the manufacturers protocol. Up to 5 pg of RNA was added to 1 pl of 10 ng/pL
random hexamers and 1 pL. 10 mM dNTP mix, and the final volume made up to

10 pL with nuclease free water. The reaction mix was heated to 65°C for 5
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minutes then placed on ice for at least 1 minute. To this, 10 puL of cDNA synthesis
mix was added (2 pL 10X RT buffer, 4 uL 25 mM MgClz, 2 pL 0.1 mM DTT, 1 pL 40
U/uL RNase OUT and 1 pL 200U /uL SuperScript III RT). Samples were placed in
a Peltier Thermal Cycler (M] Research, Waltham, MA, USA) and incubated at
259C for 10 minutes, then 50°C for 50 minutes. The reaction was terminated by
heating to 85°C for 5 minutes, then cooling to 4°C. Samples of cDNA were stored

at -209C until analysis by qRT-PCR.

2.5.5 Quantitative real time PCR (qRT-PCR)

2.5.5.1 Primer design

NCBI mRNA reference sequence accession numbers (RefSeq) were entered into
the National Centre for Biotechnology Information (NCBI) Primer BLAST (Basic
local alignment search tool) program, which automatically generated the primer

sequences (http://www.ncbi.nlm.nih.gov/tools/primer-blast/). Parameters for

primer design were set for a melting temperature of 60°C, amplicon length less
than 400 bases and spanning at least one exon-exon boundary. The HEY1 primer
pair was a gift from Dr Helen Sheldon (Department of Oncology, Weatherall
Institute of Molecular Medicine, University of Oxford, Oxford, UK). The primers
were synthesised by Invitrogen (Life Technologies Ltd., UK) and sequences are

listed in Table 2-6.
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Target Gene RefSeq Forward Primer 5’-3’ Reverse Primer 3’-5’
HEY1 NM_001040708 CGAGCTGGACGAGCCCAT | GGAACCTAGAGCCGAACTCA
HES1 NM_005524 CAGCCAGTGTCAACACGACA | GTGCGCACCTCGGTATTAAC
JAG1 NM_000214 CCAGTGTCAGAATGACGCCT | ACTCTTGCACTTCCCGTGAG

FN1 NM_002026 ACCATACCCGCCGAATGT | GTGTAGGGGTCAAAGCACGA
Actin NM_001101 CCCAGCACAATGAAGATCAA | CGATCCACACGGAGTACTTG

Table 2-6 Primers used for qRT-PCR

2.5.5.2 qRT-PCR

All quantitative real time polymerase chain reactions (QRT-PCR) reactions were
performed in triplicate for each primer pair in each condition tested using the
Rotor Gene qPCR System (Corbett Research, Sydney, Australia). The SensiMix
SYBR kit (Bioline Ltd., UK) was used as per the manufacturers instructions.
SensiMix SYBR was provided as a 2X mastermix containing all the components
required for real-time PCR (SYBR Green I dye, dNTPs and stabilisers). Primers
were added to a working concentration of 0.5 uM with 20 ng cDNA, and nuclease
free water to make up to final volume of 25 pl per reaction. Conditions for the
PCR reaction were 95°C for 15 minutes to activate the DNA polymerase, followed

by 40 cycles of 15 seconds at 95°C and 30 seconds at 60°C.

2.6 Apoptosis assay

Cells were disaggregated and counted as described above (2.1.1.2 and 2.2.1) and
seeded at 5000 cells per well of an opaque side-wall, clear bottomed 96 well
plate (Grenier Bio-one) in triplicate. The following day cells were treated with
drug or solvent and incubated for 24 or 48 hours at 37°C and 10% CO-.

Apoptosis was measured using Caspase-Glo 3/7 assay reagent (Promega) mixed
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in a 1:1 ratio with medium in wells, and after 60 minutes incubation in the dark
on a rocker at room temperature, luminescence was read on a luminometer
(Fluorstar Optima, BMG Labtech). Caspase-Glo reagent contains a substrate for
caspase 3/7 containing a DEVD sequence, Ultra-Glo recombinant luciferase (a
proprietary thermostable luciferase) and buffers optimised for cell lysis, caspase
activity and luciferase activity. When the substrate is cleaved by active caspase
3/7 released from lysed cells, aminoluciferin, a luciferase substrate, is released
and following reaction with luciferase, light is emitted. Luminescence is
proportional to the amount of activated caspase 3/7 in the treated cells.

Apoptosis was expressed as a percentage of solvent treated controls.

2.7 Statistical analysis

Data were analysed and graphed using Excel (Microsoft, USA) and Prism v6
(GraphPad, USA). Graphs were plotted to show mean and standard error of the
mean (SEM). Student’s t-test was used to compare two groups of data, one-way
analysis of variance (ANOVA) to compare more than two groups of data or
Friedman'’s test for non-normally distributed data, and two way ANOVA to
compare sets of data. Where non-linear regression was used to calculate Glso and
SFso values, 95% confidence intervals were given. Statistical significance was

defined as 95% (p<0.05).
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3 Results 1: Testing the functional relevance of
MTOR inhibitor induced, IGF-1R mediated, AKT

activation in CCRCC

3.1 Introduction

Previous work suggested the concept that the IGF-1R is important in renal
cancer biology. The IGF-1R is frequently overexpressed in renal cancer where it
confers a poor prognosis (Parker et al. 2004) and is associated with higher grade
tumours (Ahmad et al. 2004b). Our group has previously shown that CCRCC
shows increased IGF-1R mRNA expression compared to adjacent normal kidney,
and furthermore that the mechanism of the difference is that VHL sequesters the
transcription factor SP1 thereby reducing IGF-1R transcription (Yuen et al.
2007). More recently we have shown that the IGF-1R translocates to the nucleus
in human tumours including renal cancer, where intense or widespread nuclear

IGF-1R was associated with a worse prognosis (Aleksic et al. 2010).

The IGF-1R has been implicated in resistance to inhibition of the mTOR pathway
in a number of studies. In prostate and breast cancer cell lines, inhibition of
mTORC1 with rapamycin results in an increase in IRS-1 expression and
phosphorylation of S473-AKT, and small molecule or antibody inhibitors of IGF-
1R or PI3K abrogate this signalling, and sensitise to mTOR inhibition (O'Reilly et

al. 2006). Our group has previously shown that in renal cancer, inhibition of
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mTOR with rapamycin relieves phosphorylation of IRS-1 at S612, which
potentiates signalling via the IGF-1R to increase pAKT S473. Knockdown of the
IGF-1R in vitro and in vivo abrogates pAKT S473 activation and sensitises CCRCC

cells to rapamycin (Yuen et al. 2009).

The initial aim of this project was to establish whether the sensitisation to
rapamycin induced by IGF-1R knockdown in CCRCC could be replicated with
small molecule IGF-1R inhibitors. A secondary aim was to assess whether VHL
mutation status, and levels of IGF-1R expression altered the sensitivity to

inhibition of mTOR or IGF-1R, alone or in combination.

3.2 Results

3.2.1 The HIF status and IGF-1R expression of cell lines used in this

project

This project used the isogenic pairs of cell lines described in section 2.1.2. The
parental cell lines all harbour mutant, non functional VHL and have been stably
transfected with empty vector (EV, or vector alone - VA). The corresponding
paired cell lines had all been transfected with wild type, functional VHL
(VHL)(Iliopoulos et al. 1995, Maxwell et al. 1999, Zatyka et al. 2002). In
normoxia, in the absence of functional VHL, HIF1 /2« is not ubiquitinated and
targeted for degradation and was therefore detectable by western blotting in
786-0EV, RCC4EV and UMRC2EYV cells (Figure 3-1). As previously reported, 786-
0 cells do not express HIF1a (Yuen et al. 2007) whereas RCC4 and UMRC2 cells

do. All three cell lines express HIF2a. The stably transfected cell lines 786-0VHL,
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RCC4VHL and UMRC2VHL all showed decreased levels of HIF2a in normoxia,
consistent with the presence of functional VHL. It has previously been shown
that the replacement of functional VHL reduced the expression of IGF-1R in 786-
0 and RCC4 cells (Yuen et al. 2007). The reduction in IGF-1R was seen in 786-
OVHL and UMRC2 cells, but not in RCC4VHL cells. The expression of IGF-1R in
RCC4EV and RCC4VHL cells was checked 5 times during the course of this
project, and no clear pattern was evident, with findings of increased IGF-1R
expression in RCC4VHL (n=2), no change (n=2), or reduction in IGF-1R in
RCC4VHL cells (n=1) as shown in Figure 3-12. The cause of this variation is
currently unclear; consistent differences in HIF2a expression suggested that the

EV and VHL sublines had not been mixed.
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Figure 3-1 HIF status and expression of IGF-1R in cell lines used in this project

Cells growing in normoxia were lysed in Laemmli buffer and western blotted for HIF1a and HIF2«a to assess
the expression of HIF1/2a isoforms in the isogenic paired cell lines 786-0EV and VHL, RCC4 EV and VHL,
and UMRC2 VA and VHL. Membranes were also probed for levels of IGF-1R, and (3-Actin as loading control.
Similar results seen in 5 independent experiments.
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3.2.2 The effects of rapamycin on renal cancer cell lines

Initial experiments tested the response of renal cancer cell lines to acute
treatment with rapamycin. A six hour time point was chosen for this assessment
based on the data previously published by our group showing feedback increase
in pAKT S473 at this timepoint (Yuen et al. 2009). In all tested cell lines 100 nM
rapamycin inhibited the action of mTORC1 as assessed by reduction in the
phosphorylation of S6 (Figure 3-2) and this effect did not vary between VHL
mutant and VHL wild type cell lines. The RCC4EV and RCC4VHL cell pair showed
increase in phosphorylation of AKT at S473 and at T308 (pAKT S473 and pAKT
T308), and this effect was more marked in the RCC4VHL cell line. The 786-0 cells
showed higher levels of AKT phosphorylation, consistent with mutant PTEN
status (http://cancer.sanger.ac.uk/cell_lines/mutation/overview?id=5164), and
the 786-0EV cells did not show a clear change in pAKT S473 or pAKT T308 on
treatment with rapamycin. In contrast, the 786-0VHL cells showed a decrease in
pAKT S473 and pAKT T308. The UMRC2 cell pair showed no changes in pAKT
S473 or pAKT T308. No cell line showed evidence of rapamycin-induced
activation through the RAS-RAF-MEK-ERK pathway as evidenced by unchanging

phosphorylation of ERK (pERK).

The response of 786-0EV cells seen in this experiment, and two other similar
experiments did not match data previously published by our group (Yuen et al.
2009), where an increase in pAKT S473 was clearly evident after 6 hours of
treatment with rapamycin. In an effort to resolve this discrepancy, the effects of

rapamycin upon 786-0EV cells was assessed in further detail.
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Figure 3-2 The response of the CCRCC cell line panel to acute treatment with rapamycin

Monolayer cells were treated with 100 nM rapamycin, 6 hours later cells were collected and lysates
analysed by SDS-PAGE and immunoblotting. Reduction in phosphorylation of S6 (pS6) indicates mTORC1
blockade in all cell lines. RCC4EV and RCC4VHL showed an increase in pAKT at both T308 and S473
phosphorylation sites. Similar results seen in one other experiment.
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3.2.3 The effects of rapamycin on 786-0EV cells

The time-course of the effects of rapamycin on 786-0EV cells was assessed. Two
experiments were conducted, firstly with time points up to 24 hours (Figure 3-3
A), and secondly with time-points from 1 - 7 days (Figure 3-3 B). The activity of
rapamycin to inhibit mTORC1 was assessed by S6 phosphorylation, and this
revealed that mTORC1 inhibition was evident after 1 hour and was maintained
up to and including 7 days of treatment. Quantification of western blots from
three independent experiments revealed that feedback activation of AKT at S473
increased to approximately 150% of basal levels at 3 hours (Figure 3-3 C), which
was a similar magnitude of increase to that seen previously by our group at 6
hours (Yuen et al. 2009). AKT phosphorylation at T308 peaked after 9 hours of
treatment (Figure 3-3 D). At time-points beyond 24 hours, the levels of pAKT
S473 and pAKT T308 fell below baseline levels (Figure 3-3 B). This biphasic
effect with initial increase in pAKT followed by a fall below baseline is consistent
with published data on long-term mTOR inhibition with rapamycin. Rapamycin
interacts with FKBP12 and then is able to bind to and inhibit mTORC1 in an
allosteric manner. Rapamycin-FKBP12 is not able to bind mTORC2, which is
defined by the binding partner RICTOR (Jacinto et al. 2004, Sarbassov et al.
2004). Sarbassov and colleagues however showed that during prolonged
treatment, rapamycin is able to prevent the formation of mMTORC2 and that this

results in a decrease in pAKT S473 and pAKT T308 (Sarbassov et al. 2006).
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Figure 3-3 Time-course of effects of rapamycin on 786-0EV cells

A) and B) Representative western blots of 786-0EV cells treated with 10 nM rapamycin for the indicated
times between 0 and 24, and 0 and 168 hours respectively. C) pAKT S473: total AKT ratio. The bands from
three independent western blots as in A) were quantified using Image]J and the ratio of pAKT S473:total AKT
was expressed relative to untreated control cells. D) pAKT T308:total AKT. The bands from three
independent western blots as in A) were quantified using Image]J and the ratio of pAKT T308:total AKT was
expressed relative to untreated control cells.
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3.2.4 The anti-proliferative effects of rapamycin

The anti-proliferative effects of rapamycin were assessed by CellTiter-glo (CTG)
cell viability assay. Rapamycin induced concentration dependent inhibition of
cell viability at sub nM levels, with a plateau at and above 1 nM in all cell lines, at
or near 50% of maximum viability in solvent treated controls. Comparison
between 786-0EV and 786-0VHL, and also between RCC4EV and RCC4VHL cells
showed no difference in effects (p>0.05 by two way ANOVA) (Figure 3-4 A and
B). The comparison between UMRC2VA and UMRC2VHL cells (Figure 3-4 C)
showed a statistically significant difference by two way ANOVA (p<0.0001) but
the Glsp was not reached in either cell line (GIso>300 nM). Although the
difference in anti-proliferative effect of rapamycin on the UMRC2 cell pair
reached statistical significance, it was felt that the difference was unlikely to be
biologically important and that neither cell line could be considered to be

sensitive to rapamycin.

Clonogenic survival assays were used to assay the effects of rapamycin on cell
survival and this revealed that the VHL mutant 786-0EV cells were statistically
significantly more sensitive than the 786-0VHL cells (p<0.001 by two way
ANOVA) (Figure 3-4 D). Bonferroni’s multiple comparisons test however
revealed that no individual concentration of rapamycin showed a statistically
significant difference between 786-0EV and 786-0VHL. Furthermore, the SFso of
786-0EV was 0.4 nM (95% confidence interval 0.3 - 0.5 nM) and of 786-0VHL 0.8

nM (95% confidence interval 0.5 - 1.2 nM). The fold change in SFso was therefore
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small (2), and the absolute difference in SFso was very small (0.4 nM), so it is

unlikely that this represents a significant biological difference.

Clonogenic survival /growth assays were also performed in UMRC2VA and
UMRC2VHL cells, but both cell lines grew poorly in clonogenic format and
produced data with relatively poor reproducibility as evidenced by wide error
bars (Figure 3-4 E). Statistical significance was reached by two way ANOVA
(p<0.0105) and Bonferroni’s multiple comparisons test revealed statistically
significant differences at 0.1 and 0.3 nM rapamycin. The SFso for UMRC2VA was
1.1 nM (95 % confidence intervals 0.6 — 2.1 nM) and for UMRC2VHL 0.12 nM
(95% confidence intervals 0.11 - 0.14 nM). Once again, the absolute difference in
SFso was very small, which questions the biological significance. Furthermore,
the direction of the effect was the opposite from that seen in cell viability assays,
and was also the opposite from that seen in the 786-0EV and VHL cell line pair. It
was therefore felt that this was unlikely to be of biological importance, and due
to the technical difficulties with the assay in this cell pair, further experiments

were not carried out to improve the quality of the data.
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Figure 3-4 VHL status has no major effect on the sensitivity of CCRCC cell lines to rapamycin

CTG cell viability assay of A) 786-0 EV and 786-0 VHL, B) RCC4 EV and RCC4 VHL and C) UMRC2 VA and
UMRC2 VHL. Mean and SEM of three independent experiments plotted for 786-0 and RCC4 cell pairs, and
two independent experiments plotted for the UMRC2 cell pair. NS, p>0.05 by 2 way ANOVA, **** p<0.0001
by two way ANOVA. Clonogenic survival/growth assay of D) 786-0 EV and 786-0 VHL cells (Mean and SEM
of three independent experiments for 786-0EV and of two assays for 786-0 VHL cells), and E) UMRC2 VA
and UMRC2 VHL cells (Mean and SEM of two independent experiments). **** p<0.0001 by 2 way ANOVA. *
p=0.0105 by two way ANOVA.
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3.2.5 The effects of the IGF-1R Inhibitor OSI-906 on renal cancer

0SI-906 is a small molecule tyrosine kinase inhibitor of the IGF-1R (Mulvihill et
al. 2009). It is relatively specific for the IGF-1R with an ICso (concentration to
inhibit activity by 50%) of 0.035 pM. The kinase domain of the IGF-1R shares
great homology with the IR (Buck et al. 2010) and the ICs for this is 0.075 pM.
Other kinases have ICso values greater than 10 pM (Mulvihill et al. 2009). OSI-
906 is in early clinical trials and plasma concentrations in the pM range are

achievable (Carden et al. 2010, Evans et al. 2010, Macaulay et al. 2011).

The ability of OSI-906 to inhibit the autophosphorylation of the IGF-1R and
downstream signalling pathways was assessed in 786-0EV cells by western
blotting (Figure 3-5). Monolayer 786-0EV cells were serum deprived overnight,
and treated with OSI-906 for 1 hour, with stimulation with 10 nM IGF-1 ligand
for the final 10 minutes. This revealed that OSI-906 inhibited the
autophosphorylation of the IGF-1R in a concentration dependent manner, with
no detectable pIGF-1R above 100 nM 0SI-906. pAKT S473 was also inhibited in a
concentration dependent manner, but the concentration of OSI-906 required to
inhibit pAKT S473 was higher, with 1 uM 0SI-906 required to cause maximal

inhibition.
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Figure 3-5 0SI-906 inhibits IGF-1R signalling

Monolayer 786-0EV cells were serum deprived for 24 hours and then treated with the indicated
concentration of OSI-906 or solvent control (0.6% DMSO) for 1 hour in serum depleted conditions. For the
last 10 minutes of this time cells were stimulated with 10 nM IGF-1 or solvent control (HCI). Cells were
lysed directly in Laemmli buffer, and analysed by SDS-PAGE. Similar results seen in 3 independent
experiments.
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3.2.6 The anti-proliferative effects of OSI-906 in renal cancer cell lines

The effect of OSI-906 on cell viability was assessed by CTG assay, and cell line
pairs were compared. OSI-906 inhibited the viability of 786-0 and RCC4 cells, but
not UMRC2 (Figure 3-6). There was no significant difference observed between
786-0EV and VHL, RCC4EV and VHL, or UMRC2VA and UMRC2VHL (Figure 3-6 A,
B and C respectively). GIso values and fold changes between VHL mutant and

wild type cells are shown in Table 3-1.

Clonogenic cell survival/growth assays were performed in 786-0 EV and VHL
cells (Figure 3-6 D) and in UMRC2VA and UMRC2VHL (Figure 3-6 E). OSI-906
inhibited 786-0 cell survival in a concentration dependent manner at
concentrations greater than 1 uM, but did not inhibit the survival of UMRC2 cells,
which showed the same pattern of effect as seen in CTG cell viability assays.
Statistical significance by two way ANOVA was reached in the 786-0 cell pair, but
Bonferroni multiple comparisons testing showed that at no individual
concentration was statistical significance reached. SFso concentrations for 786-
OEV were 6.5 uM and for 786-0VHL 10.2 uM giving a 1.6 fold change, which is of
doubtful biological significance as the magnitude of change is small, and the SFsq
concentrations are higher than plasma concentrations that are achievable in
humans (1 uM) (Evans et al. 2010). In the UMRC2 cell pair statistical
significance by two way ANOVA was also reached, but in neither cell line did OSI-

906 inhibit cell survival.

In summary, at concentrations of OSI-906 that inhibited autophosphorylation of

the IGF-1R, no effect was seen on proliferation or cell survival in any of the

77



Results 1: Testing the functional relevance of mTOR inhibitor

Chapter 3 induced, IGF-1R mediated, AKT activation in CCRCC

tested RCC cell lines. VHL status, and levels of expressed IGF-1R did not alter
sensitivity to OSI-906. Taken together, these data do not provide a rationale for

pursuing single agent IGF-1R inhibition as a treatment strategy for renal cancer.
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Figure 3-6 Effects of 0SI-906 on proliferation and cell survival in CCRCC cells

CTG cell viability assay of A) 786-0 EV and 786-0 VHL, B) RCC4 EV and RCC4 VHL and C) UMRC2 VA and
UMRC2 VHL. Mean and SEM of three independent experiments plotted for 786-0 and RCC4 cell pairs, and
two independent experiments plotted for the UMRC2 cell pair. NS, p>0.05 by 2 way ANOVA. Clonogenic
survival/growth assay of D) 786-0 EV and 786-0 VHL cells (Mean and SEM of three independent
experiments for 786-0EV and of one assay for 786-0 VHL cells), and E) UMRC2 VA and UMRC2 VHL cells
(Mean and SEM of two independent experiments). **** p<0.0001 by 2 way ANOVA. * p=0.0107.
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Glso pM (95% Fold Change VHL/EV
Cell Line Confidence (95% Confidence
Intervals) Intervals)
786-0 EV 14 (11.6 - 15.8)
786-0 VHL 18 (15.7 - 19.4) 1.3(0.99-17)
RCC4 EV 16 (13.7 - 17.6)
RCC4 VHL 13 (12.1 - 14.9) 0.86 (0.69 - 1.09)
UMRC2 VA >10 NA
UMRC2 VHL >10

Table 3-1 GI50 values for 0SI-906 in CCRCC cell lines

GI50 values calculated by nonlinear regression from results of the CTG cell viability assays in Figure 3-6. For
the 786-0 and RCC4 cell line pairs there were minor differences in sensitivity to OSI-906 between EV and
VHL sublines. Fold changes represent the ratio of Glso values for VHL/EV sublines (95% confidence
intervals).

3.2.7 The effects of combined mTOR and IGF-1R inhibition with OSI-

906

Even though renal cancer cells did not prove to be sensitive to single agent IGF-
1R inhibition, it still could have been possible that IGF-1R inhibition would
sensitise to rapamycin, where activation of AKT has been observed, and in light
of the effects of IGF-1R gene silencing (Yuen et al. 2009). Therefore, cell viability
assays were performed comparing effects of rapamycin alone or with 0SI-906 in
RCC4EV and RCC4VHL cell lines (Figure 3-7A and B). Drug treatments were
applied simultaneously, and a concentration of 3 uM 0SI-906 was chosen for this
experiment given that signalling experiments (Figure 3-5) suggested that low
micro molar concentrations of OSI-906 were required to inhibit AKT
phosphorylation, and phase I clinical trials suggest that these concentrations are
clinically achievable at dosing regimens chosen for further clinical evaluation
(Evans et al. 2010). With this experimental design in RCC4EV and RCC4VHL cells
0SI-906 made only a very minor difference to the response to rapamycin (Figure
3-7) with only small differences in terms of Glso, or resistant population (marked

Xin Figure 3-7A) as illustrated in Table 3-2. Therefore, despite reaching
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statistical significance by two way ANOVA, there did not appear to be a
biologically significant difference in the response to rapamycin alone, or with 3

uM OSI-906.

In order to test whether OSI-906 was blocking feedback activation of AKT in
response to mTORC1 blockade, RCC4EV cells were treated with rapamycin at 0,
0.1, 0.3 or 1 nM with solvent, or with 3 uM 0SI-906. Treatments were applied for
6 hours in complete media (Figure 3-7 C). It can be seen that single agent
rapamycin completely inhibited the mTORC1 target pS6 even at the lowest
concentration used, but only partially inhibited the phosphorylation of another
mTORC1 target, 4E-BP1. Feedback increase in phosphorylation of AKT S473 was
detected from 0.1 nM and higher concentrations of rapamycin, but increase in
pAKT T308 was not clearly seen. In cells treated with rapamycin and OSI-906,
the feedback activation of AKT at S473 was completely blocked, and there were
no changes in pS6 and p4E-BP1 downstream of mTORC1. This experiment
confirmed that the feedback activation of AKT was blocked by IGF-1R inhibition,

but this did not sensitise significantly to rapamycin.
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Figure 3-7 The addition of 0SI-906 does not sensitise RCC4 cells to rapamycin

Cell viability assay of A) RCC4 EV and B) RCC4 VHL cells treated with rapamycin and solvent, or rapamycin
and 3 pM 0SI-906. Graph shows the mean and SEM of three independent experiments. “X” shows the
population of cells resistant to treatment with rapamycin or rapamycin and 0SI-906. The value of this
resistant population was taken as the non-linear regression plateau best-fit value in GraphPad PRISM. *
p<0.05 by 2 way ANOVA. Response curves were statistically significantly different by two way ANOVA
(p<0.05), but no individual concentrations showed statistically significant differences by Bonferroni
multiple comparisons testing. C) RCC4 EV cells were treated with rapamycin and OSI-906, or solvent
control, simultaneously. After 6 hours cells were collected, and lysates analysed by SDS PAGE. Similar
results seen in 2 independent experiments.
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The combination of rapamycin and OSI-906 was also tested in 786-0EV and 786-
OVHL cell lines. The addition of 3 uM 0SI-906 did not induce any differences in
response to rapamycin (Figure 3-8 A and B). Preliminary data in UMRC2VA
(Figure 3-6 C) and UMRC2VHL (Figure 3-8 D) showed response curves that were
statistically significantly different, but the change in sensitivity was unlikely to
be biologically significant, as the cells were still considered resistant to
rapamycin because Glso concentrations were not reached and the resistant

populations of cells were not reduced (see Table 3-2).

Clonogenic survival/growth assays were performed in 786-0EV and 786-0VHL
to test the combination of rapamycin and OSI-906 (Figure 3-8 E and F). In 786-
OEV cells, OSI-906 did not induce sensitisation to rapamycin, while in 786-0VHL
cells, preliminary data suggested a very minor change in response that was
statistically significant by two way ANOVA. However, the addition of OSI-906 to
rapamycin did not alter the SFso, which was 0.7 nM either with, or without OSI-

906.

There was no difference between VHL mutant cell lines, or their VHL wild type

isogenic pairs in the response to rapamycin alone, or with 0SI-906.
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Figure 3-8 The addition of 0SI-906 does not sensitise CCRCC cells lines to rapamycin

Cell viability assay of A) 786-0 EV, B) 786-0 VHL, C) UMRC2VA and D) UMRC2VHL cells treated with
rapamycin and solvent, or rapamycin and 3 pM OSI-906. Graph shows the mean and SEM of three
independent experiments (786-0EV and 786-0VHL) and mean and SEM of one experiment (UMRC2VA and
UMRC2VHL). Clonogenic assay of E) 786-0EV and F) 786-0VHL cells treated with rapamycin and solvent, or
rapamycin and 1 pM 0SI-906. Graph E shows mean and SEM of three independent experiments, graph F
shows mean and SEM of one experiment. NS, p>0.05, **** p<0.0001 by two way ANOVA.
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0, i i
Cell Line Glso nM (95% CI) | le:Illo(;e % Resns(t;;lot/o Pgll)aulauofm c lf:lll 2 e
Rapamycin | OGNS | ey | Rapamyein | OGS0 | 95% )
RCC4 EV >100 | o6 ° ooy | NA (505_457) (424_85 " (0_72 ° 3,08)
RCCAVHL | >100 | o, 000 | N (465—360) (9-54) | (065~ 117
786-0 EV >100 >100 NA (586_367) (516_070) (0.72 ? 2.21)
786-0 VHL >100 >100 NA (646_873) (586-266) (0.78.?11.03)
UMRC2 VA >300 >300 NA (931-0316) (788-083) (0.62.—73.89)
VHL >300 >300 NA (767—981) (687—073) (0.84(}) ° ?).96)

Table 3-2 Summary of effects of rapamycin alone or with 0SI-906 on growth of CCRCC cells

Table shows the GIso (nM) and the population of CCRCC cell lines resistant to rapamycin in solvent control
or with 3 uM 0SI-906 expressed as a percentage of untreated control. The resistant population was taken as
the non-linear regression plateau best-fit value in GraphPad PRISM.

There was no significant difference observed in Glso of rapamycin with the addition of OSI-906. There was
no significant difference between EV and VHL cell pairs in the response to rapamycin alone or with 0SI-906.
Comparison of fold change in resistant population with OSI-906 between EV and VHL pairs of cell lines
showed overlapping 95% confidence intervals in all three pairs indicating no difference in effects of 0SI-906
between cells with wild type and mutant, non functional VHL.
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3.2.8 The effects of AZ12253801

Before rejecting the hypothesis that IGF-1R inhibition can sensitise CCRCC cell
lines to rapamyecin, an alternative inhibitor of the IGF-1R was tested.
AZ12253801 (AZ3801) is a novel tyrosine kinase inhibitor of the IGF-1R
developed by Astra Zeneca (Aleksic et al. 2010, Chitnis et al. 2013). Initially, the
anti-proliferative effects of single agent AZ3801 were tested in RCC4EV and
RCC4VHL cell lines (Figure 3-9 A) and in 786-0EV and 786-0VHL (Figure 3-9 B).
There was a statistically significant trend by two way ANOVA in both cell line
pairs, for the VHL wild type cells to be more sensitive, although the differences
were very minor. Higher concentrations of AZ3801 were not used to fully
explore the potential differences in proliferative response to single agent
treatment because Astra Zeneca reported finding off target effects on aurora
kinase at higher concentrations (personal communication to Dr V. Macaulay).
This effect has been observed by our group in flow cytometry,
immunofluorescence and cell proliferation assays by the presence of giant
polyploid cells. There were no such cells visible at any concentration of AZ3801
used in the proliferation assays performed in this project, suggesting that

significant inhibition of aurora kinase was unlikely.
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Figure 3-9 Anti-proliferative effects of AZ3801 in RCC4 and 786-0 CCRCC cell lines

CTG cell viability assays of A) RCC4 EV and RCC4 VHL and B) 786-0 EV and 786-0 VHL CCRCC cell lines.
Graphs show mean and SEM of three independent experiments. * p=0.0105, ****p<0.0001 by two way
ANOVA.
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In order to test the combination of AZ3801 with rapamycin, the concentration of
50 nM AZ3801 was used based upon previous work in our group in prostate
cancer and melanoma cell lines showing consistent inhibition of pIGF-1R at this
concentration (Chitnis et al. 2013). This combination was tested in cell viability
assays in both the RCC4 cell line pair (Figure 3-10 A and B) and in the 786-0 cell
line pair (Figure 3-10 C and D). None of the tested cell lines showed a change in
response to rapamycin as judged by Glso value, or in the rapamycin resistant

population.

Since two IGF-1R inhibitors failed to sensitise to rapamycin it was accepted that
the hypothesis that chemical IGF-1R inhibition could sensitise to rapamycin was
incorrect. This was in contrast to previous published data from our group that
showed depletion of the IGF-1R with siRNA was able to sensitise to rapamycin
(Yuen et al. 2009), so thought was given to why the chemical inhibitors may be
ineffective. Data obtained so far indicated that rapamycin was active in CCRCC
cell lines in culture for at least 7 days (Figure 3-3 B), and that the IGF-1R
inhibitor OSI-906 was able to block AKT activation for at least 6 hours in the
presence of rapamycin. The duration of cell viability assays was 72 hours, and of
clonogenic survival /growth assays 7 days. The effects of OSI-906 over this time-
course were unknown, and were explored in more detail, aiming to identify

possible reasons for the discrepancy with the previous data (Yuen et al. 2009).
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Figure 3-10 The addition of AZ3801 does not sensitise CCRCC cells to rapamycin

CTG cell viability assays of A) RCC4 EV, B) RCC4 VHL, C) 786-0 EV and D) 786-0 VHL cells treated with
rapamycin and solvent, or rapamycin and 50 nM AZ3801. Graphs show mean and SEM of one assay.
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3.2.9 Signalling response to prolonged IGF-1R blockade

The stability of OSI-906 in culture and the duration of its inhibition of the IGF-1R
was established in 786-0EV cells. In order to readily detect pIGF-1R by western
blot, it was necessary to serum deprive cells, followed by stimulation with IGF-1
ligand. If cells were treated with prolonged OSI-906 in complete medium, and
then serum deprived, the addition of fresh OSI-906 would be required in the
serum-deprived media, and information on the stability of OSI-906 in culture
would be lost, although information on prolonged IGF-1R inhibition would be
retained. It was therefore decided to treat 786-0EV cells with 0SI-906 during
prolonged serum deprivation, and stimulate by the addition of 10 nM IGF-1 for
the final ten minutes of treatment. This experiment would therefore show the
duration of action of a single application of OSI-906, and closely mimic the
conditions of a cell viability, or clonogenic survival/growth assay. Under these
conditions, it was clear that OSI-906 was able to inhibit IGF-1 stimulated
autophosphorylation of the IGF-1R for up to, and including 96 hours (Figure
3-11). Downstream of the IGF-1R however, OSI-906 was able to inhibit pAKT
S473 and T308 at 1 hour, but by six hours of treatment, AKT phosphorylation
recovered to levels in the untreated control. This reactivation of AKT could in
part explain the failure of OSI-906 to sensitise to rapamycin. It is possible that
0SI-906 blocked the rapamycin induced feedback release of inhibition of AKT
activation via the IGF-1R at early time-points (Figure 3-7 C), but that AKT
became reactivated at later times allowing on-going proliferation and protection

from apoptosis.
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Figure 3-11 Reactivation of AKT despite on-going IGF-1R blockade in 0SI-906 treated cells

Monolayer 786-0 EV cells were serum deprived for 24 hours and then treated with 1uM 0SI-906, or solvent
control in serum free medium for the indicated time, and in the last ten minutes with 10 nM IGF-1 ligand, or
solvent control. Cell lysates were analysed by SDS-PAGE. Representative western blot shown. Similar results
were seen in a second set of independently prepared cell lysates. Similar results seen in 2 independent
experiments.
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3.2.10 Possible pathways leading to AKT re-activation

There are a number of potential explanations for the reactivation of AKT during
prolonged treatment with OSI-906. There are numerous reports of cross-talk
between receptor tyrosine kinases, including activation of the IR in response to
IGF-1R blockade (Buck et al. 2010) and that the IR is implicated in intrinsic and
acquired resistance to IGF1-R inhibition (Ulanet et al. 2010). Although 0SI-906 is
active against the IR due to the homology in their kinase domains, it shows a
two-fold selectivity for the IGF-1R over the IR. It is possible therefore that
despite maintaining blockade of the IGF-1R, some activity remains, or recovers
sooner in the IR. Two pieces of evidence point against this hypothesis: firstly, the
antibody used to detect pIGF-1R (Cell Signaling #3024) also detects pIR, and

secondly, 786-0EV cells do not express detectable levels of IR (Figure 3-12).

There are well characterised reports of cross talk between the IGF-1R and the
EGFR whereby small molecule inhibition of one receptor causes feedback
activation of the other (Buck et al. 2008, Desbois-Mouthon et al. 2009). These
data could suggest an approach to screen for activated receptor tyrosine kinases
in response to OSI-906, with a view to combining multiple drugs against these
targets, e.g. combining rapamycin with 0SI-906 and the EGFR inhibitor erlotinib
if increases in activity of the EGFR were seen. There are in fact reports of synergy
between rapamycin and the EGFR inhibitor gefitinib in pancreatic
neuroendocrine tumour models where the two drugs combined decreased pAKT
levels (Chiu et al. 2010). Rapamycin and erlotinib have been shown to work

synergistically in non-small cell lung, pancreatic, colon and breast cancer,
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through inhibition of AKT activation (Buck et al. 2006). Rapamycin and gefitinib
have also been combined in renal cancer in vitro with synergistic effects on

growth, though not through inhibition of AKT activation (Gemmill et al. 2005).

Two factors suggested an alternative approach to assess whether the AKT re-
activation was causative of rapamycin resistance and lack of effect of IGF-1R
inhibition. The first factor was the likely redundancy in the feedback loops
activating tyrosine kinase receptors, such that targeting individual receptors
with specific drugs can be quickly bypassed by the cell, with resulting
reactivation of AKT. The inhibition of AKT has been shown to cause feedback
activation of IGF-1R, IR and HER3 in a variety of cancers (Chandarlapaty et al.
2011, Tao et al. 2014). In this case, targeting IGF-1R and one other receptor
tyrosine kinase may prove ineffective if a third, fourth, or multiple receptors
become activated. The second factor was the possibility of redundancy in the
relief of inhibitory feedback when mTORC1 is inhibited by rapamycin. As well as
IGF-1R - IRS1 signalling, AKT activation following mTORC1 inhibition has also
been linked specifically to the PDGFR (O'Reilly et al. 2006, Zhang et al. 2007,
Yuen et al. 2009, Ho et al. 2012). In addition to feedback onto IRS-1, mTORC1
also feeds back onto the adaptor protein growth factor receptor-bound protein
10 (Grb 10), which is a direct phosphorylation target of mTOR kinase (Hsu et al.
2011). On inhibition of mTOR, Grb 10 stability is decreased and AKT is activated.
Grb 10 is best characterised as negative regulator of IGF-1R and IR signalling, but
has also been shown to bind to other receptors including c-KIT, EGFR, Eph

family, growth hormone receptor (GHR), FGFR, PDGFf3R, Ret and VEGFR,
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although the physiological role of these interactions is not clear (Holt and Siddle

2005).

Given the predicted large redundancy in feedback signalling, the alternative
approach taken here was to target the pathway of AKT activation downstream of
receptor tyrosine kinases, at a point common to all pathways. In the first
instance this intervention was made at the level of PI3K, and then also with

direct inhibitors of AKT action.

For this part of the project, only the 786-0 and RCC4 pairs of cell lines were used.
The UMRC2 pair was not used because of difficulty growing them in clonogenic
and viability assays. The UMRC2VA cells in particular were very slow growing

and it proved difficult to obtain reproducible data.

In 786-0 and RCC4 cells, baseline signalling along the IGF-1R - PI3K - AKT -
mTOR pathway was assessed by western blotting (Figure 3-12). 786-0EV and
VHL cells have a c¢.445C>T nonsense mutation
(http://cancer.sanger.ac.uk/cell_lines/mutation/overview?id=5164) in PTEN,
which results in no detectable PTEN expression. Consequently they showed high
basal levels of phosphorylation of AKT, and the AKT target PRAS40. RCC4 cells

are PTEN wild type, but showed higher basal phosphorylation of ERK1/2.
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Figure 3-12 Characterisation of IGF-1R - AKT - mTOR pathway in 786-0 and RCC4 cell lines

Western blot of whole cell lysates from the indicated cell lines prepared from cells growing in full medium
with 10% FCS, showing basal expression and phosphorylation of the major proteins of the IGF-1R - AKT -
mTOR signalling pathway. Similar results were seen in two sets of independently prepared lysates.
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3.2.11 The effects of PI3K inhibitors in CCRCC cell lines

Two novel PI3K inhibitors with different specificities, both created by Novartis,
were used to more directly test the hypothesis that AKT activation was
contributing to resistance to rapamycin. BKM120 is a pan class one PI3K
inhibitor, which is in early clinical phase trial development (Bendell et al. 2012,
Maira et al. 2012). BEZ235 is a dual PI3K and mTORC kinase inhibitor, which is
also in early phase clinical testing (Maira et al. 2008, Arkenau et al. 2012). The
published ICso values for these two drugs against PI3K and mTORC kinases are
listed in Table 3-3. BEZ235 has also been shown to inhibit two kinases that are
involved in the response to double-strand DNA breaks, DNA dependent protein
kinase (DNAPK) and ataxia telangiectasia mutated (ATM) (Mukherjee et al.

2012). These properties of BEZ235 were not examined in this work.

Enzyme ICso nM
BKM120 BEZ235

p110«a 52 4
p110a-H1047R 58 4.6
p110a-E545K 99 5.7

Class I PI3K 1108 166 75
p1108 116 7

pl110y 262 5

Class IV PI3K mTOR 2866 6.5

Table 3-3 Published IC50 concentrations of BKM120 and BEZ235
IC50 concentrations from the original reports of BKM120 and BEZ235 (Maira et al. 2008, Maira et al. 2012).

In the first instance, the two compounds were tested for their ability to inhibit
PI3K, mTORC1 and mTORC2 in vitro in renal cancer cells (Figure 3-1). BEZ235
inhibited PI3K with evidence of decrease in pAKT T308 seen at 50 nM BEZ235,
and complete inhibition at 1000 nM. A similar pattern was observed in its ability

to inhibit mTORC2 as evidenced by a decrease in pAKT S473 detectable at 10 nM,
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with complete inhibition by 500 nM BEZ235. BEZ235 was able to inhibit
mTORC1, as evidenced by complete inhibition of S6 phosphorylation at 10 nM

BEZ235.
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Figure 3-13 BKM120 and BEZ235 inhibit the phosphorylation of AKT

Monolayer 786-0 EV cells were treated with solvent, BKM120 or BEZ235 at the indicated concentration for
1 hour. Cell lysates were analysed by SDS PAGE. Similar results were seen in another set of independently

prepared cell lysates.
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In contrast to BEZ235, BKM120 only inhibited PI3K at higher concentrations.
Decreases in pAKT T308 were seen from 100 nM, but even at 1000 nM, PI3K was
not completely inhibited and pAKT T308 was still detectable. BKM120 also
exhibited activity against mTORC1 and mTORC2 at 500 nM and above, as seen in

decreasing levels of pS6 and pAKT S473 respectively (Figure 3-13).

Next, the effects of single agent BKM120 on cell viability were assessed in RCC4
and 786-0 cells, in both VHL mutant and VHL wild type sublines (Figure 3-14 A
and B). BKM120 caused concentration dependent inhibition of cell viability in all
four cell lines. In the RCC4 cell pair, the RCC4VHL subline was slightly more
sensitive, with a statistically significant difference in the response as assessed by
two-way ANOVA (Figure 3-14 A), but no individual concentration reached
statistical significance by Bonferroni’s multiple comparisons test, the fold change
in GIso was relatively modest and the 95% confidence interval for this fold
change crossed 1 (Figure 3-14 C). It was therefore felt that this difference was
unlikely to be of biological significance. The 786-0 cell pair showed no statistical
significance in their response to BKM120. It was noted that 786-0 cells are PTEN
null, and had a higher Glso compared to RCC4 cells, which are PTEN wild type

(Figure 3-12).
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Figure 3-14 BKM120 inhibits the proliferation of CCRCC cells

CTG proliferation assay of A) RCC4 EV and RCC4 VHL, and B) 786-0 EV and 786-0 VHL cells. Graphs show
mean and SEM of three independent experiments. ** p=0.0073, NS p>0.05. C) Table of GIso values and fold
change in Glso values (EV:VHL). RCC4VHL cells appeared more sensitive to BKM120 than RCC4EV by two-
way ANOVA (** p=0.0073) with lower Glso value, but the changes were relatively minor, and the 95%
confidence intervals of the fold change crossed 1. There was no difference in the sensitivity of 786-0EV and
786-0VHL cells.
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3.2.12 The effects of combining the PI3K inhibitor BKM120 with

rapamycin

The combination of BKM120 and rapamycin was tested to see whether inhibiting
PI3K could block the rapamycin induced feedback increase in pAKT, irrespective
of which cell surface receptor was activated to cause that increase. For these
experiments a concentration of 500 nM BKM120 was chosen. At this
concentration, clear changes in pAKT T308 and pAKT S473 had been observed,
with only a small inhibition in pS6 (Figure 3-13). Cell viability assays were
performed in RCC4EV, RVV4VHL, 786-0EV and 786-0VHL cells (Figure 3-15 A, B,
C and D respectively). No difference was seen in the response of RCC4EV cell
with the addition of BKM120, and although a statistically significant difference
by two-way ANOVA was detected in RCC4VHL cells, the resistant population did
not change significantly. Without BKM120, the resistant population was 52%
(95% CI1 47 - 57) and with BKM120 it was 47% (95% CI 42 - 52). The pattern
was the same for the 786-0EV and VHL pair of cell lines, with no statistical
difference detected in 786-0EV cells, and a statistically significant difference in
786-0VHL cells by two-way ANOVA, but without a significant change in the

resistant population (58% without BKM120, and 57% with BKM120).

Analysis of the effects of the combination of 500 nM BKM120 with rapamycin on
signalling along the AKT - mTOR pathway revealed that BKM120 completely
inhibited the rapamycin induced increase in pAKT T308 and pAKT S473 (Figure
3-15 E). The combination had only a small effect on signalling downstream of

mTORC1 as seen by small reductions in pS6 and p4E-BP1.
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Figure 3-15 The addition of the PI3K inhibitor BKM120 does not sensitise CCRCC cells to rapamycin

CTG proliferation assay of A) RCC4 EV, B) RCC4 VHL, C) 786-0 EV and D) 786-0 VHL cells treated with
rapamycin and solvent, or rapamycin and BKM120 500 nM. Graphs show mean and SEM of three
independent experiments. NS p>0.05, *p<0.05. E) Monolayer RCC4 EV cells were treated simultaneously
with the indicated concentration of rapamycin and solvent, or rapamycin and 500 nM BKM120 for 6 hours.
Cell lysates were analysed by SDS PAGE. Similar results were seen in another independent experiment.
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In addition to blocking PI3K to block the activation of AKT, a direct AKT inhibitor
was tested in combination with rapamycin. AZD5363 is a novel AKT inhibitor
made by AstraZeneca that is in early phase clinical trials (Davies et al. 2012). The
use of this drug allowed another approach to test whether AKT activation was a
key resistance mechanism to mTOR inhibition, regardless of which feedback loop
was activated to result in increased pAKT. Cell viability assays were performed
on RCC4EV and 786-0EV (Figure 3-16 A and B). As in experiments with BKM120,
AZD5363 caused no significant effect on the response to rapamycin, as

determined by Glso values or resistant population.
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Figure 3-16 The addition of the AKT inhibitor AZD5363 does not sensitise to rapamycin

CTG cell viability assays of A) RCC4EV and B) 786-0EV cells treated with rapamycin and solvent, or
rapamycin and 1 pM AZD5363. Graphs show mean and SEM of two independent experiments. NS p>0.05, **

p0.0015 by two way ANOVA.
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3.2.13 The relative effects of BEZ235 and rapamycin

The drug BEZ235 inhibits PI3K, and so it was thought that it could be capable of
inhibiting rapamycin-induced AKT activation. Additionally it directly inhibits
mTOR kinase in an ATP dependent manner (Maira et al. 2008), which is in
contrast to rapamycin, which inhibits mTOR in an allosteric manner through its
interaction with FKBP12. As explained earlier this gives rapamycin specificity for
inhibiting mTORC1. BEZ235, as a direct mTORC kinase inhibitor inhibits both
mTORC1 and mTORC2. Therefore, with a single compound, mTORC1 is inhibited,
as well as the two kinases that phosphorylate AKT at T308 (PI3K) and at S473
(mTORCZ2). In theory, this should produce a greater effect on viability and cell

survival if AKT activation is implicated in resistance to mTORC1 inhibition.

The first experiment was to compare BEZ235 to rapamycin to examine the
effects on AKT - mTOR signalling. In RCC4EV cells, rapamycin caused a dose
dependent increase in pAKT S473 (Figure 3-17) as seen previously, while
BEZ235 inhibited AKT phosphorylation at concentrations of 10 nM or greater.
Both compounds blocked mTORC1 signalling to S6, though with differing
potency. Rapamycin caused complete inhibition at the lowest concentration
tested of 0.1 nM. BEZ235 caused only a partial inhibition at the lowest
concentration tested (1 nM) and 10 nM was required for complete inhibition.
Although both compounds caused a complete inhibition of S6 phosphorylation,
they had differing effects on the alternative downstream target of mTORC1, 4E-
BP1. Rapamycin caused only a small degree of inhibition, whereas BEZ235

caused a clear dose-dependent decrease in p4E-BP1.
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Figure 3-17 The effects of rapamycin and BEZ235 on mTOR signalling in RCC4EV cells

Monolayer RCC4 EV cells were treated with the indicated concentration of solvent, rapamycin or BEZ235 for
6 hours. Cell lysates were analysed by SDS-PAGE. Similar results seen in 3 independent experiments.
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Cell viability assays were conducted in RCC4 cells to compare effects of
rapamycin and BEZ235 (Figure 3-18 A and B). As predicted from its molecular
action, and observed changes in signalling, BEZ235 caused greater inhibition of
viability as evidenced by a smaller resistant population in the BEZ235 treated
cells. The same pattern was seen in 786-0EV and 786-0VHL cells (Figure 3-18 C
and D). In slight contrast, but in keeping with the potency of target inhibition
seen in Figure 3-17, the GIso for BEZ235 was greater than for rapamycin in
RCC4EV and VHL cells (Figure 3-18 E). The picture for 786-0EV and 786-0VHL
cells was similar in that higher concentrations of BEZ235 were required to begin
to inhibit viability, but BEZ235 achieved a smaller residual resistant population
than did rapamycin. The Glso values and resistant populations are summarised in

Figure 3-18 E.

It was interesting to note that the decrease in p4E-BP1 observed in Figure 3-17
correlated well with the ability of rapamycin and BEZ235 to inhibit viability,
while the levels of pAKT S473 and pS6 did not. This is in keeping with results
seen by other groups and with other mTORC kinase inhibitors: 4E-BP1 has been
called a rapamycin insensitive target of mMTORC1 and has been uncovered largely
as a result of the development of this class of drugs, the first two of which were
Torinl (Thoreen et al. 2009) and PP242 (Feldman et al. 2009). Similar results
showing that inhibition of 4E-BP1 phosphorylation correlates with inhibition of
proliferation have been reported for BEZ235 both in renal cancer, and other
cancers including breast cancer, and glioblastoma (Serra et al. 2008, Breuleux et

al. 2009, Cho et al. 2010, Nyfeler et al. 2012).
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Figure 3-18 Relative effects of BEZ235 and rapamycin on viability of RCC cells

CTG viability assay of A) RCC4 EV, B) RCC4 VHL, C) 786-0 EV and D) 786-0 VHL cells treated with rapamycin
or BEZ235. Graphs show mean and SEM of three independent experiments. E) Table of Glso values (nM) and
resistant populations of cells (%) and fold change (EV:VHL) for BEZ235.
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Clonogenic survival/growth assays in RCC4EV and 786-0EV cells (Figure 3-19 A
and B) replicated the effects seen in cell viability assays. SFso concentrations for
BEZ235 were higher than for rapamycin in both cell lines (Figure 3-19 C).
However, BEZ235 was able to produce more complete inhibition of cell survival
in both RCC4EV and 786-0EV cells at the highest concentrations of BEZ235 as

compared to 10% cell survival with the highest concentrations of rapamycin.

The effects of BEZ235 causing a greater total inhibition of phosphorylation of 4E-
BP1 in renal cancer cell lines in comparison to rapamycin and also in causing a
greater inhibition in viability has also been shown by Cho and colleagues (Cho et
al. 2010). This group also went on to show that BEZ235 in comparison to
rapamycin, caused nuclear localization of p27, and decreased expression of

HIF2a and cyclin D.
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Figure 3-19 Relative effects of BEZ235 and rapamycin on survival of RCC cells

Clonogenic survival/growth assays of A) RCC4 EV and B) 786-0 EV cells treated with rapamycin or BEZ235.
Graphs show mean and SEM of three independent experiments. C). Table of SFso values for rapamycin and

BEZ235 in RCC4 EV and 786-0 EV cells.
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3.2.14 Testing the combination of rapamycin and BEZ235

Having seen that BEZ235 caused a greater inhibition of signalling downstream of
mTORC1 by inhibiting both pS6 and p4E-BP1, but that it was less potent in terms
of concentration required to cause these effects, it was of interest to see whether
combining BEZ235 with rapamycin was able to cause greater growth inhibition
than with either agent alone, and if so, which mTOR targets correlated with
growth inhibition. A concentration of 10 nM BEZ235 was used for these
experiments as this concentration caused only a partial decrease in p4E-BP1 and
a partial decrease in cell viability (Figure 3-17 and Figure 3-18). This was tested
with 0.3 nM rapamyecin, a concentration that caused inhibition of pS6, and
activation of pAKT S473, while the effects on p4E-BP1 were minor (Figure 3-17).
The hypothesis was that rapamycin resistance was a result of failure to
completely inhibit p4E-BP1, and that the addition of BEZ235 would cause a
greater decrease in p4E-BP1 and greater inhibition of cell viability. Each drug
individually caused a modest decrease in cell viability in RCC4EV and 786-0EV
cells (Figure 3-20 A). The combination of 0.3 nM rapamycin and 10 nM BEZ235
caused a significantly greater decrease in viability than either drug alone in both

cell lines.

Analysis of the effects of the two drugs singly, and in combination revealed
differences in their effects on mTOR signalling (Figure 3-20 B). Results were
similar for both RCC4 EV and 786-0 EV cells. Both 0.3 nM rapamycin and 10 nM
BEZ235 caused similar inhibition of pS6, and the combination of the two drugs

was no more effective. Rapamycin caused an increase in pAKT S473 in RCC4 EV
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but not in 786-0 EV cells, while BEZ235 did not, yet the two drugs caused the
same degree of inhibition of viability (Error! Reference source not found.).
Rapamycin caused only a very minor effect on p4E-BP1 (seen by the small
degree of band shift rather than decrease in the intensity of the band, lane 2 and
lane 6 in Figure 3-20 B). BEZ235 caused a greater effect, but the combination of
rapamycin and BEZ235 caused the greatest inhibition of p4E-BP1, suggesting
that inhibition of p4E-BP1 correlated most clearly with the degree of inhibition

of cell viability (Figure 3-20 A).

112



Results 1: Testing the functional relevance of mTOR inhibitor

Chapter 3 induced, IGF-1R mediated, AKT activation in CCRCC
A 150=
100+
L
3
2
o
2
50+
Om
RCC4EV 786-0EV
Il Control I 10 nM BEZ235
0.3 nM Rapamycin Rapamycin + BEZ235
RCCAEV 786-0EV
A 1

Rapamycin 0.3nM
BEZ235 10nM

pAKT S473

AKT
pS6

S6
p4E-BP1
4EP-B1

Actin

Figure 3-20 BEZ235 at 10 nM sensitises CCRCC cells to rapamycin

A) CTG viability assays of RCC4 EV and 786-0 EV cells treated with solvent, 0.3 nM rapamycin and solvent,
10 nM BEZ235 and solvent, or 0.3 nM rapamycin and 10 nM BEZ235. Graphs show mean and SEM of three
independent assays. NS p>0.05, * p<0.05, ** p<0.01 by one way ANOVA. B) Monolayer RCC4 EV, or 786-0 EV
cells were treated with solvent, 0.3 nM rapamycin, 10 nM BEZ235 or rapamycin and BEZ235 for 6 hours.
Cell lysates were analysed by SDS-PAGE. Similar results seen in 3 independent similar experiments.
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3.3 Discussion

The results presented here show that IGF-1R inhibition was not effective at
inhibiting proliferation in RCC cells in vitro. The VHL status of the cells did not
significantly affect this conclusion. Previous work in our lab using siRNA to
deplete the IGF-1R in renal cancer cell lines suggested a greater effect on cell
survival than was observed here using small molecule inhibitors (Yuen et al.
2009). There are a number of possible explanations for this difference. It is
possible that the siRNA used in the previous work had some unidentified off
target effect that accounted for the reduced survival. It is also possible that the
small molecule inhibitors were incompletely blocking signalling via the IGF-1R.
Certainly, inhibition of pAKT was less complete than the inhibition of pIGF-1R for
any given concentration of OSI-906 (Figure 3-5), which raises the possibility that
low levels of IGF-1R phosphorylation may persist and are undetectable by
western blotting due to antibody insensitivity, but could be sufficient to maintain

signalling to AKT.

The more specific reason to evaluate IGF-1R inhibitors in renal cancer was
because IGF-1R may be involved in the feedback activation of AKT in response to
rapamycin, which has been proposed as a potential resistance mechanism (Shi et
al. 2005, O'Reilly et al. 2006, Wan et al. 2007). The data presented here however
contradict this hypothesis in this in vitro model. Two different IGF-1R inhibitors
were unable to sensitise to rapamycin, despite evidence of blockade of
rapamycin induced AKT activation at 6 hours (Figure 3-7 C). AKT reactivation

was seen during prolonged treatment with OSI-906, raising the possibility of
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alternative routes to AKT activation via alternative receptor tyrosine kinases.
However, alternative strategies to block PI3K or AKT also proved ineffective in
sensitising to rapamycin. Furthermore, the experiments using BEZ235 (Figure
3-20) suggested that the levels of pAKT S473 did not correlate with effects on
viability. The conclusion of these experiments therefore was that AKT activation

did not appear to contribute to resistance to mTOR inhibition in renal cancer.

There is conflicting evidence, in other cancers and with other drugs within the
same classes, as to whether the AKT feedback pathway is indeed an important

resistance mechanism.

Most pertinent to the current study, the humanized IGF-1R antibody hR1 was
combined with the rapalogue temsirolimus in renal cancer cell lines, including
786-0 cells (Cardillo et al. 2013). This antibody depleted total levels of IGF-1R
and was able to sensitise renal cancer cells to mTORC1 inhibition. Temsirolimus
is arapalogue, and has the same mechanism of action as rapamycin, but hR1 has
a different mechanism of action to drugs such as 0SI-906. While hR1 depletes
levels of IGF-1R protein, (as does gene silencing, used in Yuen et al 2009) OSI-
906 does not. It is possible that that this could account for the difference in the
ability of these drugs to sensitise to mTORC1 inhibition. IGF-1R downregulation
could result in a more complete inhibition of IGF-1R signalling than is possible
with small molecule kinase inhibitors, as discussed above. Alternatively, it could
suggest a non-kinase function of the IGF-1R, as reported in control of apoptosis

and glucose homeostastis (Boucher et al. 2010, Janku et al. 2013).
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Also of direct relevance to the current study, OSI-906 and been tested clinically
in combination with everolimus in patients with refractory metastatic colorectal
carcinoma. In this phase I trial, no disease response were seen in 18 patients
(Bendell et al. 2015). No tumour samples were taken to assess the activity of the

rapalogue-induced activation of AKT in these patients.

Others have seen that the PI3K inhibitor LY294002 increased sensitivity to
rapamycin in renal cancer cell lines including 786-0 cells, but no evidence was
presented directly linking this effect to the ability of LY294002 to block

rapamycin induced AKT activation (Elfiky et al. 2011b).

A secondary hypothesis that was explored was that as IGF-1R expression has
been reported to be regulated depending upon the VHL status of renal cancer
cells, VHL status itself may alter the feedback response to activate AKT, and alter
the response to IGF-1R inhibition in combination with rapamycin. There was no
consistent evidence of a biologically significant effect to support this hypothesis.
Others have suggested that VHL status may be predictive in other combination
therapies. The synergy seen in the combination of gefitinib with rapamycin was
linked to VHL wild type cellular models, where gefitinib was able to inhibit pERK
(Gemmill et al. 2005). It has also been shown that VHL status may predict
sensitivity to mTOR inhibition. VHL wild type renal cancer cells were more
resistant to the rapalogue temsirolimus (Thomas et al. 2006). In the current
study however, no predictive value in VHL status was seen. Possible
explanations for this include that the effects are drug specific, rather than class

specific or that there are differences in the model used here and in the
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assessment of temsirolimus. The 786-0 and RCC4 cells both harbour mutant
VHL, and has been transfected with functional VHL to create an isogenic cell line
pair. The SN12C cells used by Thomas et al. were VHL wild type, and VHL was
knocked down with shRNA, so it is possible that these two models are not

equivalent.

Testing of the dual mTORC kinase inhibitor BEZ235, showed that it caused a
greater anti-proliferative effect than rapamycin, and that this correlated with
reduction in p4E-BP1. This is consistent with findings of other groups, and in
particular these two effects were seen in renal cancer by Cho et al. (Cho et al.
2010). Similar results have been seen with this drug, as well as with other
mTORC kinase inhibitors, and in other cancer types, including breast cancer,
glioma, lung cancer, multiple myeloma, and diffuse large B cell lymphoma (Serra
etal. 2008, Breuleux et al. 2009, Feldman et al. 2009, Thoreen et al. 2009, Cho et
al. 2010, Chresta et al. 2010, Nyfeler et al. 2012, Pike et al. 2013, Zhang et al.

2013).

Other evidence also points towards inhibition of p4E-BP1 as a determinant of
sensitivity to mTORC inhibition. Of the two downstream mTORC1 targets, S6 and
4E-BP1, it is 4E-BP1 that has been shown to be important in controlling cell
proliferation, rather than controlling cell size (Dowling et al. 2010). Inhibition of
p4E-BP1 correlated with drug sensitivity in a panel of colorectal cancer cell lines
treated with rapamycin or mTOR kinase inhibitors including BEZ235, and in a
screen of 600 cell lines of mixed lineage using the mTORC kinase inhibitor PP242

(Zhang and Zheng 2012, Ducker et al. 2013).
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In the current study, the combination of rapamycin and BEZ235 at low
concentrations caused a greater reduction in p4E-BP1 levels and reduction in
proliferation than either drug alone. The combination of a rapalogue and BEZ235
has also been of interest to others. In lung cancer, the combination of everolimus
and BEZ235 decreased p4E-BP1 and was more effective than either drug alone at
reducing levels of avian myelocytomatosis viral oncogene homologue (c-Myc)
and cyclin D1 (Xu et al. 2011). Similarly, the combination of temsirolimus and
BEZ235 caused synergistic growth inhibition in endometrial cancer (Yang et al.
2011). Novartis have completed a phase I trial of everolimus and BEZ235
(results awaited) following their discovery that low doses of the two drugs act
synergistically to inhibit p4E-BP1 and proliferation (Nyfeler et al. 2012).
Synergistic effects were only seen at low concentrations of the two drugs, and
high concentrations of BEZ235 were able to produce maximal inhibition of p4E-
BP1 and proliferation, which is consistent with the data shown here. The interest
for Novartis in the combination lies in the potential to use low doses of drugs to

alleviate side effects.

There was no evidence to support the further investigation of the combination of
rapamycin and inhibitors of the IGF-1R - AKT pathway in these models of renal
cancer. The mTORC kinase inhibitor BEZ235 showed promise as a more effective
treatment strategy in renal cancer and warranted further research. Initial
observations presented here correlated well with the findings of other groups
that inhibition of 4E-BP1 correlated with sensitivity to mTOR inhibition, while

pAKT activation did not.
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4 Results 2: The creation and screening of

BEZ235 resistant CCRCC cells

4.1 Introduction

Data shown in the previous chapter suggested that mTORC kinase inhibitors
were more effective than rapamycin in inhibiting proliferation and survival of
renal cancer cells. Attention then turned to understanding mechanisms of
resistance to this new class of drugs. There are two types of resistance seen in
the treatment of cancer in the clinic. One is that of primary resistance, where the
cancer never responds to treatment. The second is acquired resistance, where
after an initial response to treatment, resistance develops and the cancer grows
despite on-going exposure to drug. One approach to study primary resistance in
vitro, is to assess a large panel of cell lines for drug sensitivity, and screen the
cells for common mutations or expression patterns in genes or pathways, that
correlate with resistance or sensitivity, and this approach has been taken by
some groups (Zhang and Zheng 2012, Ducker et al. 2013, Yang et al. 2013). In
vitro models of acquired resistance have also been shown to be feasible and of
value. One such method is to culture cells continuously with the drug, starting at
low concentrations that modestly inhibit growth, e.g. by 30%, and slowly
increasing the concentration as proliferation recovers (Ricci et al. 2002,
Engelman et al. 2006b). In this manner, it has been possible to create cancer cells

with at least a log fold increase in Glso in cell viability assays. Using this
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approach, Engleman et al. were able to show that gefitinib sensitive non small
cell lung cancer (NSCLC) cells, acquired a T790M mutation in the EGFR kinase
domain, which was shown to confer resistance to gefitinib (Engelman et al.
2006b). This mutation is now well-recognised as occurring naturally in tumour
samples taken from patients who had acquired resistance to gefitinib (Kobayashi
et al. 2005a, Kobayashi et al. 2005b). These results show that this method of
producing resistant cells is capable of revealing mechanisms of resistance that

are clinically relevant.

A second approach to identify resistance mechanisms was used by Sharma et al.
(Sharma et al. 2010) who noted that even when NSCLC cells were treated with
the EGFR inhibitor erlotinib at concentrations well in excess of the SFso, some
colonies were still able survive. Cells from some of these colonies were able to
proliferate for prolonged periods, had upregulated IGF-1R, and a proportion had

stem cell like properties (Sharma et al. 2010).

The two approaches have the potential to identify different types of apparently
acquired resistance. The method used by Engleman may be more likely to
uncover adaptive mechanisms of resistance, e.g. through mutation. On the other
hand, the method used by Sharma may uncover a subpopulation of cells that
have primary drug resistance and are therefore able to survive the initial insult
of treatment. This would be in keeping with the current views of cancer stem
cells in human cancer cell lines in vitro, where there is heterogeneity within the
cell population (Islam et al. 2015). Such heterogeneity is certainly found in

human renal cancers (Gerlinger et al. 2012, Gerlinger et al. 2014) and renal
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cancers have been found to contain stem cell like cells (Bussolati et al. 2008). If
the main bulk of a tumour is made up of sensitive cells at the start of treatment,
an initial response of tumour volume shrinkage will be seen followed by
regrowth, comprised of resistant cells. This in vitro model could therefore mimic
clinical patterns of response and resistance, and uncover important resistance
mechanisms. Both of these approaches were employed in this project, with a
view to identifying novel mechanisms of resistance to mTOR inhibition in

general, and BEZ235 specifically.

4.2 Results

4.2.1 Testing the duration of action of BEZ235

In order to create resistant cells by continuous culture in BEZ235, it was first
necessary to establish the duration of action of BEZ235, so that the frequency of
replenishment could be determined to ensure consistent mTOR blockade. The
786-0 EV cells were cultured in full medium containing 100nM BEZ235 for up to
7 days as indicated in Figure 4-1. Control cells were treated with solvent, and
were collected at 2 time-points, 1 day, and 7 days. This experiment showed
complete mTORC1 inhibition at all time-points as evidenced by absence of pS6
and p4E-BP1. BEZ235 also inhibited PI3K and mTORC2 as shown by reduction in
phosphorylation of AKT on T308 and S473 respectively, but these effects were
noted to be more transient, with return to baseline at 2 days. On the basis of

mTORC1 inhibition, it was accepted that BEZ235 was active in culture for at least
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7 days from a single application, and therefore in order to create resistant cells,

media were exchanged for fresh BEZ235-containing media at least every 7 days.
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Time(Days) 1 1 2 3 4 5 6 7 7
BEZ235 100nM - + + + + + + + -

pAKT S473

pAKT T308
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Figure 4-1 BEZ235 inhibits mTOR in vitro for at least 7 days

Monolayer 786-0 EV cells were treated with solvent, or 100 nM BEZ235 for the indicated length of time. Cell
lysates were analysed by SDS-PAGE. BEZ235 inhibited pS6 and p4E-BP1 for the duration of the experiment.
N=1.
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4.2.2 Creation of BEZ235 resistant RCCA4 cells

The subline cultured in BEZ235 was paired with a control culture of the same
initial cell stock, but cultured in 0.1% DMSO solvent continuously for the same
duration. These cells grew at the same rate as untreated cells, requiring the same
standard passaging (1 in 30 split every 7 days). A representative image of these

cells (called RCC4S hereafter) is show in Figure 4-2 A.

To begin the creation of BEZ235 resistant RCC4 cells, the medium was
exchanged for medium containing 10 nM, 50 nM or 100 nM BEZ235. The lowest
concentration was used with the intention of gradually increasing the
concentration as per the method of Engleman (Ricci et al. 2002, Engelman et al.
2006b). The 50 and 100 nM concentrations were trialed in an attempt to mimic
the approach of Sharma (Sharma et al. 2010). However, RCC4 cells did not
tolerate culture in 50-100 nM BEZ235. Although some cells survived, they did

not proliferate, and after 4 months these cultures were abandoned.

The RCC4 cells that were commenced in 10 nM BEZ235 grew well and the
concentration was increased to 20 nM within the first month. After transfer to 20
nM BEZ235, cells grew very slowly, and initially took on a thin spindle like
appearance (Figure 4-2 B). After three months of culture, the cells had not grown
sufficiently to require passaging although the cells looked less spindle shaped
and thin (Figure 4-2 B shows appearance on initial application of 20 nM BEZ235,
C shows appearances after 3 months within the same flask). At this point, after 3

months of drug exposure, numerous dense, tightly packed colonies of cells
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became apparent (Figure 4-2 D and E). These cells had an apparently much
faster rate of growth than the background cells. An attempt was made to isolate
colonies of individual clones of these cells, but was unsuccessful. Instead, the
rapidly-growing cells were allowed to overgrow the more slowly-growing cells

over serial passages.
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Figure 4-2 RCC4 cells undergo morphological changes in response to treatment with BEZ235

Light micrographs, original magnification x4, of A) RCC4 cells (sensitive to BEZ235) growing in solvent
control, B) RCC4 cells after 1 week of treatment with 20 nM BEZ235, C) RCC4 cells after three months of
treatment with 20 nM BEZ235. Cells had been slowly growing in the same flask for 3 months without need
for passaging. D) Dense colonies appeared after 3 months treatment with 20 nM BEZ235. Border of a dense
colony of fast growing cells (bottom right) within a background field of slow growing cells (top left). E)
Centre of dense colony of cells shown in D).
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Over serial passages following the appearance of the dense colonies, the
proliferation rate of the RCC4 cells growing in 20 nM BEZ235 (hereafter called
RCC4B20) progressively increased as evidenced by the need for more frequent
passaging. The flask in which dense colonies appeared had been split 1:2, and
took 3 months before requiring passage. Over the subsequent two months, 1:2
splits were required weekly initially, and 1:5 splits were required at two months.
This remained the routine passaging split for these cells. During this time, serial
viability assays were performed to test the sensitivity of the RCC4B20 cells. The
resistance of these cells increased as seen in Figure 4-3 A and B, with rising Glso
values and resistant populations. BEZ235 resistance plateaued at three months
post the appearance of dense colonies, at which time the resistance of RCC4B20

cells compared to RCC4S cells revealed a 14 fold increase in Glso (Figure 4-3 C).

In order to test the sensitivity the following procedure was performed, and
repeated for all subsequent cell viability and clonogenic survival/growth assays
using these cells, and 786-0 resistant cells. A washout period of at least 72 hours
without drug was performed prior to commencement of the assay. This was
most commonly following passaging of cells such that rather than being seeded
into 20 nM BEZ235, RCC4B20 cells were seeded into solvent control medium, or
alternatively drug washout was performed by medium exchange for fresh,
solvent control medium. After 72 hours, cells were seeded into the appropriate
plate or dish for the assay in full medium (no solvent, no drug). After overnight
incubation to allow cells to adhere, cells were treated with the indicated

concentrations of drug, as in the cell viability assays and clonogenic cell
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survival/growth assays reported in the first results chapter. With each cell
viability or clonogenic survival/growth assay performed on resistant cells, a
duplicate assay was performed using the control BEZ235 sensitive parental cells

(RCCAS).

Initial assays assessed clonogenicity using RCC4S and RCC4B20 cells that had
undergone drug washout as described above. No treatments were applied to
these clonogenic plates. Clonogenicity was tested by calculating the colonies
formed as a percentage of cells seeded (Figure 4-4 A). This revealed that a lower
percentage of cells formed colonies in RCC4B20 cells as compared to RCC4S cells
and suggested that these cells did not posses stem cell like properties, where an

increase in clonogenicity would have been expected.

Resistance to BEZ235 was next tested by clonogenic survival /growth assay. Due
to the lower clonogenicity of RCC4B20 cells, the seeding number of these cells
was doubled compared to RCC4S cells in order to give approximately the same
total number of colonies in controls. This assay confirmed that RCC4B20 cells
also showed resistance to BEZ235 in this assay format, with a six-fold increase in

SFso (Figure 4-4 B and C).
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Figure 4-3 Development of resistance to BEZ235 in RCC4 cells after undergoing morphological

change

A) Serial viability assays of RCC4 cells having undergone morphological change following growth in 20 nM
BEZ235 for three months. Black line shows RCC4 cells grown in solvent control for the same length of time
(RCC4S). Graph shows mean and SEM of triplicate values from one experiment on each occasion. B) Table
showing GlIso concentrations and resistant population from graph A). C) CTG viability assays of RCC4S and
RCC4 resistant cells (hereafter called RCC4B20), treated with BEZ235, after stable resistance reached at 3
months post morphological change. Graph shows mean and SEM of three independent experiments. ****
p<0.0001 by two way ANOVA. D) Table of BEZ235 Glso concentrations and resistant populations from graph

C). Fold change calculated as ratio of these parameters in resistant/sensitive cells.
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Figure 4-4 Relative clonogenicity of RCC4S and RCC4B20 cells and cell survival/growth in response

to BEZ235

A) Colony formation of RCC4S and RCC4B20 cells expressed as % of cells seeded. Mean and SEM taken from
6 data points in two independent experiments. **** p< 0.0001 by t test. B) Clonogenic survival/growth
assays of RCC4S and RCC4B20 treated with BEZ235. Graph shows mean and SEM of three independent
experiments. **** p<0.0001 by two way ANOVA. C) Table of SFso concentration of BEZ235 from graph C).
Fold change calculated as ratio of this parameter in resistant/sensitive cells.
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4.2.3 Creation of BEZ235 resistant 786-0 cells

A solvent treated control culture of 786-0 cells was created in the same way as
for RCC4 cells, and will be termed 786-0S hereafter. In order to create resistant
cells, 786-0 cells were cultured in 100 nM, 300 nM or 500 nM BEZ235. These
were all high concentrations, following the method of resistance creation of
Sharma. Some cells remained viable in 300 and 500 nM BEZ235, but they failed
to grow over a 5 month period, and these cultures were therefore abandoned.
The 786-0 cells cultured in 100 nM BEZ235 showed similar changes in
appearance on acute exposure to BEZ235 as that seen in RCC4 cells (Figure 4-2
B). They grew slowly, and were passaged by splitting 1:2 every 10-14 days. The
proliferation rate gradually increased, and after three months a 1:5 split was
required every 10-14 days. During this time the cells returned to a more normal
appearance, but no dense colonies, or sudden changes in appearance were noted,
unlike the emergence of BEZ235-resistant RCC4 cells. A sub-culture was split
from cells growing in 100 nM BEZ235 at this point, and cultured in 200 nM
BEZ235. Over the next 6 months, cells growing in 200 nM BEZ235 increased
their proliferation rate to match the cells in 100 nM BEZ235. At this point, both
cultures were requiring a 1:5 split every 10 days. The 786-0 cells growing in 200
nM BEZ235 (hereafter referred to as 786-0B200) were selected for further
analysis because they were proliferating at the same rate as the 786-0 cells in
100 nM BEZ235 despite the higher concentration of drug, suggesting a higher

level of resistance.
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Resistance of the 786-0B200 cells was confirmed by cell viability assays (Figure
4-5 A) with greater than 55 fold increase in GIso compared to 786-0S controls.
The 786-0B200 cells showed lower clonogenicity than the 786-0S, BEZ235
sensitive cells, in the same manner as RCC4B20 cells (Figure 4-5 B). Resistance

to BEZ235 was confirmed by clonogenic survival /growth assays (Figure 4-5 C).
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Figure 4-5 Development of resistance to 200 nM BEZ235 in 786-0 cells

A) Viability assay of 786-0 cells cultured continuously in solvent (786-0S) or 200 nM BEZ235 (786-0B200),
exposed after a three day washout to BEZ235. Graph shows mean and SEM of three independent assays.
*H**k p<0.0001 by two way ANOVA. B) Colony formation of 786-0S and 786-0B200 cells expressed as % of
cells seeded. Mean and SEM taken from 6 data points in two independent experiments. ** p< 0.01 by t test.
C) Clonogenic cell survival/growth assay of 786-0S and 786-0B200 cells treated with BEZ235. Graph shows
mean and SEM of three independent experiments. **** p<(0.0001 by two way ANOVA. D) Table of Glso
concentrations and resistant populations to BEZ235 by cell viability assay, and SFso concentration by
clonogenic assay.
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4.2.4 Testing the cross resistance of BEZ235 resistant cell lines to

inhibitors of the PI3K — AKT — mTOR pathway

After establishing resistance to BEZ235, RCC4B20 and 786-0B200 cells were
assessed for cross-resistance to alternative inhibitors of the PI3K - AKT - mTOR
pathway. The first drug tested was another mTORC kinase inhibitor, AZD2014
which has an ICso for mTOR of 0.0028 uM, pAKT S473 0.08 uM and pS6 0.2 uM
and shows selectivity for mTOR over PI3K, with ICso concentrations for
inhibition of PI3K a, 3, v ,9, isoforms of 3.8, >30, >30 and >29 uM respectively
(Pike et al. 2013). This is in contrast to BEZ235, which is a dual mTORC kinase
and PI3K inhibitor. AZD2014 is in early phase clinical trial development.
Consistent with its higher published ICso concentrations, Glso concentrations for
AZD2014 were higher than for BEZ235 (Figure 3-18 and Figure 4-6). RCC4B20
cells showed cross-resistance to AZD2014, with 6.8 fold increase in Glso, and 2
fold increase in the resistant population compared to RCC4S cells (Figure 4-6 A
and Table 4-1). This effect was replicated in 786-0B200 cells, which showed a
18.5 fold increase in Glso and 2.8 fold increase in the resistant population
compared to 786-0S cells (Figure 4-6 B and Table 4-1). These results suggested
that resistance had developed to mTORC kinase inhibition, rather than

specifically to BEZ235.

Statistically significant cross-resistance to rapamycin was demonstrated in
RCC4B20 cells and 786-0B200 cells when assessed by two-way ANOVA (Figure
4-6 C and D), but the magnitude of this effect was very small. The rapamycin-

resistant population of RCC4B20 cells was only 1.2 fold different from RCC4S
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cells, but this change meant that the GIso was not reached, and hence there was
an apparent large fold change in GIso. However, the overall responses of
RCC4B20 and RCC4S cells to rapamycin look very similar, and the differences are
unlikely to be of biological importance. A similar pattern was seen for 786-
0B200 cells, although with a slightly larger fold change in resistant populations

(Table 4-1).

RCC4B20 cells were not cross-resistant to the PI3K inhibitor BKM120 (Figure
4-6 E and Table 4-1), while 786-0B200 cells showed a small degree of cross-
resistance, with a 2.8 fold change in Glso, and 2.2 fold change in resistant
population (Figure 4-6 F and Table 4-1). Both RCC4B20 and 786-0B200 showed
a small degree of resistance to the AKT inhibitor AZD5363, with 2.4 and 1.9 fold

changes in Glso respectively (Figure 4-6 G and H, and Table 4-1).

The patterns of cross-resistance were interesting, and informative of possible
resistance mechanisms. RCC4B20 cells showed the greatest cross-resistance to
mTORC kinase inhibition. They were not cross-resistant to allosteric mTORC1
inhibition, or PI3K inhibition, and only showed a small degree of cross-resistance
to an inhibitor of AKT. This suggests that the resistance in these cells had
developed primarily to kinase inhibition of mTORC1, as opposed to the

alternative actions of BEZ235 on PI3K, or to allosteric mTORC1 inhibition.

In contrast, 786-0B200 cells showed a broader spectrum of cross-resistance. As
well as a large degree of cross-resistance to the alternative mTORC kinase
inhibitor AZD2014, they also showed some evidence of cross-resistance to PI3K,

AKT, and allosteric mTORC1 inhibition. The magnitude of resistance to AZD2014,
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as compared to the other tested drugs, suggests that the resistance to BEZ235

was primarily to mTORC1 kinase inhibition, but with possible components of

resistance to the additional actions of BEZ235.
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Figure 4-6 BEZ235 resistant cells show cross resistance to the mTORC kinase inhibitor AZD2014

After a three day drug washout, RCC4S and RCC4B20 cells were treated with A) AZD2014, C) rapamycin, E)
BKM120 or G) AZD5363. Graphs show mean and SEM of three independent viability assays. NS p>0.05, ****
p<0.0001 by two way ANOVA. CTG cell viability assay of 786-0S and 786-0B200 cells treated with B)
AZD2014, D) rapamycin, F) BKM120 or H) AZD5363. Graphs show mean and SEM of three independent
assays. ** p=0.0013, *** p=0.0007, **** p<0.0001 by two way ANOVA.
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Table 4-1 Summary of cross resistance of BEZ235 resistant cells

Table of GI50 concentrations and fold changes between sensitive to resistant cells taken from Figure 4-6
graphs A) - H). Table of resistant population of cells and fold changes from sensitive to resistant cells taken

from Figure 4-6 graphs A) - H). NE, not evaluable.
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4.2.5 Techniques to screen BEZ235 resistant cells for mediators of

resistance

In order to investigate resistance mechanisms in BEZ235 resistant cells, it was
decided to screen the resistant cells in an unbiased way. Thought was given to
the nature of the screen to be undertaken, as numerous types of screen were
available, to detect mutations in DNA, altered expression at the mRNA level, or
changes in post-translational modifications, which either activate or inactivate
the protein. These include proteolytic cleavage, phosphorylation, acetylation,
methylation, glycosylation, ubiquitination, or SUMOylation (Mann and Jensen

2003).

Screening for altered gene transcription is accomplished by examining expressed
mRNA. Microarrays using hybridisation technology with specific probes to
known genes can give information on the relative expression of any gene for
which there is a probe set on the microarray (Lin et al. 2015). This is a well-
established technique that is relatively cheap. Alternatively, next generation
sequencing allows for RNA sequencing, which is also quantitative, has lower
background levels (due to no cross hybridisation) and has a greater dynamic
range allowing detections of differences in genes with very low, or high
expression levels. Furthermore, this approach can also detect alternatively
spliced transcripts, and non-coding RNAs (Martin and Wang 2011, Mwenifumbo

and Marra 2013)
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Screening for altered translation can be accomplished by measuring ribosomal
bound mRNA (Ingolia et al. 2009), which can quantify those mRNAs undergoing
active translation. Alternatively, protein levels can be assessed by antibody
microarray. This measure is affected not only by expression, but also by protein
stability and degradation. A second advantage of this approach is that antibody
arrays may include antibodies to phosphorylated, or unphosphorylated proteins.
Antibody arrays, similarly to hybridisation based cDNA microarrays, can suffer
from non-specific binding, increasing background signal and giving false
positives. Secondly antibody arrays can give false negatives when non-denatured
proteins are assessed, especially in proteins that exist in complexes, if a binding

partner covers the antibody epitope (Alhamdani et al. 2009).

A final type of screen uses libraries of inhibitors, either small molecules or
siRNAs to identify inhibitors that cause sensitisation, hence identifying that

target protein or that pathway as a mediator of resistance (Mohr et al. 2014).

The primary role of mTORC1 is in controlling translation and therefore, it was
decided to screen at the protein level by antibody array. Such arrays were
commercially available, and also allowed screening of phosphorylation status of
the proteins on the array. mTOR also has functions that affect transcription
factors, and therefore an mRNA based screen was also conducted. These screens

were conducted sequentially, with the protein level screen conducted first.
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4.2.6 Antibody array screen of BEZ235 resistant RCC cells

To screen BEZ235 resistant cells at the protein level, the Phospho Explorer Array
service was purchased from Full Moon Biosystems. The array included 1318
antibodies, which were directed at phospho-proteins, with corresponding
antibodies to the non-phosphorylated epitopes of the same proteins. Due to the
cost of the screen, only one cell pair could be screened. The RCC4S and RCC4B20
cell pair was selected for assessment. There were several reasons for this choice.
Firstly, RCC4B20 cells appeared more robust than the 786-0B200 cells, with
more rapid and reproducible proliferation including when seeded for viability or
clonogenic assay. Secondly, the assessment of cross resistance suggested that
786-0B200 cells showed a greater range of cross resistance, including to PI3K
and allosteric mTORC1 inhibition (Figure 4-6). It was felt therefore that
investigation of RCC4B20 cells would be more likely to reveal resistance
mechanisms specific to mTORC1 kinase inhibition, whereas testing of 786-
0B200 cells would potentially uncover resistance mechanisms to other targets
including PI3K. It would have been interesting to have screened the 786-0B200
cells as well, but as an alternative, it was decided to attempt validation of
potential hits from the antibody array in both RCC4B20 cells and 786-0B200

cells, aiming to identify common factors in BEZ235 resistance.

Conditions were selected to enable evaluation of markers that changed between
BEZ235 sensitive and resistant cells. To differentiate effects of acute vs.
continuous BEZ235 treatment, an additional control of acutely treated RCC4S

cells was used. As well as allowing the identification of acute effects of BEZ235,
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this allowed for the detection of a “return to baseline” mechanism of resistance,
e.g. acute BEZ235 causes reduction in phospho-protein X in sensitive cells, but in
resistant cells the level of phospho-protein X returns to that of untreated
sensitive cells. RCC4S cells were treated with 20 nM BEZ235, or solvent control.
RCC4B20 cells did not undergo drug washout, but had medium exchanged for
fresh medium containing 20nM BEZ235. After one hour, cells were collected and
cell pellets were snap frozen as described in 2.4.1. Cell pellets were couriered to
Fullmoon Biosystems where the antibody array and data analysis was carried

out by Fullmoon Biosystems staff as described in section 2.4.

The normalised data were filtered to exclude antibodies that did not meet the “
true signal” level, which was defined as an average signal intensity of replicate
spots at least 3 times the level of background signal. Potential mediators of
resistance were identified as a 2-fold change from RCC4S to RCC4B20 cells
(Resistant:Sensitive) or a 2-fold change from BEZ235 treated RCC4S to RCC4B20
cells (Resistant:Acute), and are presented in Table 4-2. Values greater than 2 (i.e.
2-fold increase) and <0.5 (i.e. 2-fold decrease) were both considered. Potential
candidates that showed changes between resistant and control treated sensitive
cells were excluded from further assessment if the same change was induced by
acute BEZ235 treatment of sensitive cells, e.g. nuclear factor kappa-light-chain-

enhancer of activated B cells (NFkB) -p65 phospho S468 in Table 4-2.

142



Results 2: The creation and screening of BEZ235 resistant

Chapter 4 CCRCC cells
Protein Fold Change
Resistant:Sensitive | Resistant:Acute | Acute:Sensitive
Abl1 2.67 2.24 1.19
CaMKII 2.81 1.93 1.46
Caspase 9 1.6 2.41 0.66
CD4 1.47 2.16 0.68
Integrin beta-1 2.05 1.6 1.28
HSL 1.58 2.36 0.67
LIMK1/2 0.7 0.33 2.12
MAPKAPK?2 0.66 0.5 1.33
MEK1 1.5 2.15 0.7
MET Phospho
Y1356 2.32 1.39 1.67
NFxB-p65
Phospho S468 4.48 1.37 3.26
Ras-GRF1 2.91 1.79 1.56
Shc 2.53 1.79 1.41
Potential hits meeting secondary criteria
Cyclin D1
Phospho T286 0.99 0.55 0.97
IKK-a/b 1.92 1.67 1.15
SRF 1.29 1.94 0.67

Table 4-2 Potential hits from antibody array

Potential hits from the Full Moon Biosystems phospho-explorer antibody array listed in alphabetical order.
Top part of table shows hits with predicted fold change in expression levels 22 or <0.5 in RCC4B20 cells
compared to acutely treated RCC4S cells, or RCC4B20 cells compared to RCC4S control treated cells. Bottom
part of table shows potential hits meeting less stringent inclusion criteria of predicted fold changes of 21.9
or <0.55
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The first part of the validation process was to confirm altered expression by
western blotting. There were two significant differences in this validation in
comparison to the screen. Firstly, whereas the antibody array was conducted on
non-denatured proteins, western blotting is performed on denatured proteins.
Secondly, the Full Moon Biosystems antibody array used proprietary antibodies,
while western blotting was performed with commercially available antibodies.
The second stage of the validation process was to investigate the possibility of a
causal relationship between the potential hit and resistance to BEZ235, by use of
small molecule inhibitors and siRNA. Results have been presented to show
screen hits that were validated by western blot, followed by effects of targeting
each hit, and finally those potential screen hits that failed to validate by western

blot.

4.2.7 Validating potential hits by western blotting

Investigations focussed on the three druggable targets: MET, Abelson murine
leukaemia viral oncogene homolog (Abl) and MEK. MET is the receptor tyrosine
kinase that is activated by hepatocyte growth factor (HGF). MET exists as an o/3
heterodimer, having been cleaved from its pro-receptor into its « and 3 chains
(Bottaro et al. 1991). Upon ligand binding, MET undergoes homodimerisation
and transphosphorylation. There are two phosphorylation sites in the kinase
domain at tyrosine 1234 and 1235, which regulate kinase activity (Longati et al.
1994), and two in the carboxy terminus at tyrosine 1349 and 1356, which serve

as docking sites for adaptor proteins (Ponzetto et al. 1993, Ponzetto et al. 1994).
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Phosphorylation at tyrosine 1356 transduces signals required for cell motility

and morphogenesis (Furge et al. 2000).

MET signals via multiple pathways including RAS - Raf - MEK, PI3K - AKT, signal
transducer and activator of transcription (STAT) and nuclear factor kB inhibitor
a (IkBa) - nuclear factor-kB (NF-kB) complex, to cause effects including
proliferation, protection from apoptosis, motility and invasion, angiogenesis and
epithelial to mesenchymal transition (Pelicci et al. 1995, Maroun et al. 1999,

Sipeki et al. 1999, Canadas et al. 2014a, Canadas et al. 2014b).

MET and its ligand HGF are often overexpressed in cancer, and activating
mutations of MET are described in hereditary and sporadic papillary renal
cancer (Schmidt et al. 1997, Schmidt et al. 1998, Schmidt et al. 2004). The MET
gene is often amplified, and this may be another marker alongside mutation,
indicating susceptibility to MET inhibition (Smolen et al. 2006, McDermott et al.
2007). MET amplification, and increased HGF expression have been shown to
mediate acquired resistance to EGFR inhibition in NSCLC in vitro and clinically,
and inhibitors of MET were able to reverse this resistance (Engelman et al. 2007,

Yano etal. 2011, Nakagawa et al. 2012).

MET is known to be over-expressed in some CCRCCs, and to be associated with a
worse prognosis. MET was therefore seen as a credible potential mechanism of

acquired resistance to BEZ235 in RCC (Gibney et al. 2013).

The Abelson murine leukaemia viral oncogene homolog 1 (Abl) is a non receptor

tyrosine kinase that links extra-cellular signalling to downstream effects

145



Results 2: The creation and screening of BEZ235 resistant

Chapter 4 CCRCC cells

including cell growth, survival, migration and invasion. Abl has an auto-
inhibitory confirmation, promoted by myristoylation and interaction between its
SH3 and SH2 domains. Abl can be stabilised in its active form by
phosphorylation, which is thought to be either transphosphorylation by Abl or
phosphorylation by the related SRC family kinases. Abl is well-known for its role
in the BCR-ABL1 fusion oncoprotein formed by the t(9;22)(q34;q11)
chromosome translocation (the Philadelphia Chromosome) found in chronic
myeloid leukaemia (CML), which results in constitutively active Abl function
(Ben-Neriah et al. 1986). The Abl kinase inhibitor imatinib is regarded as the
most successful targeted cancer treatment due to the duration of responses to

treatment (O'Brien et al. 2003).

The role of Abl in solid tumours is not as well established, but there is emerging
evidence of its importance in invasion and growth, and overexpression in a
variety of cancer types, including breast cancer, lung cancer, ovarian serous
cystadenocarcinoma, urothelial carcinoma, colorectal carcinoma and renal
cancer, and has recently reviewed by Greuber, Smith-Pearson, Wang and
Pendergast (Sos et al. 2009, Behbahani et al. 2012, Network. 2012, Greuber et al.
2013). Abl can be activated downstream of receptor tyrosine kinases such as
HER?2 in breast cancer, to stimulate invasion and by MET to promote

proliferation (Srinivasan and Plattner 2006, Furlan et al. 2011).

Little is known about the role of Abl in renal cancer, but it is known to be over-
expressed in some tumours including CCRCC (Behbahani et al. 2012). There is

however clinical data concerning the efficacy of imatinib in renal cancer, based
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on the ability of imatinib to inhibit its other targets, namely PDGFR and KIT,
which can be expressed by renal tumours (Castillo et al. 2004). However, a phase
2 trial of single agent imatinib in RCC of all types showed no partial or complete
responses (Vuky et al. 2006). In another phase II study, imatininb was combined
with anti VEGF antibody bevacizumab and EGFR inhibitor erlotinib, again on the
hypothesis that inhibition of PDGFR could increase response rates. This trial did
not select for any predictive biomarkers, showed no increased activity over that
seen with bevacizumab/erlotinib, but did see increased toxicity (Hainsworth et
al. 2007). A small phase II trial of imatinib with interferon a (IFN-a) saw a
response rate of only 6%, and did not recommend the combination for further
study (Polite et al. 2006). Finally, imatinib has been combined in a renal cancer
Phase 2 trial with everolimus, the rationale being that PDGFR inhibition may
sensitise to everolimus. The trial was closed early due to lack of efficacy (Ryan et
al. 2011). These trials suggest that imatinib is unlikely to have significant activity
in renal cancer, although the patients in these trials were unselected for
biomarkers, or Abl expression. In the context of cells with acquired resistance to
BEZ235, the possibility that increased Abl expression could mediate resistance

was worthy of investigation.

Cells treated in the same manner as for the antibody array were collected and
lysed for analysis by western blotting. Control cells were either treated with
solvent or BEZ235 for 1 hour. Resistant cells were not given a drug washout
period, but did have the medium exchanged for fresh BEZ235 containing

medium (20 nM for RCC4B20 and 200 nM for 786-0B200) in order to control for
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the effects of replenishing serum in new medium. Two antibodies were tested for
the detection of pY1356 MET (see Table 2-5), which had been identified in the
screen, but neither gave signal. However, an antibody to pMET Y1234 /1235 did
show detectable signal, with a clear indication of MET activation in both
RCC4B20 and 786-0B200 resistant cells (Figure 4-7 A and B), although the signal
this antibody gave was inconsistent in a standard western blot. The levels of total
MET were also increased in RCC4B20 cells (Figure 4-7 A and B). This change
reached statistical significance between acutely treated control cells and
resistant cells. Although increased MET activation was seen in 786-0B200 cells,
total MET did not increase. Despite not being able to detect pMET Y1356, MET
activation as characterised by phospho-Y1234 1245 was detected, and on this

basis MET was taken forward as a potential mediator of resistance.

In RCC4B20 cells, but not 786-0B200 cells, there was evidence of increased
expression of Abl (Figure 4-7 A and C). There was some variability in the
magnitude of increase across three independent experiments, such that
statistical significance was not reached when the blots were quantified.
However, there was a clear trend towards increased expression in RCC4B20, and
on this basis Abl was taken forward for further validation as a potential mediator

of resistance to BEZ235.
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Figure 4-7 ABL and MET show increased expression in RCC4B20 cells

A) Monolayer RCC4S cells were treated with solvent or 20 nM BEZ235. RCC4B20 cells were treated with
fresh 20 nM BEZ235. 786-0S cells were treated with solvent or 200 nM BEZ235 and 786-0B200 cells were
treated with 200 nM BEZ235. One hour later cells were collected, lysed and analysed by SDS PAGE. B)
Western blots of MET and pMET Y1234/5 were quantified using Image], normalised to tubulin loading, and
expressed as a percentage of control treated RCC4S cells. Graphs show mean and SEM of four independent
experiments for MET (T test p values shown) and mean and range of two independent experiments for
pMET Y1234/5. C) Western blots of ABL were quantified using Image], normalised to tubulin loading, and
expressed as a percentage of control treated RCC4S cells. Graphs show mean and SEM of three independent
experiments. Student’s T test p values shown.
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Mitogen activated protein (MAP) kinase kinase (MEK) is an enzyme that forms
part of the MAP kinase (ERK) signalling pathway. In response to stimulation by
growth factors, a variety of growth factor receptors activate Ras, which in turn
activates Raf. The most important form of Raf in cancer appears to be BRAF,
which is mutated in 66% of melanomas and at lower frequencies in many other
cancers, and when mutated is able to transform cells in culture (Davies et al.
2002). Raf phosphorylates and activates MEK, which phosphorylates and
activates ERKs 1 and 2 (Ahn et al. 1991, Gomez and Cohen 1991, Kyriakis et al.
1992). MEK is highly specific for ERK as its target (Seger et al. 1992). ERK
translocates to the nucleus and controls cell cycle and DNA replication through
ELK-1 dependent gene transcription, to influence proliferation, differentiation,
protection from apoptosis and adhesion/motility through its interaction with
Paxilin (Ray and Sturgill 1988, Boulton et al. 1990, Brunet et al. 1999b, Pages et

al. 1999, Scheid et al. 1999, Ku and Meier 2000, Allan et al. 2003).

The antibody array predicted an increase in total MEK in RCC4B20 cells over
acutely treated RCC4S sensitive control cells. Using the same experimental
design as for Figure 4-7, western blotting for MEK confirmed a trend towards
increased total MEK in RCC4B20 cells. Changes in pMEK itself were less
consistent, and although there was a trend towards increased pMEK in RCC4B20
cells compared to solvent treated controls, it was also noted that acute BEZ235
treatment induced increased pMEK (Figure 4-8 A and B). No consistent changes
in total or phospho MEK were noted in 786-0B200 cells. The downstream MEK

target ERK showed significantly up-regulated expression and a trend towards
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increased activation in RCC4B20 resistant cells compared to both solvent and
BEZ235 treated control cells (Figure 4-8 A and C). The 786-0B200 cells, showed
a minor increase in pERK over solvent treated controls, but a similar increase
was induced by acute BEZ235 treatment of control cells. On the basis of the
changes in MEK - ERK signalling in RCC4B20 cells, it was decided to investigate

MEK/ERK as a potential mediator of BEZ235 resistance.
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Figure 4-8 MEK and ERK show increased expression and activation in RCC4B20 cells

A) Monolayer RCC4S cells were treated with solvent or 20 nM BEZ235. RCC4B20 cells were treated with
fresh 20 nM BEZ235. 786-0S cells were treated with solvent or 200 nM BEZ235 and 786-0B200 cells were
treated with 200 nM BEZ235. After 1 hour of treatment cells were collected and lysed. Cell lysates were
analysed by SDS PAGE. B) Western blots of MEK and pMEK were quantified using Image]J, normalised to
tubulin loading, and expressed as a percentage of control treated RCC4S cells. Graphs show mean and SEM
of five independent experiments for MEK (Student’s T test p values shown) and mean and range of two
independent experiments for pMEK. C) Western blots of ERK and pERK were quantified using Image],
normalised to tubulin loading, and expressed as a percentage of control treated RCC4S cells. Graphs show
mean and SEM of four independent experiments and T test p values.
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4.2.8 Evaluation of the functional relevance of increased MET

expression and activation in BEZ235 resistant RCC cells

In order to test whether MET was contributing to resistance to BEZ235, three
different approaches were taken, using a small molecule MET inhibitor, INC280,

MET depletion with siRNA, and stimulation of sensitive cells with the ligand HGF.

INC280 inhibits MET trans-phosphorylation in vitro with low nM ICsg
concentrations and shows high specificity to MET, with only 30% inhibition of
activity of 56 other tested kinases when tested at a concentration of INC280
inhibiting 90% of MET activity (Liu et al. 2011). INC280 is currently undergoing

early phase clinical testing (Bang et al. 2014).

INC280 was able to inhibit the constitutive activation of MET in RCC4B20
BEZ235 resistant cells (Figure 4-9 A). As described earlier, detection of pMET
Y1234 /1235 was inconsistent in western blot, and therefore INC280 inhibition
was tested by immunoprecipitation of total MET, and probing for pMET
Y1234/1235. Two concentrations were chosen and were tested at two time-
points, to detect early inhibition of pMET (1 hour), and also to test the duration
of Met inhibition over the same time-course as a cell viability assay (72 hours).
This showed that both concentrations of INC280 inhibited pMET at both time-

points.

Next the anti-proliferative effects of INC280 were tested by cell viability assay.
RCC4B20 cells showed no increased sensitivity to INC280 in comparison to

RCCA4S cells despite showing increased MET activation (Figure 4-9 B) and in fact
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viability in neither RCC4 subline was altered by INC280. A similar lack of effect

was seen in 786-0B200 and 786-0S cells (Figure 4-9 C).
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Figure 4-9 INC280 inhibits MET phosphorylation but does not inhibit proliferation in BEZ235
sensitive or resistant cells

A) Monolayer RCC4B20 cells were treated with solvent, 300 nM or 10 uM INC280 for the indicated time.
Whole cell lysates were immunoprecipitated with MET antibody (CS #8198) or non specific IgG (control IP)
and analysis performed by SDS PAGE and western blotting for phospho- and total MET. Similar results were
seen in two other independent similar experiments. CTG cell viability assays of B) RCC4S and RCC4B20, and
C) 786-0S and 786-0B200 treated with INC280. Graphs show mean and SEM of six data points from two
independent experiments. NS P>0.05 by two way ANOVA.
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Despite not being more sensitive to single agent INC280, it was still possible that
MET activation was contributing to BEZ235 resistance. Therefore the
combination of 10 pM INC280 and BEZ235 was tested. The higher concentration
was used because the difficulty in detecting pMET could have been due to poor
antibody sensitivity, and therefore it was possible that the lower concentration
(300 nM, Figure 4-9 A) was incompletely inhibiting MET, but that this was below
the detection threshold of the antibody. The 10 uM concentration was not
expected to have significant off target effects because it did not influence

proliferation (Figure 4-9 B and C).

The combination was tested in both BEZ235 resistant and sensitive control cells,
with the hypothesis that if MET was mediating resistance to BEZ235 it would
sensitise BEZ235 resistant cells, but not influence the control cells. In RCC4S cells
(Figure 4-10 A) the predicted result was seen, and no alteration in BEZ235
sensitivity was detected (Table 4-3). BEZ235 resistant RCC4B20 cells however
also showed no BEZ235 sensitisation when INC280 was added (Figure 4-10 A
and Table 4-3), suggesting that MET activation was not mediating resistance in
RCC4B20 cells. Clonogenic survival/growth assays confirmed these results, with
no change in SFso in RCC4S cells with the addition of INC280 (Figure 4-10 C and
Table 4-3). In RCC4B20 cells, a small shift in SFso was detected that reached
statistical significance by two way ANOVA. However, this was an extremely small
change, and rather than sensitising to BEZ235, MET inhibition slightly increased

resistance (Figure 4-10 D and Table 4-3).
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The same lack of effect was seen: In 786-0S and 786-0B200 cells INC280 did not

sensitise resistant cells to BEZ235 in assays for viability (Figure 4-10 E and F and

Table 4-3), or clonogenic survival/growth (Figure 4-10 G and H and Table 4-3).
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Figure 4-10 INC280 does not sensitise BEZ235-resistant RCC cells to BEZ235

CTG cell viability assays of A) RCC4S, B) RCC4B20, E) 786-0S and F) 786-0B200 cells treated with BEZ235
and solvent, or BEZ235 and 10 pM INC280. Graphs show mean and SEM of two independent experiments.
NS P>0.05 by two way ANOVA. Clonogenic survival/growth assays of C) RCC4S, D) RCC4B20, G) 786-0S and
H) 786-0B200 cells treated with BEZ235 and solvent, or BEZ235 and 10 uM INC280. Graphs show mean and
SEM of two independent experiments. NS P>0.05, ** P=0.0042 by two way ANOVA.
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cell Line | GlsonM (95% CI) Fold SFso nM (95% CI) Fold
BEZ235 + INC280 | Sensitisation BEZ235 + INC280 | Sensitisation
8 8 1 3 3 1
RCCAS | v _10) | (6-11) | (06-17) (2-5) (2-4) (05 - 2.5)
46 59 0.8 12 19 0.6
RCCAB20 | 30_67) | (40-88) | (03-1.6) | (9-15) | (15-24) (0.4-1)
20 21 1 2 5 13
78605 | 15 24y | (17-26) | (07-14) (3-6) (3-5) (0.6 -2)
786- 82 9% 0.9 157 117 13
0B200 (62 ->1000) | (76 ->1000) (98 -257) | (71-195) (0.5-3.6)

Table 4-3 Effect of MET inhibition on response to BEZ235

GIso and SFso values taken from Figure 4-10. Fold sensitisation = control treated Glso/INC280 treated Glso,
or control treated SFso/INC280 treated SFso.

MET has been shown to have ligand independent activity, which can be
abrogated by depletion of total MET levels (Olwill et al. 2013). MET has been
shown to cross activate with fibronectin and integrins, the EGFR and IR where it
forms hybrid receptors (Dulak et al. 2011, Fafalios et al. 2011, Mitra et al. 2011).
Similarly, other receptors, including the IGF-1R and the EGFR have been shown
to have kinase independent function (Wright et al. 1995, Boucher et al. 2010,
Janku et al. 2013). It was conceivable therefore that MET over-expression could
influence resistance to BEZ235, even though abrogation of its kinase function

was ineffective at sensitising BEZ235 resistant cells.

In order to address this possibility, MET depletion with siRNA was tested for its
ability to sensitise to BEZ235. In both the RCC4 and 786-0 pairs of resistant and
sensitive cell lines, siRNA to MET caused good detectable MET depletion at 48
and 72 hours post transfection (Figure 4-11 A). However, MET knockdown did
not sensitise RCC4S, RCC4B20, 786-0S or 786-0B200 cells to treatment with

BEZ235 in comparison to control siRNA transfected cells (Figure 4-11 B - E).
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Figure 4-11 MET knockdown does not sensitise BEZ235 resistant RCC cells to BEZ235

Monolayer cells were reverse transfected with MET_10 siRNA or control (All Stars) siRNA. Cells were
collected at the indicated times, and cell lysates analysed by SDS PAGE. Similar results were seen in an
independently prepared set of cell lysates. CTG cell viability assay of B) RCC4S, C) RCC4B20, D) 786-0S and
E) 786-0B200 cells reverse transfected with control siRNA or MET_10 siRNA and 48 hours later treated
with BEZ235. Graphs show mean and SEM of 6 data points from two independent experiments. NS P>0.05
by two way ANOVA.
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In a final test of the contribution of MET, HGF stimulation was evaluated, to
determine whether this could induce resistance to BEZ235. It has been
established that stimulation with high levels of growth factors, can confer
resistance to small molecule inhibitors, e.g. HGF can induce vemurafenib
resistance in BRAF-mutant melanoma models, so this approach was tested with
HGF (Wilson et al. 2012). The hypothesis was that if MET was a potential
resistance mediator, HGF could induce BEZ235 resistance in BEZ235 sensitive
cells but should not alter the established resistance in BEZ235 resistant cells. A
cell viability assay was performed as previously described for resistant cells,
with the addition of 50 ng/ml HGF or solvent control applied simultaneously
with BEZ235. HGF at 50 ng/ml was chosen as concentration reported in the
literature to be capable of reversing resistance to vemurafenib in BRAF-mutant
melanoma (Wilson et al. 2012). However, the addition of HGF did not affect the

response to BEZ235 in any of the four cell lines tested (Figure 4-12 A - D).

This series of experiments showed that although MET expression and activation
were correlated with resistance, these changes were not causative and therefore
did not support further evaluation of combinations of mTORC kinase inhibitors

and MET inhibitors in the treatment of renal cancer.

Other groups have observed more positive results when combining similar
drugs. Recently, the RON/MET inhibitor BMS-777067 was combined with the
mTORC kinase inhibitor AZD8055 and synergistic activity was seen in pancreatic
cancer cells, including cancer stem cells (Zeng et al. 2014). In epithelioid sarcoma

cell lines, the rapalogue everolimus has been noted to cause MET dependent AKT

161



Results 2: The creation and screening of BEZ235 resistant

Chapter 4 CCRCC cells

activation, and the MET inhibitor INC280 was able to block this signalling, and
sensitise to everolimus (Imura et al. 2014). It is clear therefore that although the
combination was ineffective in this model of renal cancer drug resistance, it may
be effective in other cancers. The work in epithelioid sarcomas was interesting in
that MET inhibition was combined with an allosteric inhibitor of mTORC1, and
also that the cancer model was dependent on AKT activation for resistance. This
is in contrast to the model presented here, in which resistance does not appear
to be AKT dependent (Figure 4-6 G and H), and where an mTORC1/2 kinase
inhibitor was combined with a MET inhibitor. It would be interesting to know
whether the synergy observed in the sarcoma study would remain if an mTORC

kinase inhibitor replaced everolimus (Imura et al. 2014).
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Figure 4-12 HGF does not induce resistance to BEZ235 in BEZ235 sensitive control RCC cells

CTG cell viability assays of A) RCC4S, B) RCC4B20, C) 786-0S and D) 786-0B200 cells treated with BEZ235
and solvent, or BEZ235 and 50 ng/ml HGF. Graphs show mean and SEM of two independent experiments.
NS P>0.05 by two way ANOVA.
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4.2.9 Evaluation of the functional relevance of increased MEK

expression and activation in RCC resistant cells

The contribution of MEK/ERK to BEZ235 resistance was tested using AZD6244, a
novel allosteric inhibitor that is highly specific for MEK and inhibits ERK
phosphorylation at low nM concentrations (Yeh et al. 2007). AZD6244 is in early
clinical trial development, particularly in melanoma where BRAF mutations are

common, and result in MEK activation (Catalanotti et al. 2013).

First, the effects of AZD6244 on RCC cell lines was assessed. Cells were treated
with either solvent, 100 nM, or 10 uM AZD6244, applied for 1 hour, to test acute
inhibition, or 72 hours to test effects over the same time course as a cell viability
assay. Phospho-ERK was used to assess inhibition of MEK as AZD6244 does not
itself prevent MEK phosphorylation. In both RCC4S and 786-0S cells, 1 hour
treatment with AZD6244 inhibited pERK at both 100 nM and 10 uM. At 72 hours,
persistent ERK inhibition was seen at only 10 uM AZD6244, with both cell lines
showing a degree of pERK reactivation in the presence of 100 nM AZD6244
(Figure 4-13 A). The two cell lines showed a different response to AZD6244 in
terms of levels of pMEK. In 786-0S cells the levels of pMEK fell at both 1 and 72
hours. In RCC4S cells, however, pMEK increased in AZD6244-treated cells,
particularly in cells treated for 72 hours, with 10 uM AZD6244, where there was
also an increase in total MEK. AZD6244 has been noted to release feedback
inhibition and result in an accumulation of pMEK in BRAF wild-type NSCLC, so it

is possible that similar feedback is in effect here (Friday et al. 2008).
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The next step was to investigate the sensitivity of BEZ235 resistant and sensitive
cells to single agent AZD6244 in viability assays. Despite showing activation of
MEK/ERK, RCC4B20 cells were more resistant to AZD6244 than sensitive control
cells. Neither RCC4S nor RCC4B20 cells were sensitive to AZD6244, with the
maximal amount of growth inhibition being less than 50% (Figure 4-13 B). In the
786-0 cell pair, the pattern was the same even though there was no clear

difference in MEK/ERK signalling between 786-0S and 786-0B200 cells.

As for the MET inhibitor, the combination of AZD6244 and BEZ235 was assessed
to determine whether MEK inhibition was able to reverse BEZ235 resistance.
The concentration of 10 uM AZD6244 was selected as it showed complete
inhibition of MEK activity for the duration of a cell viability assay. In RCC4S cells,
no difference was noted in Glso or resistant population (Figure 4-13 D and Table
4-4), whilst in RCC4B20 cells, apparent large fold change was noted in Glso, with
AZD6244 treated cells being more resistant. This is very unlikely to be
biologically significant, and is seen only because there was a minor difference in
the resistant populations of cells, under 50% in control treated RCC4B20 cells,
allowing calculation of a GIso concentration (41 nM BEZ235), and 51% in
AZD6244 treated cells, giving a GIsp of >1000 nM (Figure 4-13 D Table 4-4). In
786-0S and 786-0B200, AZD6244 did not affect response to BEZ235 in terms of

GIso or resistant population (Figure 4-13 E and Table 4-4).

These results suggested that MEK/ERK activation was unlikely to contribute to
BEZ235 resistance in RCC cells. In contrast, recent data in an in vivo model of

gefitinib resistant non small cell lung cancer showed that combined treatment
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with AZD6244 and BEZ235 was more effective than either agent alone (Qu et al.
2014). In arhabdomyosarcoma model, PI3K/mTOR inhibition resulted in
increased ERK, and the combination of the mTOR inhibitor AZD8055 and the
MEK inhibitor AZD6244 was more effective than either alone, although the
combination of BEZ235 and AZD6244 was not more efficacious (Renshaw et al.
2013). Markers for response to this combination are not fully understood, but
may include KRAS activation as the new mTORC kinase inhibitor Torin2 was
ineffective in lung cancer models driven by KRAS, but when combined with
AZD6244 induced significant growth inhibition in xenograft models (Liu et al.
2013b). In support of this, a study of KRAS mutant colorectal cancer showed that
the combination of AZD8055 and AZD6244 was more effective than either agent
alone and prevented tumour growth, but did not cause tumour regressions
(Migliardi et al. 2012). The 786-0 cells do not harbour RAS mutations

(http://cancer.sanger.ac.uk/cell_lines/sample/overview?id=905947) and

although the mutation status of RCC4 cells has not been published, the rate of

RAS mutations in renal cancer are low (Nanus et al. 1990, Rochlitz et al. 1992).
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Figure 4-13 MEK inhibition does not sensitise RCC cells to BEZ235

A) RCC4S and 786-0S cells were treated with solvent or with the indicated concentration of AZD6244. After
the indicated duration of treatment, cells were collected, lysed and lysates analysed by SDS PAGE and
western blotting. Similar results were seen in two independent experiments. CTG cell viability assays of B)
RCC4S and RCC4B20, and C) 786-0S and 786-0B200 cells treated with AZD6244. Graphs show mean and
SEM of three independent experiments. **** P<0.0001 by two way ANOVA. CTG cell viability assays of D)
RCC4S and RCC4B20, and E) 786-0S and 786-0B200 cells treated with BEZ235 and solvent, or BEZ235 and
10 uM AZD6244. Graphs show mean and SEM of three independent experiments. NS P>0.05, **** P<(0.0001
by two way ANOVA.
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Resistant Population
V)
CellLine | GlsonM(95%CD) Fold % (95% CI) Fold
+10 pM | Sensitisation +10 uM Sensitisation
BEZ235 AZD6244 BEZ235 AZD6244
7 7 1 16 23 0.7
RCCAS | (6_g) (6 - 8) 08-13) | (15-18) | (21-26) | (0.6-0.9)
41 " 44 51 0.9
RCC4B20 (27 - 61) >1000 <0.04 (40-49) | (48 55) 07-1)
786-0S 21 16 1.3 20 29 0.7
(18-24) | (13-18) (1-1.8) (17-23) | (26-32) (0.5-10.9)
786- 96 83 1.2 48 48 1
0B200 (61->1000) | (48->1000) ) (42 -53) (41 -54) (0.8-1.3)

Table 4-4 Summary of effects of AZD6244 on response to BEZ235

Glso and SFso values taken from Figure 4-10. Fold sensitisation = control treated Glso/AZD6244 treated Glso,
or control treated resistant population/AZD6244 treated resistant population. * Apparent large shift in
sensitivity by Glso is due to a small, non-statistically significant shift in the resistant population such that
Glso is calculable in control, but not in AZD6244 treated cells. This is not thought to be a biologically
significant difference.
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4.2.10 Evaluation of the functional relevance of increased Abl

expression in RCC resistant cells

The contribution of increased Abl expression was examined using the Abl kinase
inhibitor imatinib. As well as inhibiting Abl, imatinib also inhibits c-KIT and
PDGFR at nM concentrations (Buchdunger et al. 1995). Imatinib is licenced for
use in CML where it targets the BCR-ABL fusion protein (O'Brien et al. 2003) and
gastrointestinal stromal tumour (GIST), where gain of function c-KIT mutations

are common (Demetri et al. 2002).

In order to test for Abl inhibition, a downstream target was identified that is
phosphorylated by Abl. This was because Abl activity is controlled by
myristoylation, and antibodies to detect direct activation of Abl were not
available. The Abl target CT10 Regulator of Kinase (CrK) is phosphorylated by
Abl on tyrosine 221 and is therefore a marker of Abl activity (Feller et al. 1994).
The activity of imatinib was assessed at 1 and 72 hours, in cells treated with 1
and 10 uM imatinib. Results of western blots in RCC4S, 786-0S and 786-0B200
are shown (Figure 4-14 A). Western blots of pCRKII in RCC4B20 cells showed no
signal. In 786-0 cells, it appeared that levels of phospho-CRKII were higher in
786-0B200 cells than the paired sensitive subline, suggesting increased Abl
activity. There was evidence of Abl inhibition in RCC4S and 786-0S cells. It was
noted that in 786-0B200 cells imatinib induced only a modest reduction in

pCRKII, but this inhibition did persist at 72 hours.
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The anti-proliferative effects of imatinib were compared between BEZ235
resistant and sensitive cells. There was no biologically significant difference in
response between RCC4S and RCC4B20 cells (Figure 4-14 B) or between 786-0S
and 786-0B200 cells (Figure 4-14 C). On the grounds that the highest
concentration of imatinib was required to see reduction in pCRKII in 786-0B200
cells, and that the anti-proliferative effects at this high concentration were
modest, the concentration of 10 uM imatinib was chosen to combine with
BEZ235. In BEZ235 sensitive cells RCC4S and 786-0S there was no change in Glso
or resistant population in the presence of 10 puM imatinib (Figure 4-14 D and E
and Table 4-5). In the BEZ235 resistant cells RCC4B20 and 786-0B200, the
addition of 10 uM imatinib (Figure 4-14 D and E and Table 4-5) made the cells
appear more resistant. The modest shift in the dose-response curves resulted in
inability to calculate Glso values in imatinib-treated RCC4B20 and 786-0B200
cells, making the fold change in GIso appear very large, but this small shift is

unlikely to be biologically significant.

Abl has been linked to resistance to targeted treatments in other sold tumours,
particularly breast cancer, where clinical data suggest that Abl overexpression is
found in breast cancers that have progressed on aromatase inhibitors (Weigel et
al. 2013). Pre clinical data, also in breast cancer, link Abl activity to lapatinib
resistance (Lo et al. 2011). There is some evidence that in prostate cancer cells
imatinib enhances the anti-proliferative effects of rapamycin, although this was
not shown to be through Abl inhibition, but could have been mediated by one of

the other actions of imatinib (Masiello et al. 2007). Conversely, studies have
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focused on the role of mTOR in resistance to imatinib and other Abl kinase
inhibitors in CML. In this context, mTOR inhibitors including BEZ235 have
shown efficacy in increasing apoptosis, decreasing colony formation and

inhibiting growth both in vitro and in vivo (Okabe et al. 2014).
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Figure 4-14 Effects of imatinib on Abl activation and response to BEZ235

A) Monolayer RCC4S, 786-0S and 786-0B200 cells were treated with solvent or the indicated concentrations
of imatinib for 1 hour or 72 hours. Cell lysates were analysed by SDS PAGE and western blotting for
phospho-CRKII (tyrosine 221) to test for Abl inhibition by imatinib. Similar results were seen in another
independent experiment. CTG cell viability assays of B) RCC4S and RCC4B20, and C) 786-0S and 786-0B200
cells treated with imatinib. Graphs show mean and SEM of six data points from two independent
experiments. **** P<0.0001. CTG cell viability assay of D) RCC4S and RCC4B20, and E) 786-0S and 786-
0B200 cells treated with BEZ235 and solvent, or BEZ235 and 10 pM imatinib. Graphs show mean and SEM
of six data points from two independent experiments. *P=0.0337, **** P<0.0001 by two way ANOVA.
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Resistant Population
0,
CellLine | CP0nM(O5%CD Fold % (95% CI) Fold
BEZ235 + 10_uM Sensitisation BEZ235 .+ 10_pM Sensitisation
imatinib imatinib
7 9 0.8 21 31 15
RCCAS (6-9) (7-11) | (05-13) | (18-24) | (28-34) | (1.2-1.9)
32 " 45 53 0.8
RCC4B20 | 1o “ioogy | 1000 <0.03 (39-51) | (46-60) | (0.7-1.1)
2 86.0S 22 25 0.9 22 29 0.8
(19-25) | (20-31) | (0.6-13) | (19-25) | (25-33) | (0.6-1)
786- 78 . 46 52 0.9
0B200 | (59->1000) | 1000 <0.08 (42-50) | (45-59) | (0.7-1.1)

Table 4-5 Summary of effects of imatinib on response to BEZ235

GIso and SFso values taken from Figure 4-14. Fold sensitisation = control treated Glso/imatinib treated Glso,
or control treated resistant population/imatinib treated resistant population. * Apparent large shift in
sensitivity by Glso is due to a small, non-statistically significant shift in the resistant population such that
Glso is calculable in control, but not in imatinib treated cells. This is not thought to be a biologically
significant difference.

4.2.11 Several potential hits from the antibody array could not be

validated

Several potential mediators of resistance could not be validated in independent
samples by western blotting of denatured proteins. The Ras guanine release
factor 1 (RasGRF1) activates Ras through GDP/GTP exchange (Cen et al. 1993)
and can increase proliferation, particularly when targeted to the cell membrane
(Quilliam et al. 1994). RasGRF1 is predominantly expressed in the nervous
system but has been identified in some melanoma cell lines (Zhu et al. 2007). The
antibody array predicted a 2.91 fold increase in RCC4B20 BEZ235 resistant cells

(Table 4-2), but western blotting did not confirm this (Figure 4-15 A).

Mitogen activated protein kinase activated protein kinase 2 (MAPKAPK2) is a
serine threonine protein kinase that is part of the p38 MAP kinase pathway.
Population cohort studies in China have linked MAPKAPK?2 gene copy number

and protein expression with risk of lung cancer (Liu et al. 2012), and MAPKAPK2
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expression has been linked with the cancer stem cell phenotype and protection
from apoptosis in colorectal cancer (Lin et al. 2012). One of the roles uncovered
for MAPKAPK?2 is in stress induced cytoskeletal rearrangements, and VEGF
induced migration, where it phosphorylates LIM domain kinase (LIMK1), which
was also a candidate hit from the antibody array screen (Kobayashi et al. 2006).
Both of these proteins were chosen for validation and were predicted to show
increased expression in RCC4B20 resistant cells in comparison to acutely
BEZ235 treated control cells. Western blotting however showed a minor, non
significant increase in MAPKAPK2, and no change in LIMK1 their levels (Figure

4-15 A).

Cyclin D1 associates with and activates cyclin dependent kinases 4 and 6 which
phosphorylates retinoblastoma protein (Rb), and through doing so promotes cell
cycle progression and proliferation (Casimiro et al. 2014). The complex of Cyclin
D and CDK4/6 is able to phosphorylate and inactivate the negative regulator of
mTOR TSC1/2 thus promoting protein translation (Zacharek et al. 2005). Cyclin
D1 is phosphorylated on threonine 286, which leads to its nuclear export and
degradation (Diehl et al. 1998, Guo et al. 2005). The level of pT286 -cyclin D1
was predicted to fall in RCC4B20 cells to approximately half the level seen in
acutely treated control cells according to the antibody array (Table 4-2).
Western blotting however showed a non-statistically significant increase in

phospho-cyclin D1 (Figure 4-15 B).

Hormone sensitive lipase (HSL) hydrolises the first fatty acid from a triglyceride

molecule, releasing a fatty acid and diglyceride, and thus forms part of the
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pathway by which fat stores are mobilised (Casimiro et al. 2014). Cancers have
altered metabolism, and cancer cachexia is associated with increased HSL (Das
and Hoefler 2013). In prostate cancer, the activity of HSL may also be associated
with the production of androgens (Locke et al. 2010). The level of HSL was
predicted to rise in RCC4B20 cells to over twice the levels seen in acutely treated
control cells. Western blotting for HSL however showed that HSL is not
expressed at detectable levels in RCC4B20 or RCC4S cells (Figure 4-15 C). In this
experiment, adipose tissue lysate (a gift from Ulrike Harjes, Adrian Harris lab)
was used as a positive control to confirm ability to detect HSL in western

blotting.

Finally, calcium calmodulin dependent protein kinase II (CaMKII) is activated
when calcium binds to calmodulin, leading to autophosphorylation. CaMKII is
involved in several signalling cascades, and has been shown to be able to
phosphorylate AKT and protect from apoptosis in prostate cancer (Rokhlin et al.
2007). The antibody array predicted an increase in CaMKII levels in RCC4B20
cells to almost three times the levels seen in control cells. In western blotting, the
level of CaMKII in RCC4B20 cells varied in comparison to RCC4S cells, and
although there was a trend towards increased expression, this did not reach

statistical significance (Figure 4-15 C).
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Figure 4-15 Potential hits identified by antibody array that failed to validate by western blot

Monolayer RCC4S and RCC4B20 cells were treated with solvent, or 20 nM BEZ235 for 1 hour. Adipocytes
were solvent treated for 1 hour and served as control for HSL. DU145 and IGROV1 were used as control cell
lines during the testing of the antibodies used in validation of the antibody array hits. They have been
included in the displayed blot to maintain the integrity of the HSL control. Cell lysates were analysed by SDS
PAGE and western blotted for A) RASGRF1, MAPKAPK2 and LIMK1, B) p cyclin D1 Thr 286 and total cyclin
D1, and C) HSL and CaMKII. Graphs show quantifications of western blots using Image], normalised to
loading control (tubulin or actin) and expressed as a percentage of control treated RCC4S cells. Mean and
SEM shown of 5 independent experiments (MAPKAPK2, LIMK1) and 3 independent experiments (cyclin D1
and p cyclin D1). NS P>0.05 by student’s T test. Graph shows mean and range of 2 independent experiments
for CaMKII.
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4.2.12 Screening BEZ235 resistant RCC4B20 cell by microarray

As well as screening BEZ235 resistant RCC4B20 cells at the protein level by
antibody array, they were also screened for altered expression at the RNA level.
The same conditions were selected as for the antibody array screen: RCC4S
BEZ?235 sensitive cells were treated for one hour with solvent, or 20 nM BEZ235.
RCC4B20 cells were not given a drug washout, but were treated with fresh
medium with 20 nM BEZ235 for one hour. Triplicate samples of each condition
were analysed by microarray, at the Cancer Research UK microarray facility,

Manchester.

Prior to analysis correlations between replicate samples were visualised on a
dendrogram. Replicate samples would be expected to have similar expression
profiles, and hence cluster on the dendrogram as a sub-tree. This revealed one of
the RCC4B20 samples to be an outlier compared to the two other samples, and
therefore was excluded from further analysis. Results were expressed as log:
fold changes between RCC4B20 and solvent treated RCC4S cells (signal intensity
RCC4B20 / signal intensity RCC4S control) and between RCC4B20 and BEZ235
treated RCC4S cells (signal intensity RCC4B20 / signal intensity RCC4S BEZ235).
An interquartile range filter was applied to enrich the list of potential hits for
genes that were highly expressed, and then results were filtered for hits with a p
value < 0.05. The data from these comparisons were loaded into Metacore

(http://thomsonreuters.com/metacore/), which is an online tool that allows

analysis of data sets such as microarrays to identify pathways or signalling

networks that are significantly altered between the different conditions being
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tested. In both comparisons, the “Notch - epithelial mesenchymal transition
(EMT)” pathway was identified as being significantly altered in resistant cells
(Figure 4-16). The Notch ligand Jagged 1 was predicted to increase 1.2 log: fold
in RCC4B20 cells compared to RCC4S control treated cells (and 1 log: fold, i.e. a
doubling, between RCC4B20 and BEZ235 treated RCC4S cells). The Notch 1
transcriptionally-regulated target hairy/enhancer of split related with YRPW
motif (HEY1) was predicted to increase ~1.75 fold compared to control treated
RCC4S cells (1.1 logz fold compared to BEZ235 treated RCC4S cells). Fibronectin
was predicted to decrease 0.9 log: fold, i.e. by half, compared to control treated
RCC4S (1.1 log: fold compared to BEZ235 treated RCC4S cells). In addition to
these genes identified as being part of this pathway, another Notch regulated
gene, hairy and enhancer of split 1 (HES1) was also identified as being increased
by 1.1 log: fold compared to control treated RCC4S cells (1.5 logz fold compared
to BEZ235 treated RCC4S cells). Although none of these changes was large, the
identification of multiple members of the Notch family suggested that changes in
this pathway could be associated with BEZ235 resistance. Identification of

pathways in this manner is an advantage of using Metacore.

The Notch family of receptors consist of Notch 1 - Notch 4. They are single pass
transmembrane receptors that bind to membrane bound Delta like (DLL) or
Serrate homolog ligands (DLL1 - 4 or Jagged 1 - 2). Upon ligand binding, the
ligand expressing cell endocytoses the ligand/receptor complex, and the
extracellular domain of Notch is cleaved by a disintegrin and metalloproteinase

(ADAM) at S2 (Brou et al. 2000, Mumm et al. 2000). The receptor is then further
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cleaved by gamma secretase at valine 1794, to remove the transmembrane
portion of Notch (Schroeter et al. 1998). This releases the Notch intracellular
domain (NICD), which translocates to the nucleus, where it converts the
suppressor of hair-less/Lag-1 to an activator and promotes the transcription of

genes including HES1, HES5, HES7, HEY1, HEYZ and HEYL.

Notch signalling has been implicated in the control of cell fate, maintenance of
stem cells, as well as controlling EMT through expression of Twist and Snail
transcription factors, both during normal development, and cancer development
(Mani et al. 2008). EMT is characterised by cells taking on a fibroblast-like
appearance, downregulating epithelial markers such as E-cadherin, and
upregulating mesenchymal markers such as N-cadherin, vimentin and
fibronectin (Mani et al. 2008). EMT in cancer has been described as an important
step during metastasis (Yang et al. 2004), and is associated with drug resistance
(Wang et al. 2009, Xie et al. 2012). Notch also plays a role in angiogenesis as
evidenced by the severe vascular abnormalities seen in Notch 1 homozygous
mutant mice (Krebs et al. 2000). Notch 1 and Jagged 1 expression are associated
with poor prognosis in breast cancer (Reedijk et al. 2005), and are associated

with metastasis and high grade in prostate cancer (Zhu et al. 2013).

In the kidney, Notch plays a role in embryogenesis, and has been linked to renal
cancer, where it and its ligand Jagged 1 show increased expression compared to
adjacent normal tissue, and Notch inhibition in vitro and in vivo inhibited RCC
proliferation (Sjolund et al. 2008). In vitro in renal cancer cell lines, Notch

signalling decreases PTEN expression, and consequently leads to increased AKT
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phosphorylation levels (Liu et al. 2013c). These results make this pathway an

interesting candidate as a mediator of resistance to mTORC inhibition.
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Figure 4-16 Microarray analysis suggests alteration of the Notch pathway

The raw microarray data were analysed to quantify changes in gene expression in RCC4B20 cells relative to
solvent treated control cells, and for levels in RCC4B20 cells relative to BEZ235 treated control cells. An
interquartile range (IQR) filter was applied to remove genes with low expression values, or low variance
between samples, and results were filtered for P value <0.05. The logz fold change data were uploaded to
Metacore (http://thomsonreuters.com/metacore/) for pathway analysis. The “Notch epithelial-to-
mesenchymal transition (EMT)” pathway was identified in both analyses of RCC4B20 compared to solvent
treated control cells (P=0.0001463) and RCC4B20 compared to BEZ235 treated control cells
(P=0.0003752). Red bars indicate increased gene expression, and blue bars indicate reduced gene
expression in RCC4B20. Each bar represents one sample pair.
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4.2.13 Validation of increased expression of Notch pathway members

The first stage in investigating the Notch pathway as a mediator of BEZ235
resistance was to validate the results of the microarray by qRT-PCR (Figure 4-17
A and B). This confirmed that in comparison to solvent or BEZ235-treated RCC4S
cells, HEY1 was up-regulated and fibronectin was down-regulated. HES1 was
statistically significantly up-regulated compared to BEZ235 treated control cells,
but not compared to solvent treated control cells, whereas Jagged 1 showed the
reverse pattern, with significant up-regulation seen compared to solvent treated
control cells, while the apparent upregulation compared with BEZ235 treated
control cells failed to reach statistical significance (Figure 4-17 A and B).
Increased Jagged 1 expression was confirmed at the protein level by western
blotting, and this was associated with increased cleaved Notch 1 (NICD) (Figure
4-17 C). The antibody used for this study, CS #4147, recognises Notch 1 only
when cleaved by gamma secretase at valine 1744. This result suggested that
Jagged 1 was upregulated in BEZ235 resistant RCC4B20 cells, resulting in

increased signalling via Notch 1.
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Figure 4-17 qRT-PCR validation of microarray Notch pathway hits and confirmation that increased
Jagged 1 led to increased Notch activation

Monolayer RCC4S cells were treated for 1 hour with solvent or 20 nM BEZ235. RCC4B20 cells were treated
with fresh 20 nM BEZ235 for 1 hour. Cells were collected, RNA extracted and cDNA made by reverse
transcription. qRT-PCR was performed for the indicated genes and expression normalised to actin for each
sample. Graphs show expression of selected genes in RCC4B20 cells relative to A) solvent-treated control
cells, and B) BEZ235 treated control cells. Mean and SEM of 4 independent experiments. NS P>0.05, *
P<0.05, **** P<0.0001 by students T test. C) Monolayer RCC4S cells were treated with solvent or 20 nM
BEZ235 and RCC4B20 cells were treated with fresh 20 nM BEZ235 (with no drug washout). One hour later
cells were lysed and analysed by SDS PAGE. Wet transfer was performed overnight onto PVDF membrane,
which was activated with methanol before western blotting for Jagged 1, Cleaved Notch 1 val 1744 and
tubulin. Similar results were seen in an independently prepared set of lysates.
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The functional consequences of Notch pathway activation by Jagged 1 were
assessed by using the gamma secretase inhibitor dibenzazepine (DBZ). This
prevents the release of NICD, and therefore inhibits the transcriptional activity of
Notch activation. On acute treatment with DBZ for 1 hour, no clear inhibition of
Notch signalling was seen in RCC4S cells either by reduction in NICD, or by
reduction of the transcriptional target HES1 (Figure 4-18 A). In RCC4B20 cells, a
small degree of inhibition of Notch 1 was seen as judged by a reduction of NICD,
and HES1, particularly at the higher concentration of 100 nM DBZ (Figure 4-18
A). Membranes were probed with a second Notch antibody that recognised full
length Notch, as well as notch cleaved by ADAM. This showed the specificity of
DBZ to inhibit only the second cleavage event that produces NICD, not the ADAM

mediated cleavage that removes the extracellular domain of Notch.

Due to the poor inhibition of Notch 1 after 1 hour, a longer duration of exposure
was tested. At 24 hours, DBZ clearly inhibited formation of NICD in both RCC4S
and RCC4B20 cells. In RCC4S cells, that had a lower basal level of HES1, both
tested concentrations of DBZ completely inhibited HES1 expression. In RCC4B20
cells however, the lower concentration of 10 nM DBZ caused incomplete

inhibition of HES1 expression as seen on the longer exposure (Figure 4-18 B).
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Figure 4-18 The effects of DBZ on BEZ235 resistant cells

Monolayer RCC4S and RCC4B20 cells, after a drug washout, were treated with solvent, or the indicated
concentration of the gamma secretase inhibitor DBZ for A) 1 hour and B) 24 hours. Cells were lysed,
analysed by SDS PAGE, transferred to PVDF membrane by overnight wet transfer and analysed by western
blotting. Membranes were probed with two Notch antibodies to assess for action of DBZ. The first detected
full length Notch 1 and cleaved fragments including the trans-membrane region. The second antibody
recognised Notch 1 cleaved at Val 1744 only (the Notch intra-cellular domain). HES 1 was probed for as a
downstream Notch regulated gene. Similar results were seen in another independent experiment.
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In order to test whether increased Jagged 1 expression acting via the Notch
pathway was responsible for BEZ235 resistance, RCC4 cells were treated with
DBZ in combination with BEZ235. The higher concentration of 100 nM DBZ was
chosen because it caused greater inhibition of the Notch pathway (Figure 4-18).
In previous drug combination tests, the two treatments had been applied
simultaneously because both BEZ235 and the second drug had been shown to
inhibit their respective targets within one hour. However, DBZ showed complete
inhibition only after 24 hours, likely because the downstream events that were
being assessed were transcriptional. As well as inhibiting the creation of new
HES1, any pre-existing HES1 would also have to be degraded. To account for this
lag in effects, the cell viability assays were performed with a 24 hour pre

treatment of DBZ before the application of BEZ235.

The gamma secretase inhibitor DBZ had no effect on the response to BEZ235 in
RCC4S BEZ235 sensitive cells (Figure 4-19 A). In BEZ235 resistant RCC4B20
cells, there was a statistically significant shift in the response curve by two way
ANOVA, with the DBZ treated cells being slightly more resistant. The magnitude
of effect however was small, and likely not biologically relevant (Figure 4-19 B).
In these BEZ235 resistant cells, it appears that Jagged 1 expression and Notch
pathway activation are correlates of resistance, but are not mediators of

resistance.
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Figure 4-19 DBZ does not sensitise BEZ235 resistant RCC cells

CTG cell viability assays of A) RCC4S and B) RCC4B20 cells. After seeding 500 cells per well into 96 well
plates, cells were left to adhere overnight, and 24 hours later solvent or 100 nM DBZ was applied. Following
24 hours incubation, the indicated concentration of BEZ235 was added. Graphs show mean and SEM of six
data points from two independent assays. NS P>0.05, * P=0.0324 by two way ANOVA.
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Notch 1 has been suggested as a potential mediator of resistance to mTORC1
inhibition on the basis that in renal cancer Notch signalling has been shown to
decrease PTEN expression and increase pAKT (Liu et al. 2013c, Santoni et al.
2014). The data presented here would not support the hypothesis as a mediator
of resistance to mTOR inhibition and the microarray did not show increased
PTEN expression. There is other evidence that mTOR inhibition alters the
expression of Notch pathway members, where in colorectal cancer, the use of the
mTORC kinase inhibitor Torin 1 decreased mRNA levels of Notch and DLL4
(Francipane and Lagasse 2013). However, in this study in renal cancer, there was
no change in Notch or DLL4 mRNA level on acute treatment with BEZ235. There
is interest in mTOR and Notch inhibition as a treatment combination in
leukaemia, where mTOR inhibition has been noted to influence Notch expression
(Ono et al. 2013), and the reverse relationship has been seen in acute
myeloblastic leukaemia, where Notch increases the expression of mTOR
(Okuhashi et al. 2013). It appears clear therefore that the two pathways are
linked such that Notch signalling can increase mTOR, and mTOR can decrease

Notch expression, but functional relevance of this link is not clear.

In this study, experiments using DBZ suggested that suppressing Notch pathway
activity did not influence BEZ235 resistance. It is possible that the increased
expression of Jagged 1 seen in RCC4B20 cells was not part of a resistance
mechanism, but rather a response to chronic BEZ235 exposure. This could be
assessed by investigating Jagged 1 levels in BEZ235 sensitive cells over more

prolonged exposure to BEZ235, e.g. 24 - 72 hours. An alternative explanation for
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the inability of DBZ to sensitise to BEZ235 could be that DBZ was not active for
the duration of the viability assays, as this was not tested beyond 24 hours.
Although it is possible that this could influence the response or lack of it, even if
DBZ were only active for a part of the duration of a cell viability assay, there may

still be some effect on total cell viability.

4.3 Discussion

RCC4 and 786-0 BEZ235 resistant cells were successfully created by continuous
culture in BEZ235. Both cell lines showed cross-resistance to an alternative
mTOR kinase inhibitor AZD2014, adding weight to the hypothesis that the
resistance was directed to mTORC kinase inhibition rather than specifically to
BEZ235. This increases the potential clinical impact of this work. The 786-0B200
subline showed some evidence of cross resistance to alternative inhibitors of the
PI3-K - mTOR pathway. In contrast, the resistance in RCC4B20 appeared to be

more specific to mTOR kinase.

Two large scale screens, at the level of protein expression and activation, and at
the mRNA level, failed to identify resistance mechanisms, although correlates of
resistance were noted in MET, Abl, MEK/ERK and the Notch pathway. It is
interesting that the protein level screen was performed because it was
hypothesised that mTOR inhibition could alter protein levels via effects on
translation, without affecting gene transcription, and in fact none of the potential
hits on the antibody array were identified as potential hits in the microarray

screen.
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It would be interesting to make further effort to achieve more robust Abl
inhibition in 786-0B200 cells, and to confirm Abl inhibition in RCC4B20 cells in
order to more robustly characterise the potential role of Abl in BEZ235

resistance in CCRCC.

The Full Moon antibody array did not detect any mediators of resistance to
BEZ235. Furthermore, the array did not identify numerous expected changes in
acutely treated sensitive cells, e.g. reduction in pAKT S473, pS6 and p4E-BP1,
which were routinely detected by western blotting. This raised questions about
the sensitivity and specificity of the antibody array to detect significant changes.
All the antibodies on the array were proprietary and not independently validated
in my work. It may have been that the antibodies themselves lacked sensitivity
and specificity for the epitopes they were claimed to recognise. It was also
possible that results in antibodies to non-denatured proteins differ to antibodies
against denatured proteins by western blotting. Full Moon Biosystems claim that
results by western blotting to validate the antibody array often have a larger
magnitude of change, which would further support the lack of sensitivity of their
system. Finally, the prospect of antibody array false negatives, whereby a protein
binding-partner obscures the epitope recognised by the Full Moon antibody, is a

very real possibility that may have further reduced the sensitivity of the screen.

The microarray screen produced a much larger number of differentially
expressed potential mediators of resistance, and only the Notch pathway
members were investigated. Therefore, it is entirely possible that genuine

mediators of resistance may have been identified in that screen, and await
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validation. It would be of interest to assess Notch pathway upregulation in the

second model of BEZ235 resistance, the 786-0B200 cells.

It was worth noting that inhibitors of some of the hits from these screens have
been tested with mTOR inhibitors in other cancers or cellular contexts and have
shown functional relevance (Masiello et al. 2007, Migliardi et al. 2012, Liu et al.
2013b, Renshaw et al. 2013, Imura et al. 2014, Qu et al. 2014, Zeng et al. 2014).
The reasons why these same targets do not appear to show the same relevance
in this RCC model remain elusive, and biomarkers that predict for successful

combinations of drugs are very much still needed.

The breadth of the potential hits, and the failure of numerous attempts to
sensitise to BEZ235 with the addition of single target compounds raises the
distinct possibility that great redundancy exists with the pathways that mediate

proliferation and protect from apoptosis.
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5 Results 3: mTOR kinase resistance was
associated with increased p4E-BP1 and

partially mediated by RAPTOR upregulation

5.1 Introduction

The unbiased screens of BEZ235 resistant cells identified correlates, but not
mediators of resistance. In addition to this approach, a hypothesis led approach
was also taken. In order to generate hypotheses, the BEZ235 resistant cells were

further characterised.

When Sharma reported “drug tolerant persister” cells surviving high
concentrations of erlotinib, and showing resistance to re-challenge with
erlotinib, the cells were shown to express cancer stem cell markers CD133 and
CD24 (Sharma et al. 2010). When these cells were removed from culture in
erlotinib, they quickly regained their erlotinib sensitivity. The resistant cells
were found to have upregulated histone demethylase KDM5A and manipulation
of KDM5A expression by knockdown or overexpression altered drug sensitivity
and the development of resistance. Because KDM5A associates with histone
deacetylases (DHAC)(Klose et al. 2007), they tested the ability of the HDAC

inhibitor (HDACIi) trichostatin to influence resistance. Trichostatin was able to
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reverse established resistance, and prevent the development of resistance, while

not affecting the growth of parental (non-resistant) cells (Sharma et al. 2010).

Based on these observations, the next experiments tested for persistence of
BEZ235 resistance after removal from drug. If the BEZ235 resistant cells were to
lose their resistance, the implications would be two-fold: a potential mechanism
for resistance would be suggested in the form of epigenetic modification as seen
by Sharma et al.,, and the re-sensitised cells would provide an additional, useful
control with which to examine signalling changes along the PI3K - AKT - mTOR
pathway. Any signalling changes seen in BEZ235 resistant cells would only be
considered possible contributors to BEZ235 resistance if they were not seen in

BEZ235 re-sensitised cells.

5.2 Results

5.2.1 Withdrawal of BEZ235 from resistant cells

The BEZ235 resistant cells were created by continuous culture in drug, and their
resistance was maintained by culture in BEZ235, but it was unknown whether it
was necessary to continue this process to retain resistance. The previous work in
chapter 4 showed that RCC4B20 and 786-0B200 cells retained their resistance
during the 72 hour washout period that was necessary in order to retest their
resistance, but it was unknown whether the resistance phenotype would be

maintained if this period was extended.
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Therefore, RCC4B20 cells had their medium exchanged for solvent control
containing medium, and their resistance to BEZ235 was tested over the
following weeks. These cells were termed RCC4B20-S. Over 8 weeks RCC4B20-S
cell progressively lost their resistance to BEZ235, both in terms of Glso and
resistant population (Figure 5-1 A). During this time there was an increase in the
baseline proliferation rate as evidenced by routine splits during passaging.
Whereas RCC4B20 cells were split 1:5 every week, RCC4B20-S cells increased
their proliferation rate to require a 1:20 split every week after approximately 3

months growing in control medium.

After three months growing in solvent, RCC4B20-S cells were also tested for
cross-resistance to AZD2014. This showed that as well as losing resistance to
BEZ235, RCC4B20-S cells had also lost their resistance to AZD2014 (Figure 5-1

B).
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Figure 5-1 RCC4B20 cells lose BEZ235 resistance after withdrawal of BEZ235

A) RCC4B20 cells were removed from 20 nM BEZ235 and grown in solvent control medium (RCC4B20-S). At
the indicated number of weeks post removal from drug, sensitivity was tested by CTG cell viability assay.
Graph shows serial CTG cell viability assays with mean and SEM of triplicate wells shown, table shows Glso

and resistant populations. B) CTG cell viability assay of RCC4S and RCC4B20-S, after at least 3 months

growing in solvent, treated with AZD2014. Graph shows mean and SEM of three independent experiments.
NS p>0.05 by two way ANOVA. Table shows GIso and resistant populations of cells.
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The same experiment was conducted in 786-0B200 cells, withdrawing BEZ235
and replacing it with solvent control (cells termed 786-0B200-S). Serial cell
viability tests over the following weeks showed that these 786-0B200-S cells
retained their resistance to BEZ235, both in terms of GIso and the resistant
population (Figure 5-2 A). This was a different response from that seen in
RCC4B20 cells. However, the response to BEZ235 withdrawal in terms of
baseline proliferation rate was similar between the two cell lines: 786-0B200-S
cells also increased their proliferation rate in culture. While 786-0B200 were
passaged weekly, with a 1:5 split, 786-0B200-S cells increased their proliferation

rate, and after three months required a weekly 1:30 split.

After at least six months of culture in solvent control medium, 786-0B200-S cells
were tested to determine whether they had also retained resistance to AZD2014.
Cell viability assays revealed that while 786-0B200-S cells were still resistant to
AZD2014, the magnitude of resistance in terms of Glso and resistant population
was less than in 786-0B200 cells (Figure 4-6 B and Table 4-1 compared to Figure
5-2 B). This variation in the retention of resistance to BEZ235 and AZD2014 is
interesting to note. Resistance to BEZ235 remained the same at 5 months after
withdrawal of BEZ235, while AZD2014 resistance was assessed at 6 months post
withdrawal of BEZ235. Given the stability in retention of BEZ235 (Figure 5-2 A)
it seems unlikely that this difference in resistance of 786-0B200-S cells could be
due to the one month interval between testing resistance to BEZ235 and

AZD2014.
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Figure 5-2 786-0B200 cells retain BEZ235 resistance after withdrawal of BEZ235

A) 786-0B200 cells were removed from 200 nM BEZ235 and grown in solvent control medium (786-0B200-
S). At the indicated number of weeks post removal from drug, sensitivity was tested by CTG cell viability
assay. Graph shows serial CTG cell viability assays with mean and SEM of triplicate wells, table shows Glso
and resistant populations. B) CTG cell viability assay of 786-0S and 786-0B200-S, after at least 6 months
growing in solvent, treated with AZD2014. Graph shows mean and SEM of three independent experiments.
** p=0.0023 by two way ANOVA. Table shows Glso and resistant populations of cells.
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5.2.2 BEZ235 resistant CCRCC cells show differences in signalling in the

mTOR pathway

After the characterisation of their resistance and cross-resistance patterns, and
re-sensitisation, the next experiments examined signalling along the PI3K - AKT
- mTOR pathway to identify any changes that may be associated with the
resistance. The acute effect of BEZ235 in the control RCC4S and 786-0S cells was
compared to the signalling in RCC4B20 and 786-0B200 cells that were cultured
in continuous BEZ235. Acute treatment was conducted over 1 hour, by medium
exchange, to match the previous experiments with BEZ235 (Figure 3-13). In
order to examine the signalling of the resistant cells cultured in continuous
BEZ235, no drug washout period was used, but in order to match the conditions
of control cells, fresh medium containing BEZ235 was applied to cells, one hour
pre-harvest, to match the controls in terms of supplying fresh medium with
growth factors, and nutrients. This experiment showed that there was evidence
of persistent mTORC1 blockade of pS6 in both RCC4B20 and 786-0B200 cells
(Figure 5-3 A). This is important, as it suggests that BEZ235 was still active
within the resistant cells, and suggested that drug export was an unlikely
contributor to resistance. The other mTORC1 target, 4E-BP1, showed different
patterns in the two cell lines. In 786-0B200 cells, 4E-BP1 phosphorylation
followed the pS6 pattern and remained suppressed. However, in the RCC4B20
cells there was evidence of increased 4E-BP1 phosphorylation to a level
intermediate between the high basal level and the acutely treated level seen in

RCCA4S cells (Figure 5-3 A).
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There were minor differences in mTORC2 activity between the two resistant cell
lines. The RCC4B20 cells showed increase in S473 AKT phosphorylation, above
baseline levels in RCC4S cells, indicating not just re-activation, but a level of
activation above baseline. The resistant 786-0B200 cells, showed some evidence
of re-phosphorylation of AKT S473, although this did not reach the levels seen in

untreated 786-0S cells.

Similar responses were seen to the alternative mTORC kinase inhibitor AZD2014
(Figure 5-3 B). For this experiment, both of the resistant cell lines were given a
72 hour washout period from BEZ235 in order to assess the effects of AZD2014
alone, without being complicated by residual effects of BEZ235. In both resistant
cell lines AZD2014 induced complete suppression of pS6, but in RCC4B20 cells
there was evidence of moderate re-phosphorylation of 4E-BP1, suggesting that
the effects on mTORC1 were broadly the same in response to both mTORC
kinase inhibitors. The effects of AZD2014 were different from those of BEZ235
on mTORC2 activity when examined in RCC4B20 cells, with AZD2014 blocking
re-phosphorylation of S473 on AKT. In 786-0B200 cells there was less of a

reduction in pAKT S473 in response to acute AZD2014 than in 786-0S cells.

The previous experiments in chapter 4 testing patterns of cross-resistance had
shown that 786-0B200 cells were more sensitive to the AKT inhibitor AZD5363
(fold change of Glso 1.9). RCC4B20 cells were also more sensitive to the AKT
inhibitor AZD5363 (fold change in Glso 2.4). This suggested that the increased
level of pAKT S473 possibly contributed to resistance to mTORC inhibition. The

relatively minor ~ 2-fold sensitisation to AKT inhibition suggested that this
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mechanism was unlikely to be a significant contributor to the resistance

phenotype seen in RCC4B20 and 786-0B200 cells (Figure 4-6 G and H).

The RCC4B20-S cells that had regained sensitivity to BEZ235 and AZD2014 were
assessed, in an attempt to identify changes that tracked with the acquisition and
loss of resistance. While not providing proof of a causative relationship between
the observed change and resistance, if the change were to persist in the re-
sensitised RCC4B20-S cells, then that would constitute evidence against the
hypothesis of a causative relationship. The next experiment assessed RCC4B20-S
cells treated for one hour with solvent or 20 nM BEZ235, comparing with RCC4S
cells treated with the same drugs, and RCC4B20 cells treated with fresh 20 nM
BEZ235 (with medium change, but no prior drug washout). It was observed that
RCC4B20-S cells had reverted to the low level of p4E-BP1 seen in RCC4S cells in
response to mTOR inhibition (Figure 5-3 C). It was also noted that the levels of
pAKT S473 had reverted to the sensitive RCC4S pattern. As discussed above, the
contribution of AKT to mTOR kinase inhibition was thought to be minor, but the

contribution of 4E-BP1 warranted further investigation.
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Figure 5-3 Levels of p4E-BP1 track with resistance and re-sensitisation in RCC4 cells

A) Monolayer RCC4S cells were treated with 20 nM BEZ235 or solvent control for 1 hour. RCC4B20 cells
were treated with fresh 20 nM BEZ235 for 1 hour (there was no drug washout period). 786-0S cells were
treated with 200 nM BEZ235 or solvent control for 1 hour. 786-0B200 cells were treated with fresh 200 nM
BEZ235 for 1 hour (there was no drug washout period). Cell lysates were analysed by SDS PAGE. Similar
results were seen in two independently prepared sets of lysates. B) RCC4B20 and 786-0B200 cells were
grown in drug free media for at least 72 hours before being treated with solvent or 1 uM AZD2014 for 1
hour. RCC4S and 786-0S cells were treated with solvent or 1 pM AZD2014 for 1 hour. Cell lysates were
analysed by SDS PAGE. Similar results were seen in an independently prepared set of cell lysates. C) RCC4S
and RCC4B20-S were treated with solvent or 20 nM BEZ235 for 1 hour. RCC4B20 cells were treated with
fresh 20 nM BEZ235 for 1 hour (there was no drug washout period). Cell lysates were analysed by SDS
PAGE. Similar results were seen in two independently prepared sets of cell lysates.
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5.2.3 Investigating the re-phosphorylation of 4E-BP1

It was interesting to note that in RCC4B20 cells, phosphorylation of the mTORC1
substrate 4E-BP1 correlates with resistance in this model of acquired resistance
in renal cancer, as p4E-BP1 has also previously been shown to correlate with
primary resistance to mTOR inhibition in a variety of cancer cell lines including
the colorectal cell lines SW620, COLO205, HCT116, HCT15 and SW48 (Zhang and
Zheng 2012, Ducker et al. 2013). The 786-0B200 cells in contrast do no not
show, increased p4E-BP1, but knowledge of the mechanism of action of 4E-BP1
suggests that resistance could still be through downstream activation of this
pathway. It is known that 4E-BP1 binds and sequesters the initiation of
translation factor 4E (elF4E) thus reducing cap-dependent translation. When 4E-
BP1 is phosphorylated, this binding is inhibited, and cap dependent translation
proceeds (Pause et al. 1994, Tait et al. 2010) (Figure 1-2). The extent to which
4E-BP1 is dephosphorylated by mTOR inhibition is therefore a marker of the
extent to which translation is inhibited. However, the degree of phosphorylation
of 4E-BP1 is not the sole determinant of eIF4E activity, which can also be
influenced by the relative abundance of 4E-BP1 and elF4E. This was shown in a
model of induced resistance to the mTORC kinase inhibitor PP242, where liver
cancer cell lines became drug-resistant through decreased expression of total
4E-BP1, which, even when unphosphorylated, was insufficient to bind all e[F4E
and was therefore unable to prevent translation. Furthermore, manipulating the
ratio of 4E-BP1 to elF4E altered sensitivity to multiple mTORC kinase inhibitors

(Alain et al. 2012).
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Both elF4e and 4E-BP1 have been linked to tumour progression in human
cancers, as has the ratio of eIF4E to 4E-BP1. In breast cancer, increased p4E-BP1
correlates with higher grade and stage as well as independently correlating with
a worse prognosis (Armengol et al. 2007). Interestingly, the ratio of p4E-BP1 to
total 4E-BP1 also correlated with tumour grade, and it was noted that in grade 3
tumours that lacked 4E-BP1 phosphorylation, eI[F4E was over expressed with
respect to 4E-BP1 as measured by immunohistochemistry. In human prostate,
areas of high grade prostatic neoplasia in situ with high p4E-BP1 were more

likely to progress to invasive prostate cancer (Armengol et al. 2007).

elF4E has been shown to have an important role in tumorogenesis both in vitro
and clinically, being capable of causing malignant transformation of rodent
fibroblasts and human mammary epithelial cells (Lazaris-Karatzas et al. 1990,
Avdulov et al. 2004). elF4E is overexpressed in many cancer types, and has been
associated with worse prognosis, or lymph node metastasis in cancers of the
stomach, colon, breast, penis, bladder, head and neck, lung and cervix (Nathan et
al. 1997a, Nathan et al. 1997b, Crew et al. 2000, Seki et al. 2002, Lee et al. 2005,
Ferrandiz-Pulido et al. 2013, Heikkinen et al. 2013, Niu et al. 2014, Tapia et al.

2014).

In light of the established data on the importance of eIF4E expression and the
ratio of 4E-BP1 to elF4E, RCC4B20 and 786-0B200 cells were assessed for the
expression of elF4E. In neither cell line was increased elF4E observed, and there

were no convincing differences in total 4E-BP1 (Figure 5-4).
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Other groups have noted increases in elF4E in models of mTORC kinase
inhibition, including a colon cancer model resistant to AZD8055 where
resistance was caused by increased expression and phosphorylation of el[F4E
(Cope et al. 2014). BEZ235 resistance in human mammary epithelial cells was
associated with elF4E amplification and resistance induced by introduction of
mutant PIK3CA was associated with MYC amplification, known to induce
expression of e[F4E (Jones et al. 1996, Ilic et al. 2011). The lack of change in
elF4E and 4E-BP1 expression suggests that the mechanism of resistance in
RCC4B20 and 786-0B200 cells appears to be different from that found other

models.
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Figure 5-4 The Levels of 4E-BP1 and elF4E do not change in BEZ235 resistant cells

RCC4S cells were treated with solvent, or 20 nM BEZ235 for 1 hour. RCC4B20 cells were treated with fresh
20 nM BEZ235 for 1 hour (no drug washout). 786-0S cells were treated with solvent or 200 nM BEZ235 for
1 hour. 786-0B200 cells were treated with fresh 200 nM BEZ235 (no drug washout). Cell lysates were
analysed by SDS PAGE. Similar results were seen in another set of independently prepared cell lysates.
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There are a number of mechanisms shown to regulate activation of cap
dependent translation via control of the 4E-BP1 - elF4E interaction, and they
were worthy of consideration as to whether they could contribute to resistance
in RCC4B20 and 786-0B200 cells. The first is through the alteration in the 4E-
BP1:elF4E ratio as discussed above, as this could explain resistance in 786-
0B200 cells despite on-going suppression of p4E-BP1. Secondly it is worth
considering that the phosphorylation of 4E-BP1 results from the balance
between kinase and phosphatase activity. It is possible that changing expression
or activity of phosphatases of 4E-BP1 could allow maintenance of p4E-BP1 in
RCC4B20 cells. It is also worth considering the kinase. mTOR is the best
characterised kinase to phosphorylate 4E-BP1, but the potential for other

kinases to take over this role was worthy of consideration.

A recent report identified the metal-dependent protein phosphatase 1G (PPM
1G) as a phosphatase capable of dephosphorylating 4E-BP1 (Liu et al. 2013a). A
second phosphatase that is capable of de-phosphorylating 4E-BP1 is the
serine/threonine protein phosphatase 2A (PP2A) (Pham et al. 2000, Guan et al.
2007, Michlewski et al. 2008). PP2A exists as a heterotrimer, consisting of a
catalytic C subunit, a structural A subunit and a regulatory B subunit (Schonthal
2001, Seshacharyulu et al. 2013). While A and C subunits are ubiquitously
expressed, B subunits are expressed in a tissue and developmental stage specific
manner (McCright et al. 1996). PP2A acts as a serine threonine phosphatase for

numerous targets including AKT (Kuo et al. 2008, Li et al. 2012a), and may have

206



Results 3: mTOR kinase resistance was associated with
Chapter 5 increased p4E-BP1 and partially mediated by RAPTOR
upregulation

tumour suppressor qualities, as in HEK293 cells, its depletion was transforming

(Chen et al. 2005).

To pursue the possibility of altered expression of phosphatases, levels of PPM1G
and the C subunit of PP2A were assessed by western blot. However, levels did
not change in either RCC4B20 or 786-0B200 cells compared to their parental

sensitive cell line pairs (Figure 5-5).

207



Results 3: mTOR kinase resistance was associated with
Chapter 5 increased p4E-BP1 and partially mediated by RAPTOR
upregulation

786-0B200-S

RCC4S
786-0S

+ | RCC4B20
RCC4B20-S
+1786-0B200

BEZ235 -+

PP2AC| it 0 g A A A

PPM1G| S 5o S S 500 S0 S0 S S o

TUDULIN | e e g o s S S S S S

Figure 5-5 The levels of 4E-BP1 phosphatases PP2A C and PPM1G do not change in BEZ235 resistant
cells

RCC4S cells were treated with solvent, or 20 nM BEZ235 for 1 hour. RCC4B20 cells were treated with fresh
20 nM BEZ235 for 1 hour (no drug washout). 786-0S cells were treated with solvent or 200 nM BEZ235 for
1 hour. 786-0B200 cells were treated with fresh 200 nM BEZ235 (no drug washout). RCC4B20-S cells were
treated as RCC4S cells and 786-0B200-S cells were treated as 786-0S cells. Cell lysates were analysed by
SDS PAGE. Similar results were seen in another set of independently prepared cell lysates.
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The next experiments aimed to identify whether mTOR was the kinase
responsible for the increased 4E-BP1 phosphorylation seen in RCC4B20 cells.
Assessment of the abundance of the mTOR complex 1, could not be done by
detecting relative levels of mTOR protein, because mTOR can be present in both
mTORC1 and mTORC2 complexes. Instead, the unique binding partner
regulatory-associated protein of mTOR (RAPTOR) was quantified to assess the
relative abundance of mTORC1. Initial use of the RAPTOR antibody CS #2280
(Cell Signalling Technology) did not produce a clean band, so to verify that
RAPTOR was being detected, a knockdown experiment was performed, which
confirmed the presence of a band at the predicted 150 kDa in control (Allstars)
transfectants that was reduced by RAPTOR siRNA. This revealed that RCC4B20
cells expressed higher levels of RAPTOR than the sensitive RCC4S cells (Figure

5-6).

209



Results 3: mTOR kinase resistance was associated with
Chapter 5 increased p4E-BP1 and partially mediated by RAPTOR
upregulation

RCCA4S RCC4B20

RAPTOR
RAPTOR

)
<

(%)
<
Raptor L - .

Tubulin — - — —

p=0.0329
300- ' '
5 |
5
S 200
X
S
O 100~
o
<
o
0- T
Q
‘3;»
o
O

<&

Figure 5-6 The level of RAPTOR increases in resistant cells

A) RCC4S cells were reverse transfected with allstars (AS) control siRNA or Raptor siRNA. After 72 hour
drug washout, RCC4 B20 cells were transfected with the same siRNA. Cell lysates were collected after 60
hours and analysed by SDS PAGE. B) RAPTOR levels were quantified using Image] and corrected for tubulin
loading, then expressed as a percentage of RCC4S levels. Graph shows mean and SEM for three independent
sets of lysates and t-test p value.
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The increased expression of RAPTOR suggested that more cellular mTOR protein
could be contained in mTORC1 complexes and raised the possibility that mTOR
itself was phosphorylating 4E-BP1 in RCC4B20 cells despite its activity towards
S6 remaining blocked. It was also possible that increased RAPTOR was a
passenger rather than a driver of resistance, and as postulated above, an
alternative kinase could be taking over the role. Several other candidate 4E-BP1
kinases have been proposed including cyclin dependent kinase cdc2 (Heesom et
al. 2001), ERK (Herbert et al. 2002), ataxia telangiectasia mutated (ATM) (Yang
and Kastan 2000), and leucine-rich repeat kinase 2 (LRRK2) (Imai et al. 2008). It
is worth noting that ERK was not shown to directly phosphorylate 4E-BP1 in
vitro, and has known mTOR-stimulating function via the phosphorylation and
inhibition of TSC2 (Ma et al. 2005). This raises doubt as to whether ERK
activation could be causing phosphorylation of 4E-BP1 independently of

mTORCI.

Several approaches were taken to address this question of the contribution of
mTORC1 in phosphorylating 4E-BP1. If it could be shown that targeting mTORC1
in an alternative manner was able to decrease p4E-BP1 in BEZ235-treated
RCC4B20 cells, then it would be less likely that another kinase was involved. This

approach could also assess the contribution of p4E-BP1 to resistance.

The first approach was to deplete cells of RAPTOR through siRNA knockdown.
This would disrupt the mTORC1 complex and had the potential to block the
kinase activity of mTOR by doing so. In RCC4S cells RAPTOR depletion was

detected at 48-72 hours after siRNA transfection (Figure 5-7 A). There was a
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small reduction in p4E-BP1 levels, only at the 72 hour time-point. In RCC4B20
cells, the siRNA transfection was conducted in the absence of BEZ235, and 20nM
BEZ235 was included in the medium exchange at 6 hours, in order to detect any
effect of RAPTOR knockdown on p4E-BP1 phosphorylation in the presence of
BEZ235. As in control cells, RAPTOR was depleted in RCC4B20 cells at 48-72
hours (Figure 5-7 A). At 48 and 72 hours there was a small reduction in p4E-BP1
compared to control knockdown. In contrast, pAKT levels in RCC4B20 were
increased by at 24-48 hours by RAPTOR knockdown, suggesting that RAPTOR
knockdown was not inhibiting mTORC2 function. It is possible that this increase
in pAKT could be due to relief of the feedback loops between mTOR, S6 and AKT
that were examined in chapter three (Figure 3-2, Figure 3-7, Figure 3-15 and

Figure 3-17).

Having seen that RAPTOR knockdown had at least some effect on 4E-BP1
phosphorylation in BEZ235-treated RCC4B20 cells, the effects on sensitivity to
BEZ235 were assessed by cell viability assay (Figure 5-7 B and C). In RCC4S cells
RAPTOR depletion induced minor sensitisation to BEZ235, with a 2 fold change
in BEZ235 GlIso, not reaching statistical significance by two way ANOVA.
RCC4B20 cells however showed a more marked shift in the BEZ235 response
curve, with a 20 fold reduction in Glso, which is very close to the degree of
resistance that was present between RCC4S and RCC4B20 cells. The resistant
population of cells however did not shift with RAPTOR knockdown, and the
maximal growth inhibition that was achieved was to 45% of untreated controls

(Figure 5-7 C and D).
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Figure 5-7 Raptor knockdown sensitizes BEZ235 resistant but not sensitive control RCC4 cells to
BEZ235

A) RCC4S and RCC4B20 cells were reverse transfected with RAPTOR or control siRNA. After 6 hour
incubation with siRNA, solvent control medium was added to RCC4S cells, and 20 nM BEZ235 was added to
RCC4B20 cells. Cells were collected and lysed at the indicated times and analysed by SDS-PAGE. Similar
results were seen in three independently prepared sets of lysates. CTG cell viability assays of B) RCC4S and
C) RCC4B20 cells treated with BEZ235. Cells were reverse transfected in 96 well plates with either control
siRNA(AIl Stars) or RAPTOR siRNA. After 48 hours to allow RAPTOR depletion, BEZ235 was added at the
indicated concentrations. Graphs show mean and SEM of three independent experiments. NS p>0.05, ***
p=0.005 by two way ANOVA. D) Table of GIso concentrations for BEZ235 with control Allstars (AS) siRNA or

RAPTOR knockdown.
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These initial data from RAPTOR knockdowns suggested that mTORC1 was
responsible for the sustained phosphorylation of 4E-BP1 in RCC4B20 cells, and
that RAPTOR depletion could reverse some of the resistance that was seen. A
second approach to target mTORC1 was made, using the allosteric mTOR
inhibitor rapamycin. In BEZ235 sensitive cells it had previously been noted that
rapamycin and BEZ235 together were better able to inhibit p4E-BP1, and that
this caused greater growth inhibition (Figure 3-20 A and B). This may have been
because the mechanisms of mTOR inhibition are different between rapamycin
and BEZ235 (allosteric and kinase inhibitor respectively). Therefore the next

step tested whether the same effects could be seen in BEZ235 resistant cells.

The first experiment assessed whether rapamycin could reduce BEZ235
resistant p4E-BP1 in RCC4B20 cells. RCC4B20 cells were given a 72-hour drug
washout period before being treated with solvent, 20 nM BEZ235, 0.3 nM
rapamycin, or the combination of rapamycin and BEZ235. RCC4S cells were
given the same treatment, with the exception of not requiring a drug washout
period. This revealed that in RCC4B20 cells, just as in RCC4S cells, rapamycin
alone was ineffective at reducing p4E-BP1. As seen previously (Figure 5-3),
BEZ235 caused a greater reduction in the levels of p4E-BP1 in RCC4S than in
RCC4B20 cells. The combination of rapamycin and BEZ235 was effective in both
cell lines at reducing p4E-BP1 to lower levels than either drug alone (Figure 5-8
A). This confirmed the results seen with RAPTOR knockdown (Figure 5-7 A), and
strongly suggested that mTORC1 remained the primary kinase phosphorylating

4E-BP1.
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Cell viability assays were performed of RCC4S and RCC4B20 cells, treating with
BEZ235 alone or with 0.3 nM rapamycin. These assays revealed that rapamycin
was able to sensitise cells to BEZ235 (Figure 5-8 B and C). In RCC4S cells, this
was a relatively modest effect, showing a 4-fold sensitisation, but the response
curves were not statistically significant by two way ANOVA. However, RCC4B20
cells were sensitised considerably with a 28-fold change in GIso. Despite this
change in Glso, the total reduction in viability (i.e. the resistant population) was
not affected by rapamycin. Therefore, these results mirror those of RAPTOR
knockdown, and support the suggestion that regain of mTORC1 function is
responsible for phosphorylation of 4E-BP1 in resistant cells, despite evidence
that other functions of mMTORC1 remain blocked, and that this accounts for some
of the resistance that is seen. However, since neither rapamycin, nor RAPTOR
depletion reversed BEZ235 resistance completely, it follows that there may be
other mechanisms at work that contribute to the resistance, and experiments to

address this were in presented in chapter 4, and the remainder of chapter 5.
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Figure 5-8 The addition of rapamycin to BEZ235 sensitizes resistant RCC4 cells to BEZ235

A) Monolayer RCC4S and RCC4B20 cells were treated with solvent, 20 nM BEZ235, 0.3 nM rapamycin or the
combination of BEZ235 and rapamycin. After 6 hours cells were collected, and lysates were analysed by
SDS-PAGE and western blotting. Similar results were seen in another independent experiment. CTG cell
viability assay of B) RCC4S and C) RCC4B20 cells treated with BEZ235 and solvent, or BEZ235 and
rapamycin. Graphs show mean and SEM of six individual data points from two independent experiments.

NS p>0.05, **** p<0.0001 by two way ANOVA. D) Table of BEZ235 GIso values with and without 0.3 nM
rapamycin.
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One of the main pathways that activates mTOR is the IGF-1R, and it has already
been shown that it is involved in feedback loops from mTORC1 (O'Reilly et al.
2006, Wan et al. 2007). The levels of IGF-1R and IR were therefore examined in
the resistant cells to assess the likelihood of their involvement in resistance. This
revealed that the IGF-1R and the IR receptor were upregulated in RCC4B20 cells
compared to control RCC4S cells (Figure 5-9 A and B). The 786-0B200 cells did

not show the same upregulation in IGF-1R, and did not express IR.

Cell viability assays were performed to assess the contribution of these proteins
to resistance, using the IGF-1R/IR inhibitor OSI-906, at the concentration of 3 uM
as was used in the first results chapter. The addition of OSI-906 to BEZ235 did
not sensitise RCC4S cells, as expected from the results seen in previously in
Figure 3-7, but also did not sensitise RCC4B20 cells despite the upregulated
levels of IGF-1R and IR (Figure 5-9 C). Similarly, 786-0S cells were not affected
by the addition of OSI-906 (as seen previously in Figure 3-8), and neither were

786-0B200 cells.

It appeared therefore that the upregulation of IGF-1R and IR was not
contributing to BEZ235 resistance, and was likely a passenger effect, or an

entirely redundant resistance pathway.
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Figure 5-9 RCC4B20 cells upregulate IGF-1R and IR but their inhibition by 0SI-906 does not sensitise
to BEZ235

A) Monolayer RCC4S cells were treated with 20 nM BEZ235 or solvent control for 1 hour. RCC4B20 cells
were treated with fresh 20 nM BEZ235 for 1 hour. 786-0S cells were treated with 200 nM BEZ235 or
solvent control for 1 hour. 786-0B200 cells were treated with fresh 200 nM BEZ235 for 1 hour. Cell lysates
were analysed by SDS PAGE. B) Western blots of IGF-1R and IR were quantified using Image], normalised to
tubulin loading, and expressed as a percentage of control treated RCC4S cells. Graphs show mean and SEM
of five independent experiments for IGF-1R and 4 four independent experiments for IR. Student’s T test p
values shown. CTG cell viability assay of C) RCC4S and RCC4B20, and D) 786-0S and 786-0B200 cells treated
with BEZ235 and solvent or BEZ235 and 3 pM 0SI-906. Graphs show mean and SEM of two independent
experiments. NS p>0.05 by two way ANOVA.
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5.2.4 Histone modification as a mechanism of resistance

The BEZ235 resistant RCC4B20 and 786-0B200 cells did not suggest stem cell
like properties based on their clonogenicity (Figure 4-4), but they did show a
reversal of their resistance on withdrawal of BEZ235. This reversibility suggests
that an epigenetic modification could contribute to BEZ235 resistance so this

possibility was investigated.

Histones undergo multiple modifications, including acetylation, and the
acetylation status is dependent upon the balance of activity between histone
acetyltransferases (HATs) and HDACs, which remove acetyl groups from lysine
residues in the amino termini of histones. Hyperacetylation of histones results in
chromatin adopting a more open configuration, which allows gene transcription,
while hypoacetylation results in a more closed conformation, and reduced
transcription. There are four classes of HDACs, with classes |, Il and IV being zinc
dependent and inhibited by current HDACi’s, while class III HDACs are zinc

independent (Glozak and Seto 2007).

The acetylation of histones has been linked to cancer development where the
loss of specific acetylations has been documented in multiple cancer types (Fraga
et al. 2005). HDACs show altered expression in gastric, colorectal, breast, lung,
hepatocellular, prostate, and renal cancer, as well as cutaneous T cell lymphoma,
Hodgkin’s lymphoma, and acute lymphoblastic leukaemia (Krusche et al. 2005,

Rikimaru et al. 2007, Marquard et al. 2008, Weichert et al. 2008a, Weichert et al.
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2008b, Weichert et al. 2008c¢, Cha et al. 2009, Adams et al. 2010, Moreno et al.

2010, Minamiya et al. 2011, West and Johnstone 2014).

There are numerous HDACI in clinical development, and two that are licensed for
the treatment of cutaneous T cell lymphoma, vorinostat, and romidepsin (Olsen
et al. 2007, Coiffier et al. 2012). One of the drugs in development is panobinostat
which is a pan-HDAC inhibitor that is more potent than vorinostat, showing low
nM ICso concentrations against class I, [l and IV HDACs (Shao et al. 2008, Atadja
2009). Panobinostat is in early clinical trials in renal cancer, and in a variety of
other solid tumours including breast cancer, gliomas, prostate cancer, colorectal
cancer, pancreatic cancer and small cell lung cancer (Conte et al. 2009, Rathkopf
et al. 2010, Hainsworth et al. 2011, Drappatz et al. 2012, Gold et al. 2012, Shapiro

etal. 2012, Wang et al. 2012, de Marinis et al. 2013).

The activity of panobinostat was assessed in the paired BEZ235 sensitive and
resistant cell lines. After drug washout for 72 hours in the resistant cells,
treatments of solvent, or 20 nM panobinostat were applied and acetylated
histone H3 levels assessed by western blotting (Figure 5-10 A). This revealed
that the two resistant cell lines had the same basal levels of acetylated histone
H3 as their sensitive counterparts, and that panobinostat was active in all cell
lines as evidenced by increased acetyl histone H3 levels. The major signalling
components of the AKT - mTOR pathway were assessed as well, revealing that
panobinostat had no direct effects on mTOR signalling (Figure 5-10 A). Next, the
sensitivity of BEZ235 resistant cells to panobinostat was compared to their

parental counterparts. Both RCC4B20 (Figure 5-10 B) and 786-0B200 (Figure
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5-10 C) showed the same sensitivity to single agent panobinostat as the sensitive
control cells. This shows that BEZ235 resistance did not induce sensitivity to

HDAC inhibition.
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Figure 5-10 Panobinostat inhibits histone deacetylase but does not alter mTORC1 signalling

A) Monolayer RCC4S, RCC4B20, 786-0S and 786-0B200 cells were treated with 20 nM panobinostat for 1
hour. Cell lysates were analysed by SDS-PAGE and blotted with the indicated antibodies. Similar results
were seen in an independently prepared set of cell lysates. CTG viability assay of B) RCC4S and RCC4B20
and C) 786-0S and 786-0B200 cells treated with panobinostat. Graphs show mean and SEM of three
independent experiments. NS p>0.05 by two way ANOVA. D) Table of panobinostat Glso concentrations.
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Panobinostat was combined with BEZ235 to see whether HDAC inhibition
sensitised BEZ235 resistant cells. Cell viability assays in RCC4S cells showed that
the addition of 20 nM panobinostat had no effect on the dose-response curve for
BEZ235 (Figure 5-11 A). In BEZ235 resistant RCC4B20 cells however, 20 nM
panobinostat significantly altered the response to BEZ235 both in terms of Glso
concentrations and the resistant population (Figure 5-11 B and Table 5-1). The
partial reversal of resistance in RCC4B20 cells was confirmed by clonogenic

survival/growth assay, as was the lack of effect in RCC4S cells (Figure 5-11 C).

A similar pattern was seen in the other cell pair: 786-0S cells showed no shift in
response to BEZ235 with the addition of 20 nM panobinostat (Figure 5-11 D)

whereas the addition of panobinostat to the resistant 786-0B200 cells caused a
partial reversal of BEZ235 resistance (Figure 5-11 E and Table 5-1). Once again,

this was confirmed by clonogenic cell survival/growth assay (Figure 5-11 F).
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Figure 5-11 The addition of 20 nM panobinostat reverses resistance to BEZ235

CTG cell viability assay for A) RCC4S and B) RCC4B20 cells treated with BEZ235 and solvent, or BEZ235 and
20 nM panobinostat. Graph shows mean and SEM of three independent assays. NS p>0.05, **** p<0.0001 by
two way ANOVA. C) Clonogenic cell survival/growth assay of RCC4S and RCC4B20 cells treated with
solvent, BEZ235, 20 nM panobinostat or the combination of BEZ235 and panobinostat. Graph shows mean
and SEM of six data points from two independent experiments. NS P>0.05, * P=0.0274 by two way ANOVA.
CTG cell viability assay for D) 786-0S and E) 786-0B200 cells treated with BEZ235 and solvent, or BEZ235
and 20 nM panobinostat. Graph shows mean and SEM of three independent assays. NS p>0.05, ****
p<0.0001 by two way ANOVA. F) Clonogenic cell survival/growth assay of 786-0S and 786-0B200 cells
treated with solvent, BEZ235, 20 nM panobinostat or the combination of BEZ235 and panobinostat. Graph
shows mean and SEM of six data points from two independent experiments. NS P>0.05, * P=0.0283 by two
way ANOVA.
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. Glso nM (95% CI) . o Resistant Population % (95% CI) . o
Cell Line Control 20 nM panobinostat Fold Sensitisation (95% CI) Control 20 nM panobinostat Fold Sensitisation (95% CI)
8 8 1 21 18 1.2
RCC4S (7-10) (7 - 10) 1-1) (18 - 23) (15-21) (0.9 -1.5)
61 52 28 1.9
RCC4B20 >1000 (49 - 77) >16 (46 - 58) (21 - 34) (14 - 2.8)
786-0S 33 55 0.5 28 30 0.9
(25 - 44) (45 - 67) (04-1) (21 - 35) (24 - 35) (0.6 - 1.4)
93 58 38 1.5
786-0B200 | >1000 (71 - 124) >11 (52 - 64) (31 - 45) (11-2.1)

Table 5-1 GIso and resistant populations and fold sensitisation for BEZ235 and BEZ235 with 20 nM panobinostat

Table summarises data from Figure 5-11 A, B, D and E
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In order to understand the mechanism by which HDAC inhibition sensitises to
BEZ235 in resistant cells, it is necessary to consider the known effects of HDAC
inhibitors. HDAC inhibitors are known to induce apoptosis and this is at least in
part through altered expression of proteins that regulate the extrinsic and
intrinsic pathways of apoptosis induction. HDAC inhibitors including trichostatin
and vorinostat have been shown in increase expression of death receptor 5
(DR5) (Nakata et al. 2004), and pro-apoptotic proteins such as Bim, Bax and Bac,
and to decrease expression of anti apoptotic proteins BCL-XL and BCL2 (Peart et
al. 2005). HDAC inhibitors also influence cell cycle progression, possibly not just
through histone modification, but by directly altering the acetylation of p53. The
DNA binding activity of p53 is increased by acetylation, and HDACs are involved
in its deacteylation and deactivation (Gu and Roeder 1997, Luo et al. 2000, Luo et

al. 2004).

Of particular relevance to this project, several studies have tested combinations
of mTOR inhibitors and HDAC inhibitors. In human renal cancer cells in vitro, the
combination of panobinostat and rapamycin was able to reduce the level of
pAKT, including rapamycin induced pAKT and was more effective than either
agent alone at reducing colony formation in vitro and xenograft growth in vivo
(Verheul et al. 2008). Similar AKT inhibition has been seen in head and neck
squamous cancer cells following treatment with panobinostat and a variety of
PI3K/mTOR inhibitors including BKM120 and BEZ235 and in pancreatic cancer
with the combination of BEZ235 and panobinostat (Erlich et al. 2012,

Venkannagari et al. 2012). In diffuse large B cell lymphomas, HDACi induced
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decrease in pAKT has been linked to the expression of the phosphatase PP1
(Gupta et al. 2009). In contrast, the same drug combination in prostate cancer
cell lines did not inhibit pAKT S473, but did inhibit pERK (Ellis et al. 2013). In
breast cancer cell lines, the combination of the mTORC kinase inhibitor
MLNO0128 and trichostatin not only decreased phosphorylation of S473 AKT, but

also of 4E-BP1 (Wilson-Edell et al. 2014).

Given the evidence suggesting that the co-inhibition of HDAC and mTOR could
decrease mTORC1 and mTORC2 signalling, the next experiments tested effects of
the combination of panobinostat and BEZ235 on BEZ235 resistant and BEZ235
sensitive cells. It had already been seen that panobinostat as a single agent had
no effect on pAKT, pERK, pS6 or p4E-BP1 (Figure 5-10 A). Two concentrations of
BEZ235 were tested in combination with 20 nM panobinostat in RCC4S,
RCC4B20, 786-0S and 786-0B200 cells (Figure 5-12). The addition of
panobinostat did not influence the phosphorylation of AKT S473, S6, 4E-BP1 or
ERK in either of the BEZ235 resistant cell lines, or their parental BEZ235

sensitive pairs.
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Figure 5-12 The addition of panobinostat to BEZ235 does not acutely alter mTOR signalling

Monolayer RCC4S, RCC4B20, 786-0S and 786-0B200 cells were grown in drug free media for 72 hours
before seeding into dishes. After 24 hours, cells were treated for 1 hour with solvent or the indicated

Results 3: mTOR kinase resistance is associated with increased p4E-
BP1 and partially mediated by RAPTOR upregulation
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concentrations of BEZ235 and solvent, or BEZ235 and 20 nM panobinostat. Cell lysates were analysed by

SDS PAGE and western blotting. Similar results were seen in an independent experiment.
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Since no direct effects on mTORC signalling were observed, the known property
of HDAC inhibition to induce apoptosis was examined. In addition to inducing
apoptosis as a single agent, the combination of mTORC and HDAC inhibition has
been shown to synergise in inducing apoptosis in breast and pancreatic cancer
cell lines (Venkannagari et al. 2012, Wilson-Edell et al. 2014). Apoptosis was
assayed using CaspaseGlo caspase 3/7 activity assay, described in section 2.6.
Caspase 3 and 7 are two key effector caspases that lie downstream of the
extrinsic and intrinsic (mitochondrial) apoptotic pathways. They exist as pro-
enzymes, which are activated by other caspases in the apoptotic caspase cascade.
Caspase 3 is cleaved and activated by caspase 8 and 9, and itself cleaves and
activates caspase 7. The activity of caspase 3 and 7 therefore give an indication of
the amount of apoptosis taking place in a cell population. RCC4S and RCC4B20
cells were treated with solvent, 300 nM BEZ235, 20 nM panobinostat, or BEZ235
and panobinostat for either 24 or 48 hours and caspase activity assays were
performed (Figure 5-13 A and B). These time points were chosen based on
reports that BEZ235 has been shown to induce apoptosis at 24 hours in renal
cancer cells, and 48 hours in lung cancer (Xu etal. 2011, Li et al. 2012b). The
most apparent finding was that at both 24 hours and 48 hours, there was a non
statistically significant trend towards untreated RCC4B20 cells having a higher
basal rate of apoptosis than the solvent treated controls. In both the BEZ235
sensitive and resistant RCC4 cell lines, at both time-points, BEZ235 had minimal
effect on apoptosis, with a trend to decreasing caspase activity especially at 48
hours. Panobinostat did show the expected increase in apoptosis in RCC4S cells,

particularly at 48 hours, but this was not seen in RCC4B20 cells. The
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combination of BEZ235 and panobinostat caused a non-statistically significant
increase in apoptosis compared to BEZ235 or panobinostat alone at both 24 and
48 hours, in both BEZ235 resistant and BEZ235 sensitive cells. The increase in
apoptosis from combination treatment was a relatively modest ~50% increase

over RCC4B20 control cells.

In 786-0S and 786-0B200 cells a similar pattern was seen with a particularly
striking increase in basal levels of apoptosis in the BEZ235-resistant subline
compared to the sensitive parental cells. However, large variability in the inter-
assay replicates of the two assays performed hindered statistical significance
(Figure 5-13 C and D). In 786-0S cells as in RCC4S, BEZ235 appeared to suppress
apoptosis and there was a trend towards increased apoptosis in the BEZ235 and
panobinostat combination compared to BEZ235 alone at both time-points. In
786-0B200 cells, there was a trend towards increased apoptosis with the

BEZ235 and panobinostat combination at 24 hours, but not at 48 hours.
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Figure 5-13 The addition of panobinostat to BEZ235 causes a trend towards increased apoptosis

CaspaseGlo Caspase 3/7 activity assays of RCC4S, RCC4B20, 786-0S and 786-0B200 cells. Cells were treated
with the indicated concentrations of drugs, or solvent for 24 hours, A) and C) or 48 hrs, B) and D). Graphs
show mean and SEM of six data points from 2 independent experiments. NS P>0.05 and * 0.05<P<0.01 by
Friedman Test with Dunn’s multiple comparisons test.
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Although not reaching statistical significance, there was a trend towards both the
resistant sublines, RCC4B20 and 786-0B200 cells having higher basal levels of
apoptosis than the sensitive cell line pairs. This is unlikely to be explained simply
by cell numbers, because identical numbers of cells were seeded at the start of
each experiment, and in each cell line pair, the BEZ235-sensitive cells were the
more rapidly proliferating. The 786-0B200 cells were noted to be larger than
786-0S cells, and this could contribute to the increased caspase activity, if more
caspase is present within each cell undergoing apoptosis. If this were the case,
however, a western blot for cleaved poly ADP ribose polymerase (PARP), which
is a caspase target during apoptosis would show no difference between 786-
0B200 and 786-0S cells, because loading would be normalised for protein
concentration. As can be seen in Figure 5-14, this was not seen to be the case:
786-0B200 cells showed detectable PARP cleavage, indicating higher levels of
caspase activity, while PARP cleavage was not detected in the BEZ235-sensitive

cells.
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Figure 5-14 BEZ235 resistant cells show increased basal apoptotic activity

Resistant cells were given a 72 hour drug washout. The indicated cell lines were treated with solvent or 200
nM BEZ235 RCC4S or with 34 uM etoposide as a positive control for 24 hours. Similar results seen in a

second independent experiment.
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5.3 Discussion

Hypothesis led investigation of BEZ235 resistant cells was successful in
discovering factors contributing to resistance. There was evidence for
reactivation of 4E-BP1, which appeared to remain mTORC1-dependent, and may
in part be related to increased RAPTOR expression. Consistent with this
hypothesis, targeting of mTORC1 with RAPTOR knockdown or rapamycin
partially reversed BEZ235 resistance. Whilst there are reports that resistance to
mTORC kinase inhibition can be associated with altered elF4E:4E-BP1 ratios
downstream of mMTORC1 (Alain et al. 2012, Cope et al. 2014), there are no
reports that increased RAPTOR expression can be associated with the same
resistance phenotype. RAPTOR is known to bind directly to 4E-BP1, and
facilitates mTOR dependent phosphorylation of 4E-BP1 (Hara et al. 2002).
Paradoxically, overexpression of wild type RAPTOR in HEK293 cells was shown
to cause a decrease in p4E-BP1, possibly through sequestration of 4E-BP1 or
other important scaffolding proteins. In HEK293 cells and mouse embryonic
fibroblasts, RAPTOR knockdown or knockout was shown to sensitise to
rapamycin-induced retardation in 5’ terminal oliogopyrimidine (5"TOP) mRNA
translation (Patursky-Polischuk et al. 2009). In renal cancer, RAPTOR has been
found to show altered expression in 241 of 401 renal cancers (57.5%), and was
significantly associated with higher stage, grade, and venous thrombosis. As part
of a multi biomarker panel, altered RAPTOR expression was associated with a
poor prognosis (Darwish et al. 2013). Similarly, in breast cancer RAPTOR was

reported to show increased expression over adjacent normal tissue, and to be
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associated with higher tumour grade (Wazir et al. 2013). Therefore, it is
conceivable that increased RAPTOR expression could contribute to resistance to
mTORC kinase inhibition. Indeed, increased expression of the mTORC2
companion protein RICTOR has been correlated with paclitaxel resistance in
ovarian cancer (Foster et al. 2010a). RAPTOR upregulation might indicate that
more mTOR kinase was present in RCC4B20 BEZ235 resistant cells in mTORC1
complexes and this could be tested for by co-precipitating mTOR and RAPTOR.
RAPTOR itself has been implicated in other roles that could help explain its
association with resistance to mTORC kinase inhibition. During mitosis, protein
translation is decreased and activators of mTOR are generally inactive. RAPTOR
phosphorylation has been show to promote G2/M transition by maintaining
mTOR activity and internal ribosome entry site (IRES) translation (Ramirez-
Valle et al. 2010). In future, it would be interesting to investigate this role
further, and in the first instance test for altered RAPTOR expression in samples
of human renal cancer from patients treated with mTOR inhibitors to investigate
correlations between RAPTOR expression and response or resistance to

treatment.

The effect of HDAC inhibitors is also intriguing, given reports that HDAC
inhibition has been reported to sensitise to mTORC inhibition in other cancer
models. In this RCC model, HDAC inhibition did not sensitise parental cells to
BEZ235, but in the cells that had developed BEZ235 resistance there was
significant sensitisation. The mechanism of this sensitisation has not been

uncovered here, but it does not appear to be a direct effect on mTORC signalling
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or on apoptosis, in contrast to other reports (Verheul et al. 2008, Venkannagari
etal. 2012, Ellis et al. 2013, Wilson-Edell et al. 2014). Other possible mechanisms
that could contribute to the effects of HDAC inhibition include effects on cell
cycle distribution, given the G1 arrest seen in breast cancer models (Wilson-
Edell et al. 2014), effects on the DNA damage response, such as the reduction in
ATM seen in prostate cancer cell models (Ellis et al. 2013), or the decreased
expression of HIF1a seen in renal cancer models (Verheul et al. 2008). In
addition to these hypothesis driven routes of investigation, an unbiased screen
to uncover alterations in gene transcription could be performed in cells co-
treated with BEZ235 and panobinostat, and the results compared to a similar
screen conducted in BEZ235 resistant cells, to investigate reciprocally regulated

genes.

It was of interest that BEZ235 cells showed higher basal rates of apoptosis as
evidenced by Caspase activity assay and PARP cleavage (Figure 5-13 and Figure
5-14) One possibility to explain this apparently paradoxical elevation in
apoptosis is that RCC4B20 and 786-0B200 cells may have become dependent on
BEZ235. This could be analogous to dependence on BRAF inhibitors that has
recently been shown in a melanoma model of induced resistance to the BRAF
inhibitor vemurafenib. Resistant cells were shown to overexpress BRAF,
consequently, when the inhibitor was removed the cells were subjected to ERK
hyperactivation, leading to cell cycle arrest, apoptosis and tumour regression
(Das Thakur et al. 2013). No direct evidence of such hyperactivation was

detected in RCC4B20 or 786-0B200 cells on BEZ235 withdrawal, but it is worth
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noting that when seeded into clonogenic assays, 786-0B200 cells consistently
showed increased clonogenicity when treated at low concentrations of BEZ235
(Figure 5-11 F). It would be interesting to investigate the possibility of signalling

hyperactivation upon BEZ235 withdrawal.
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6 Conclusions and Future Directions

This project has taken several different approaches to investigate resistance
mechanisms to mTOR inhibition in renal cancer. Initial work focused on the
testing of hypotheses developed previously in this group. In the previous study,
IGF-1R knockdown was found to suppress rapamycin induced AKT activation
and sensitise VHL null cells to rapamycin (Yuen et al. 2009). Furthermore, as
VHL null renal cancer was previously shown to have increased IGF-1R
expression (Yuen et al. 2007), VHL was hypothesised to act as a biomarker for:
response to IGF-1R inhibition, and the ability of IGF-1R inhibition to sensitise to
mTOR inhibition by rapamycin. This project found no evidence that sensitivity to
rapamycin was induced by IGF-1R tyrosine kinase inhibitors OSI-906 or
AZ12253801 (Figure 3-7, Figure 3-8 and Figure 3-10). It was noted that OSI-906
only transiently inhibited AKT, which may account in part for OSI-906’s inability

to sensitise to rapamycin (Figure 3-11).

Evidence presented earlier in section 3.3 showed that other groups had found
evidence in renal cancer that the IGF-1R inhibitor hR1 or the PI3K inhibitor
LY294002 were able to sensitise to mTOR inhibition in preclinical models (Elfiky
et al. 20114, Cardillo et al. 2013). However, in a clinical study the combination
0SI-906 and everolimus was ineffective, causing no tumour responses in
colorectal cancer (Bendell et al. 2015). There is also contradictory evidence from
different cancer types concerning the ability of IGF-1R inhibition to sensitise to
rapamycin. In brief, other studies have tested panels of cells lines with the

rapalogue everolimus and feedback release of AKT activation was seen, but did
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not correlate with sensitivity to rapamycin, whereas basal levels of AKT
activation did (Breuleux et al. 2009). Others however have seen that the small
molecule IGF-1R inhibitor NVP-AEW541 sensitised breast cancer and prostate
cancer cell lines to everolimus (Garcia-Echeverria et al. 2004, O'Reilly et al.
2006). The addition of the AKT inhibitor MK-2206 sensitised castrate resistant
prostate cancer models to the mTOR inhibitor MK-8669 (ridaforolimus). This
result was partly attributed to blockade of AKT activation, but also partly to
decrease of phosphorylation of Rb, which inhibited progression through the cell
cycle (Floc'h et al. 2012). The therapeutic IGF-1R antibody CP-751,871
(Figitumumab) when combined with rapamycin prevented AKT activation and
inhibited growth of osteo- and Ewings sarcoma (Kurmasheva et al. 2009).
Similar effects were seen with the use of rapamycin and the PI3K inhibitor
[IC87114 in acute myeloid leukaemia, with blockade of mTORC1 induced AKT

activation, and increased anti-proliferative effects (Tamburini et al. 2008).

Thus there is some evidence that rapamycin-induced AKT activation occurs
clinically, but its functional relevance remains inconclusive. In patients with
glioblastoma who had previously undergone debulking surgery, patients were
treated on progression with short duration (median 7 days) of rapamycin
followed by further debulking surgery, followed by rapamycin until next
progression (Cloughesy et al. 2008). Evidence of AKT activation was found in 7 of
14 patients, which was associated with a shorter time to progression on
rapamycin post second debulking surgery. However, there was no correlation
between markers of mMTORC1 inhibition, decrease in pS6 levels, or in decrease in

Ki67 staining (a marker of proliferation), and progression free survival. A phase I
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trial of the rapalogue everolimus, examined levels of pAKT in tumour samples as
well as in skin biopsies. Increases in pAKT were seen in 50% of patients, but
there were insufficient clinical responses for correlations to be made. Increases
in pAKT were not always sustained, and in some patients decreased AKT
phosphorylation was observed (Tabernero et al. 2008). In patients with breast
cancer however, decreases in pAKT have been correlated with response to

everolimus (Sabine et al. 2010).

Because of the preclinical data supporting the combination of IGF-1R inhibition
and mTOR inhibition, a number of early phase clinical trials have been
conducted. Everolimus was combined with figutumumab in 21 patients with
sarcomas and other solid tumours, with one response by RECIST criteria and
prolonged disease stabilisation in additional patients (Quek etal. 2011).
Ridaforolimus was combined with the IGF-1R antibody dalotozumab in patients
with mixed solid tumours, and 3 of 62 patients had confirmed partial responses
(Di Cosmio et al. 2010). Cixutumumab has been combined with temsirolimus in
mixed solid tumours, breast cancer, Ewing’s Sarcoma and adrenocortical
carcinomas, and some responses and prolonged stable disease was seen (Naing
etal. 2011, Naing et al. 2012b, Ma et al. 2013, Naing et al. 2013). No pre and post
treatment tumour samples were taken to investigate AKT activation and there
were no comparator arms of mTOR inhibitor alone. It is therefore unclear from
these results to what extent the feedback loop from mTOR to the IGF-1R was

active, clinically important, and suppressed by IGF-1R inhibition.

A phase II study of temsirolimus and cixutumumab in patients with IGF-1R

expressing sarcomas suggested activity of the drug combination on the basis of
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progression free survival at 12 weeks (Schwartz et al. 2013). Paired pre and post
treatment tumour biopsies were taken from some patients and the majority
showed reduction in pAKT suggesting that AKT activation from temsirolimus
was blocked. However, only 32 patients underwent biopsy, and there was no
correlation reported between changes in pAKT or pSé6 with response to

treatment, or progression free survival.

Thus there is limited support for the concept that IGF-1R inhibition can suppress
rapamycin/rapalogue induced AKT activation in some cancers. However in the
current study, OSI-906 only transiently inhibited AKT, and did not sensitise to

rapamycin.

Subsequent work in this project focussed on the next generation of mTOR
inhibitors, which are direct ATP competitive kinase inhibitors of mTOR. This
work was primarily carried out using BEZ235, but was relevant also to AZD2014,
supporting the wider implication of this work to this class of mTOR inhibitors.
The data presented here confirm other studies showing that mTOR kinase
inhibitors cause more complete blockade of mTORC1 function and greater in
vitro anti-proliferative effects than allosteric mTOR inhibitors (Serra et al. 2008,
Breuleux et al. 2009, Feldman et al. 2009, Thoreen et al. 2009, Cho et al. 2010,

Chresta et al. 2010, Nyfeler et al. 2012, Pike et al. 2013, Zhang et al. 2013).

The main focus of this project was to investigate mediators of resistance to
mTOR kinase inhibition using RCC cells made resistant to BEZ235 in vitro. The
goals of this research were three-fold: to identify potential biomarkers

predicting sensitivity or resistance, to identify drivers of resistance, and to use
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this information to propose drug combinations to enhance sensitivity to mTOR

inhibition.

Large scale screens were performed at the protein and mRNA levels, identifying
potential biomarkers of BEZ235 resistance, including MET, MEK - ERK, Abl and
the Notch pathway. These proteins and pathways were chosen for testing based
upon their known roles in CCRCC and roles in drug resistance. MET is
overexpressed in some CCRCCs and confers a poor prognosis (Gibney et al.
2013), and has been implicated in resistance to EGFR inhibition in NSCLC
(Engelman et al. 2007, Yano et al. 2011, Nakagawa et al. 2012). Recently, the
results of the phase 3 trial comparing cabozantinib to everolimus was reported
showing higher response rates and prolonged progression free survival and
overall survival with cabozantinib (Choueiri et al. 2015). Cabozantinib is an
inhibitor of VEGFR as well as MET and AXL, both of which have been implicated
in resistance to VEGFR targeted therapy in RCC. It is interesting to note that
inhibition of MET by cabozantinib in VEGFR inhibition resistance proved
efficacious, whereas in mTOR inhibitor resistance in this model it did not. Abl is
known to be over-expressed in renal cancer (Behbahani et al. 2012). MEK and
ERK have previously been shown to mediate resistance to targeted agents
including mTOR inhibitors (Renshaw et al. 2013, Qu et al. 2014). The Notch
pathway is associated with epithelial - mesenchymal - transition and is
therefore associated with drug resistance (Wang et al. 2009, Xie et al. 2012).
Furthermore, Notch and Jagged are overexpressed in renal cancer (Sjolund et al.
2008), and associated with poor prognosis in breast cancer (Reedijk et al. 2005).

Inhibition of the Notch pathway as with inhibition of MET, Abl or MEK did not
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reverse the BEZ235 resistance phenotype. This suggests that these changes may
be passengers, not drivers of resistance. However, they could still be valid
biomarkers of resistance. Were clinical material available from patients who
have received mTOR kinase inhibitors, it would then be possible to assess the
clinical application of such biomarkers. Tumour material from patients treated
with allosteric mTOR inhibitors is much more widely available as everolimus and
temsirolimus are licensed for use, so this may represent a more pragmatic way
to test clinical relevance. However, it should be noted that the BEZ235 resistant
cells did not show a marked cross-resistance to allosteric mTOR inhibitors in this

study, so this may not be a good test of these biomarkers’ clinical validity.

Two potential drivers of resistance were identified: RAPTOR upregulation, and
acetylation (of histones or other proteins). BEZ235 resistant RCC4B20 cells
showed clear upregulation of RAPTOR, and partial reversal of resistance upon
RAPTOR depletion. Furthermore, these phenotypic effects were associated with
alteration in phospho-4E-BP1 levels, which correlated with the anti-proliferative
effects of mTOR inhibition in BEZ235 sensitive cells. Combining the allosteric
mTOR inhibitor rapamycin with BEZ235 closely mimicked the effects of RAPTOR
knockdown, and indeed rapamycin has been shown to disrupt mTOR complexes
(Oshiro et al. 2004, Sarbassov et al. 2006), supporting the hypothesis that
RAPTOR upregulation was contributing to regain of mTORC1 function in BEZ235
resistant RCC cells. It remains to be determined whether increased transcription,
increased translation, or increased protein stability accounts for RAPTOR
upregulation. It would be of interest, in future work, to determine whether other

members of the mTORC1 complex including mTOR and PRAS40 also showed
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altered expression in BEZ235 resistant cells. It may also be informative to test
for RAPTOR expression in tumour tissue of patients treated with mTOR
inhibitors. Experiments to investigate these questions would certainly

strengthen the work presented here.

It would be of great interest to test the two identified modifiers of resistance,
rapamycin and panobinostat, in combination with alternative mTOR kinase
inhibitors. The obvious choice would be AZD2014 given the pre-existing data
presented here showing cross resistance of BEZ235 resistant RCC cells to
AZD2014 (Figure 4-6). If this were to show that the addition of rapamycin and or
panobinostat were to sensitise to alternative mTOR inhibitors, this would extend
the potential clinical impact of the research. This may be an important area to
address because BEZ235 is not being actively pursued in further clinical testing
by Novartis largely because of toxicity, whereas alternative mTOR kinase

inhibitors including AZD2014 are still undergoing further testing.

The same arguments could be made for testing alternative HDAC inhibitors.
Panobinostat did not alter signalling along the PI3K - mTOR pathway, or the
MAPK - ERK pathway, and did not alter apoptosis induction. The mechanism
through which HDAC inhibition sensitised to BEZ235 therefore remains
undefined. This is an area of research that would be worth pursuing, but the
controversy around the mechanism by which HDAC inhibitors cause their anti
cancer effects suggests that this course of research could be fraught with

difficulty (West and Johnstone 2014).

One key way to increase the impact of this work would be through in vivo and

clinical data. It may be possible to get access to archival, i.e. pre treatment tissue,
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but it is not clear to what extent the biomarkers identified here in a model of
induced resistance are also relevant to primary resistance. Ideally, post
treatment tissue would be tested as well, but accessing this material is very
difficult. The number of patients treated with mTOR kinase inhibitors is still
small, so obtaining any appropriate tissue and clinical data would be very
difficult. Another way to obtain in vivo data would be to create mouse xenograft
models using the BEZ235-resistant cells. Successful establishment of such an in
vivo model would allow testing of the ability of rapamycin and or HDAC
inhibition to reverse BEZ235 resistance. This was attempted with both 786-
0B200 and RCC4B20 cell lines, but unfortunately was unsuccessful with no

tumours forming (data not shown).

The final results of a phase 2 trial comparing AZD2014 to everolimus have very
recently been reported showing that outcomes were worse with the mTORC
kinase inhibitor with progression free survival of 1.8 months vs. 4.6 months for
the allosteric mTOR inhibitor (Powles et al. 2015). This result, and the similar
results of another mTOR kinase inhibitor GDC-0980 make it highly unlikely that
mTOR kinase inhibition will be pursued in renal cancer. The work here does not
directly address the reasons behind this unexpected result. RAPTOR
upregulation was seen with long term mTOR kinase inhibitor treatment, and has
been noted to have poor prognostic effects in renal cancer which could go some
way to explaining the results. It would be interesting to test for RAPTOR

upregulation on long term allosteric mTOR inhibition.

Nevertheless, this project has uncovered several potential biomarkers of

response to mTOR inhibition that are worthy of further evaluation, and two
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potential mediators of resistance that could provide the rationale for
combination trials. Biomarkers of mTOR inhibition sensitivity are greatly
needed. Recent work has identified activating mTOR mutations in human
cancers including kidney, lung, stomach, endometrial and melanoma, some of
which conferred hypersensitivity to rapamycin in vitro and in vivo (Grabiner et
al. 2014). Further evidence points to the clinical relevance of activating mTOR
mutations: a patient with metastatic urothelial cancer obtained a 14 month
complete response to everolimus in a phase I trial was found to have two
activating mTOR mutations (Wagle et al. 2014b). The first report of an mTOR
mutation resulting in resistance to an mTOR inhibitor has also been made. A
patient with anaplastic thyroid cancer achieved an almost complete response to
everolimus with an 18 month duration of response. Analysis of pre and post
treatment tissue revealed that the appearance of resistance was associated with
a mutation in mTOR in the FKBP-rapamycin binding region, which conferred
resistance to rapalogues, but not mTOR kinase inhibitors in vitro (Wagle et al.
2014a). It is unlikely that a mutation in mTOR accounted for the BEZ235
resistance seen in RCC4B20 cells because the resistance was reversible on
withdrawal of BEZ235 (Figure 5-1). However, the 786-0B200 cells did not lose
resistance after 5 months of BEZ235 withdrawal. It is possible that a mutation in

mTOR accounted for this resistance, and it would be interesting to test for this.

These new discoveries of the role of mMTOR mutations as mediators of response
and resistance open up the prospect of biomarker directed clinical trials. Work
remains to elucidate the role of these mutations in the context of mTOR kinase

inhibitors. There is already evidence that mTORC kinase inhibitors can overcome
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mTOR mutation mediated rapalogue resistance (Wagle et al. 2014a). In this
context, the RCC model of BEZ235 resistance created in this project warrants
further investigation and may shed light on the key clinical questions of
biomarker identification and design of treatment combinations in the field of

mTOR inhibition.
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Appendix

Appendix 1: Microarray screen data RCC4B20

cells vs solvent treated RCC4S cells

AffyID SYMBOL M P.Value
8058708 | ABCA12 1.087 0.021
7929779 | ABCC2 -1.484 0.003
8123137 | ACAT2 -0.935 0.041
8049471 [ ACKR3 0.873 0.041
8121277 | AIM1 -0.983 0.024
7903440 | AMY1A 1.161 0.014
7918134 | AMY1A 1.161 0.014
7903425 | AMY1A 1.161 0.014
7903414 | AMY2A 1.413 0.006
7929653 [ ANKRD2 -0.990 0.045
8121095 | ANKRD6 0.945 0.037
7932744 | ARMC4 -1.289 0.020
8106722 | ATP6AP1L 1.026 0.047
7930714 | ATRNL1 0.936 0.034
7918694 | BCL2L15 -1.456 0.005
8106494 | BHMT?2 1.072 0.019
8021963 [ C18orf56 -0.899 0.030
7989501 | CA12 1.100 0.027
7996198 | CCDC113 1.012 0.032
8045857 | CCDC148 1.401 0.018
8089544 | CCDC80 1.079 0.018
8006433 | CCL2 -1.949 0.003
8104663 | CDH6 1.004 0.024
8020267 | CEP192 -0.876 0.037
7908459 [ CFH 2.217 0.001
8047401 | CFLAR 1.072 0.028
7969815 | CLYBL 1.036 0.037
8161460 | CNTNAP3 1.751 0.003
8155540 [ CNTNAP3 1.751 0.003
8155359 [ CNTNAP3 1.480 0.005
7997642 | CRISPLD2 -0.918 0.037
7951662 | CRYAB 1.651 0.003
8141328 [ CYP3A5 1.550 0.005
8112260 | DEPDC1B -0.843 0.037
7950067 | DHCR7 -0.934 0.037
8093191 | DLG1 0.909 0.035
8036079 | DMKN 0.971 0.044
7934026 | DNA2 -1.119 0.014
7933933 | DNAJC12 -0.915 0.043
8064976 | DNAJC9 -0.876 0.037
8021297 | DYNAP 1.279 0.008
8024792 | EBI3 1.110 0.029
8007949 | EFCAB13 1.752 0.005
7949503 | EFEMP2 0.913 0.027

AffyID SYMBOL M P.Value
8123920 | ELOVL2 -1.402 0.005
8022118 | EPB41L3 -0.978 0.050
8068593 | ETS2 -0.920 0.037
8121547 | FAM229B 1.009 0.026
7954631 | FAR2 1.944 0.003
8152703 | FBX032 1.480 0.004
8092750 | FGF12 1.146 0.037
8125919 | FKBP5 -1.121 0.018
7970737 | FLT3 1.811 0.003
8058765 | FN1 -0.883 0.042
7942332 | FOLR1 0.977 0.037
8161964 | FRMD3 0.978 0.043
7913694 | FUCA1 1.116 0.014
8175666 | GABRE 1.126 0.030
8024485 | GADD45B 1.141 0.014
7945321 | GLB1L2 1.719 0.003
8020164 | GNAL 0.858 0.044
8081214 | GPR15 -1.249 0.027
7996081 | GPR56 -1.094 0.037
8084880 | HES1 1.059 0.016
8151457 | HEY1 0.829 0.046
8124492 | HIST1H2BK | 0.995 0.037
7943787 | HSPB2 0.987 0.034
7931754 | IDI1 -1.027 0.048
7945663 | IFITM10 1.055 0.037
8166593 | IL1IRAPL1 -1.209 0.018
8104901 | IL7R -1.293 0.024
8095680 | IL8 -1.898 0.020
8070826 | ITGB2 1.510 0.004
8064978 | JAG1 1.204 0.014
8168412 | JPX 1.038 0.049
7902977 | KIAA1107 1.368 0.013
8084219 | KLHL24 0.894 0.048
8015337 | KRT15 0.955 0.044
8071049 | LINC00328 1916 0.005
7904478 | LINC00328 1.715 0.009
7974198 | LRR1 -0.831 0.046
7957433 | LRRIQ1 0.978 0.050
8148040 | MAL2 0.809 0.047
7926259 | MCM10 -1.047 0.030
8062766 | MYBL2 -0.929 0.035
8174119 | NA 2.874 0.000
8124160 | NA -1.534 0.005
7894196 | NA -1.332 0.008
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AffyID SYMBOL M P.Value
8021301 | RAB27B 1.271 0.014
7927186 | RASSF4 -1.090 0.017
8022914 | RPRD1A 0.779 0.047
8128123 | RRAGD 1.524 0.005
7920278 | S100A3 -1.201 0.021
7903393 | S1PR1 -0.832 0.041
8085716 | SATB1 0.917 0.044
7929816 | SCD -1.398 0.006
7935776 | SCD -1.089 0.014
8059345 | SCG2 1.550 0.003
8046020 | SCN2A 1.016 0.041
8057797 | SDPR -1.121 0.028
8140668 | SEMA3A 1.054 0.027
8140534 | SEMA3C 0.838 0.050
8120833 | SH3BGRL2 1.184 0.028
8021091 | SIGLEC15 1.420 0.005
8128459 | SIM1 -1.948 0.003
8150537 | SLC20A2 -0.949 0.044
7929383 | SLC35G1 -1.152 0.017
7917052 | SLC44A5 1.204 0.046
8095585 | SLC4A4 -0.859 0.032
8172280 | SLC9A7 1.301 0.021
8030366 | SNORD35A | -0.945 0.041
7918973 | SPAG17 0.886 0.041
7915955 | SPATA6 1.024 0.027
8028311 | SPINT2 0.892 0.037
8168749 | SRPX2 1.206 0.012
8136115 | STRIP2 -1.152 0.024
8066822 | SULF2 1.325 0.037
8123080 | SYTL3 -1.013 0.026
7983828 | TEX9 1.454 0.014
8057599 | TFPI 0.984 0.030
8066214 | TGM2 1.008 0.037
8099841 | TLR6 -1.299 0.024
7953936 | TMEM52B -2.148 0.003
7983734 | TMOD2 1.619 0.006
8126839 | TNFRSF21 0.878 0.037
7912145 | TNFRSF9 -1.704 0.009
8151890 | TP53INP1 0.914 0.037
8121838 | TPD52L1 -1.523 0.004
8143643 | TPK1 -1.103 0.029
8019842 | TYMS -0.785 0.049
8089596 | WDR52 1.075 0.034
8173261 | ZC4H2 1.297 0.008
8065517 | ZNF337 0.833 0.049

AffyID SYMBOL M P.Value
8117565 | NA -1.375 0.009
7895254 | NA -1.532 0.014
8064098 | NA -1.907 0.021
7894096 | NA -1.155 0.023
7892744 | NA 1.862 0.024
7896023 | NA -1.237 0.024
8155453 | NA 1.371 0.024
8161375 | NA 1.371 0.024
8050236 | NA -0.935 0.027
7961960 | NA -1.099 0.027
7893637 | NA -1.418 0.028
7893878 | NA -1.281 0.028
7895566 | NA -1.093 0.030
8180400 | NA -1.648 0.034
7893525 | NA -1.101 0.034
8076461 | NA 1.104 0.037
7895698 | NA 1.499 0.041
7894206 | NA -1.301 0.043
7892938 | NA -1.203 0.044
7893398 | NA -1.430 0.044
7894191 | NA -1.676 0.045
7894848 | NA -0.905 0.048
8149148 | NA 0.847 0.050
8019857 [ NDC80 -0.953 0.044
7916986 | NEGR1 1.304 0.018
8148049 [ NOV 0.980 0.043
8014956 | NR1D1 1.251 0.028
8123739 [ NRN1 -1.531 0.005
8000574 | NUPR1 1.227 0.010
7916167 | ORC1 -1.068 0.024
8169389 | PAK3 1.157 0.014
7928944 | PAPSS2 -1.533 0.005
8035694 | PBX4 -0.944 0.043
8150714 [ PCMTD1 0.842 0.050
8144802 | PDGFRL 1.085 0.014
8008263 [ PDK2 1.114 0.014
7998820 | PDPK1 1.115 0.016
7992682 | PDPK1 1.093 0.018
7915787 | PIK3R3 -1.000 0.043
8101429 [ PLAC8 -3.900 0.000
7929388 | PLCE1 -1.381 0.007
8097356 | PLK4 -0.871 0.048
8001547 | PLLP 0.970 0.029
8091306 | PLSCR4 1.070 0.015
7926545 [ PLXDC2 1.513 0.003
8067233 | PMEPA1 0.891 0.042
8173869 | POF1B 1.112 0.014
7928589 | PPIF -0.875 0.043
8022251 | PPP4R1 -0.910 0.028
8037267 | PSG2 -1.594 0.011
8179727 | PSORS1C3 -1.430 0.018
8124897 | PSORS1C3 -1.430 0.018
8126853 | PTCHD4 2.564 0.000

AffyID: Affymetrix gene ID number

M: log2 fold change in expression
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Appendix

Appendix 2: Microarray screen data RCC4B20

cells vs BEZ235 treated RCC4S cells

AffylD SYMBOL M P.Value AffylD SYMBOL M P.Value
8058708 | ABCA12 1.087 0.021 8022118 | EPB41L3 -0.978 0.050
7929779 | ABCC2 -1.484 0.003 8068593 | ETS2 -0.920 0.037
8123137 | ACAT2 -0.935 0.041 8121547 | FAM229B 1.009 0.026
8049471 | ACKR3 0.873 0.041 7954631 | FAR2 1.944 0.003
8121277 | AIM1 -0.983 0.024 8152703 | FBX032 1.480 0.004
7903440 | AMY1A 1.161 0.014 8092750 | FGF12 1.146 0.037
7918134 | AMY1A 1.161 0.014 8125919 | FKBP5 -1.121 0.018
7903425 | AMY1A 1.161 0.014 7970737 | FLT3 1.811 0.003
7903414 | AMY2A 1.413 0.006 8058765 | FN1 -0.883 0.042
7929653 | ANKRD2 -0.990 0.045 7942332 | FOLR1 0.977 0.037
8121095 | ANKRD6 0.945 0.037 8161964 | FRMD3 0.978 0.043
7932744 | ARMC4 -1.289 0.020 7913694 | FUCA1 1.116 0.014
8106722 | ATP6AP1L 1.026 0.047 8175666 | GABRE 1.126 0.030
7930714 | ATRNL1 0.936 0.034 8024485 | GADD45B 1.141 0.014
7918694 | BCL2L15 -1.456 0.005 7945321 | GLB1L2 1.719 0.003
8106494 | BHMT2 1.072 0.019 8020164 | GNAL 0.858 0.044
8021963 | C180rf56 -0.899 0.030 8081214 | GPR15 -1.249 0.027
7989501 | CA12 1.100 0.027 7996081 | GPR56 -1.094 0.037
7996198 | CCDC113 1.012 0.032 8084880 | HES1 1.059 0.016
8045857 | CCDC148 1.401 0.018 8151457 | HEY1 0.829 0.046
8089544 | CCDC80 1.079 0.018 HIST1H2B
8006433 | CCL2 -1.949 0.003 8124492 | K 0.995 0.037
8104663 | CDH6 1.004 0.024 7943787 | HSPB2 0.987 0.034
8020267 | CEP192 -0.876 0.037 7931754 | IDI1 -1.027 0.048
7908459 | CFH 2217 0.001 7945663 | IFITM10 1.055 0.037
8047401 | CFLAR 1.072 0.028 8166593 | IL1RAPLA1 -1.209 0.018
7969815 | CLYBL 1.036 0.037 8104901 | IL7R -1.293 0.024
8161460 | CNTNAP3 1.751 0.003 8095680 | IL8 -1.898 0.020
8155540 | CNTNAP3 1.751 0.003 8070826 | ITGB2 1.510 0.004
8155359 | CNTNAP3 1.480 0.005 8064978 | JAG1 1.204 0.014
7997642 | CRISPLD2 -0.918 0.037 8168412 | JPX 1.038 0.049
7951662 | CRYAB 1.651 0.003 7902977 | KIAA1107 1.368 0.013
8141328 | CYP3A5 1.550 0.005 8084219 | KLHL24 0.894 0.048
8112260 | DEPDC1B -0.843 0.037 8015337 | KRT15 0.955 0.044
79500687 | DHCR7 -0.934 0.037 8071049 | LINC00328 1.916 0.005
8093191 | DLG1 0.909 0.035 7904478 | LINC00328 1.715 0.009
8036079 | DMKN 0.971 0.044 7974198 | LRR1 -0.831 0.046
7934026 | DNA2 -1.119 0.014 7957433 | LRRIQ1 0.978 0.050
7933933 | DNAJC12 -0.915 0.043 8148040 | MAL2 0.809 0.047
8064976 | DNAJC9 -0.876 0.037 7926259 | MCM10 -1.047 0.030
8021297 | DYNAP 1.279 0.008 8062766 | MYBL2 -0.929 0.035
8024792 | EBI3 1.110 0.029 8174119 | NA 2.874 0.000
8007949 | EFCAB13 1.752 0.005 8124160 | NA -1.534 0.005
7949503 | EFEMP2 0.913 0.027 7894196 | NA -1.332 0.008
8123920 | ELOVL2 -1.402 0.005 8117565 | NA -1.375 0.009
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AffylD SYMBOL M P.Value AffylD SYMBOL M P.Value
7895254 | NA -1.532 0.014 8021301 | RAB27B 1.271 0.014
8064098 | NA -1.907 0.021 7927186 | RASSF4 -1.090 0.017
7894096 | NA -1.155 0.023 8022914 | RPRD1A 0.779 0.047
7892744 | NA 1.862 0.024 8128123 | RRAGD 1.524 0.005
7896023 | NA -1.237 0.024 7920278 | S100A3 -1.201 0.021
8155453 | NA 1.371 0.024 7903393 | S1PR1 -0.832 0.041
8161375 | NA 1.371 0.024 8085716 | SATB1 0.917 0.044
8050236 | NA -0.935 0.027 7929816 | SCD -1.398 0.006
7961960 | NA -1.099 0.027 7935776 | SCD -1.089 0.014
7893637 | NA -1.418 0.028 8059345 | SCG2 1.550 0.003
7893878 | NA -1.281 0.028 8046020 | SCN2A 1.016 0.041
7895566 | NA -1.093 0.030 8057797 | SDPR -1.121 0.028
8180400 | NA -1.648 0.034 8140668 | SEMA3A 1.054 0.027
7893525 | NA -1.101 0.034 8140534 | SEMA3C 0.838 0.050
8076461 | NA 1.104 0.037 8120833 | SH3BGRL2 1.184 0.028
7895698 | NA 1.499 0.041 8021091 | SIGLEC15 1.420 0.005
7894206 | NA -1.301 0.043 8128459 | SIM1 -1.948 0.003
7892938 | NA -1.203 0.044 8150537 | SLC20A2 -0.949 0.044
7893398 | NA -1.430 0.044 7929383 | SLC35G1 -1.152 0.017
7894191 | NA -1.676 0.045 7917052 | SLC44A5 1.204 0.046
7894848 | NA -0.905 0.048 8095585 | SLC4A4 -0.859 0.032
8149148 | NA 0.847 0.050 8172280 | SLC9A7 1.301 0.021
8019857 | NDC80 -0.953 0.044 SNORD35
7916986 | NEGR1 1.304 0.018 8030366 | A -0.945 0.041
8148049 | NOV 0.980 0.043 7918973 | SPAG17 0.886 0.041
8014956 | NR1D1 1.251 0.028 7915955 | SPATA6 1.024 0.027
8123739 | NRN1 -1.531 0.005 8028311 | SPINT2 0.892 0.037
8000574 | NUPR1 1.227 0.010 8168749 | SRPX2 1.206 0.012
7916167 | ORC1 -1.068 0.024 8136115 | STRIP2 -1.152 0.024
8169389 | PAK3 1.157 0.014 8066822 | SULF2 1.325 0.037
7928944 | PAPSS2 -1.533 0.005 8123080 | SYTL3 -1.013 0.026
8035694 | PBX4 -0.944 0.043 7983828 | TEX9 1.454 0.014
8150714 | PCMTD1 0.842 0.050 8057599 | TFPI 0.984 0.030
8144802 | PDGFRL 1.085 0.014 8066214 | TGM2 1.008 0.037
8008263 | PDK?2 1.114 0.014 8099841 | TLR6 -1.299 0.024
7998820 | PDPK1 1.115 0.016 7953936 | TMEM52B -2.148 0.003
7992682 | PDPK1 1.093 0.018 7983734 | TMOD2 1.619 0.006
7915787 | PIK3R3 -1.000 0.043 8126839 | TNFRSF21 0.878 0.037
8101429 | PLACS -3.900 0.000 7912145 | TNFRSF9 -1.704 0.009
7929388 | PLCE1 -1.381 0.007 8151890 | TP53INP1 0.914 0.037
8097356 | PLK4 -0.871 0.048 8121838 | TPD52L1 -1.523 0.004
8001547 | PLLP 0.970 0.029 8143643 | TPK1 -1.103 0.029
8091306 | PLSCR4 1.070 0.015 8019842 | TYMS -0.785 0.049
7926545 | PLXDC2 1.513 0.003 8089596 | WDR52 1.075 0.034
8067233 | PMEPA1 0.891 0.042 8173261 | ZC4H2 1.297 0.008
8173869 | POF1B 1.112 0.014 8065517 | ZNF337 0.833 0.049
7928589 | PPIF -0.875 0.043 AffyID: Affymetrix gene ID number
8022251 | PPP4R1 -0.910 0.028 M: log?2 fold change in expression
8037267 | PSG2 -1.594 0.011

PSORS1C
8179727 | 3 -1.430 0.018
PSORS1C
8124897 | 3 -1.430 0.018
8126853 | PTCHDA4 2.564 0.000
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