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Abstract

Despite recent advances in the clinic to integrate novel targeted therapeutic agents into
standard therapy, colorectal cancer (CRC) remains a significant cause of mortality. The high
attrition rate of novel compounds at phase Il clinical trials for CRE been attributed to
limited information from preclinical strategies, in particular, the use of inadequate xenograft
models. In response, this thesis aimed to utilise robust and relevant genetically engineered

mouse models of CRC to evaluate a numbaroskl therapeutic strategies.

Whilst mutations in the tumour suppresséPCare crucial for initiation of CRC, mutations
which lead to activation of the PI3K and MAPK signalling pathways, such as through loss of the
tumour suppressor proteifP TENand actvation of oncogeniiKRAShave been implicated in
promoting progression of CRC. As such, combinations of these genetic alterations within the
murine intestine, using the CileoxP system, lead to differing mouse models of invasive
intestinal adenocarcinomarhis thesis reports therapeutic targeting of the PI3K and MAPK
signalling pathways using the dual PI3K and mTOR inhibitorBEYP35, and the MEK
inhibitor MEK162, respectively. For this, compounds were initially evaluated for
pharmacodynamic and antimour effects through short term exposure experiments. These
analyses yielded a range of effects, some of which appeared predictive of long term efficacy,
others which were contradictory and some which revealed novel feedback mechanisms.
Furthermore, these gents were assessed in a long term therapeutic setting to evaluate the
effect of continuous treatment on longevity and tumour burden of tumour models. Here,
whilst dual PIBK/mTOR inhibition significantly increased longevity of all mouse models, MEK
inhibition was only effective in the Apc and Apc Kras mutant settings, identifying Pten loss as a
marker of norresponse to MEK inhibition, independently and also in the Kras mutant setting.
Furthermore, analysis of the combination therapy in short term settidgstified scheduling

of these agents to be key to achieve concomitant pathway inhibition, particularly in the Apc
Pten deficient tumour setting. Ultimately, when evaluated in a long term setting, although the
combination therapy displayed no further beitein the Pten deficient setting, this had
additive benefits in the Kras mutant setting and synergistic benefits in the Pten Kras mutant

setting.

Nevertheless despite the promise of targeted therapy, standard chemotherapeutic agents
such as Slurouracil 6-FU) remain the backbone of therapy for CRC, regardless of only
moderate benefits of 1415% in advanced tumour settings. Furthermore, tasise to 5FU

predominantly through upregulation of the enzyme thymidylate synthase (TS) frequently



occurs in humantumours. Investigations reported here aimed to target tumours with
upregulated TS using novel analogues of the-gingil agent Brivudin (BVDU), metabolites of

which are converted to anttancer metabolites by TS.

Initially, In vitro characterisation of amall library of compounds reported here identified a
number of potent compounds. Following furthém vitro characterisation and short term
evaluation in the Apc Pten tumour model of invasive adenocarcinoma, two lead compounds:
CPF472 and CPF3172 wereetakorward for long term experiments. Subsequently, this study
evaluated and identified compounds which showed increased efficacy in the TS upregulated

setting.

Taken together, the investigations presented in this thesis highlightutility of appropriate
mouse models in evaluating novel therapeutic strategies and generating clinically relevant

hypotheses.



1 General Introduction

1.1 Colorectal cancer
1.1.1 Colorectal ancerstatistics and causes

Although significant advancéswve recently been made to improve outcomes of patients with
early and advanced colorectal cancer (CRC), it remains the third most common cancer
worldwide after breast and lung canceCgncer Bsearch UK, 2013With nore than 16,000
deaths annuallyn the WK CRGiccounts for approximately 10% of female and 11% of male
cancer deaths. Bowel cancer mortality rates are strongly related to age with 80% of all deaths
occurring in people aged 65 and over. This relaion is largely a consequenceroild early
symptoms (for example bloating and diarrhoeal) the disease and hendate detection i.e.

often when the disease has metastasis€aficer Bsearch UK, 20)3

CRCis traditionally split into hereditary and sporadic. Hereditary conglits contribute
between20-25% ofbowel cancers namely through Familial Adenomatous Polyposis (FAP) and
Hereditary norpolyposis colorectal cancer (HNPCC or Lynch Syndiaenia) Chapelle, 2004)

FAP results in hundreds to thousands of adenomas throughout the bowel and if left untreated
this will lead tonear100% penetrance dERCHNPCC is associated with germ line mutations
of mismatch repair genes with a penetrance of 80% for colorectal cddeda Chapelle, 2004,

Fearnhead et al., 2002)

The high incidence of sporadimowel carcer is largely attributed to environmental factors
including poor diet, obesity, increased alcohol consumption and smo&iagoer research UK,
2013. High intake of red meat and processed meat has been consistently linked to increased
risk of bowel cancewith arecentstudy estimating that 18% of all cases in 2010 were linked to
high consumption of red meat and processed mgdrkin, 2011)Epidemiology data has also
suggested that obesity remains an increasing rattdr for developing CR@ the western

world (Moghaddam et al., 2007)mportantly, many studies have shown an inverse correlation
linking colorectal cancer gk with intake of vegetables, physical exercise as well as non
steroidal antiinflammatory drugs and hormone replacement theraf/atson and Collins,

2011)



1.1.2 TNM classification of colorectal cancer

The gold standard for CRC gnmstication remains pathological staging through the Tumour
Nodea SG Il allara oc¢bav adadisSyz Y2RAFTASR FTNRY
Cuthbert Dukes in 193@Nalther et al., 2009)This system assesses the size and invasion of
the primary tumour (T), pathological revieof tumour cells in surrounding lymph nodes (N)
and local or distant spread of tumour i.e. metastasis (Wolpin and Mayer, 2008)
(summarised in table 1.1)Additional clinical angathological features are often used to
further assess prognosis and risk of recurrence including poorly differentiated histology,
lymphovascular invasion and high pperative carcinoembryonic antigen levé&teinberg et

al., 1986, Wanebo et al., 1978)

UICC/TNM Duke's

Stage 0 |Carcinoma in situ

No nodal involvement, no distant metastasis

A

Stagel [Tumour invades submucosa (T1, NO, MO)

Tumour invades muscularis propria (T2, NO, M0)

No nodal involvement, no distant metastasis
Stage Il [Tumour invades subserosa (T3, NO, M0) B

Tumour invadeinto other organs (T4, NO, MO)

No nodal involvement, no distant metastasis
Stage Il {1-3 regional lymph nodes involved (any T, N1, MO) C

4 or more regional lymph nodes involved (any T1, N2, MO)
Stage IV |Distant metastasis (any T or N, M1) D

Tablel1-1 Outline of system used to stage colorectal cancers, adapted from Cancer Research

UK, Stats 2013
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1.1.3 Current therapeutic strategies for patients with CRC

Clinical options for CRC patients primarily involve tumour and metastasis resection in
conjunction with radiotherapy or chemotherapy¥hese areeither used in the neoadjuvant
setting to shrink the tumour prior to surgery or alternatively, in the adjuvaettisg (after

surgery) to prevent recurrence.

In terms of chemotherapy, -Buorouracil (5FU) remains the cornerstone of systemic

treatment for CRC patients. Developed by Charles Heidelberger in 1987 j$a fluorinated

pyrimidine that funcions by inlibiting Thymidylate ynthase (TS), the rat@miting enzyme in

pyrimidine nucleotide synthesiéSobrero et al., 2000)Despite 5FU being the most widely

used antiOF Yy OSNJ G KSNJ Ll (G2 GNBIiG (KS dhadsbdes§> A G 4&C
with 10-15% response rates and an overall medisurvival of around 8 monti{gohnston and

Kaye, 2001)5FU is now most commonly administered with leucovorin, a reduced folate,

thought to stabilize interactions betweenBJ and T&hang et al., 1992A metaanalysis of

19 randomized trials found that 20% of metastatic CRC patients receiviild #ith

leucovorin, had a 50% reduction in tumour size arebimn surwal had increased from ©®

12 months(Thirion et al., 20043ompared to 5FU alone.

Over the past & years, signi€ant advances have been madetire treatment of metastatic
colorectal cancer, with the approval of 3 new cytotoxic agents. This includes the
topoisomerase | inhibitor irinotecan (Pfizer), the platinum compound oxaliplatin (Sanofi
Aventis)and the oral prodrug of fluorouracil capecitabine (Roche). Randomized clinical trials
have shown improvements in progressifiee and overall survival when irinotecan was added
to 5-FU and leucovorifDouillard and Group, 2000%imilarly, the addibn of oxaliplatin to 5

FU and leucovorin increased tumour response rates and dideasesurvival rate¢Giacchetti

et al., 2000) Importantly, patients receiving all three cytotoxitsorouracil, irinotecan and
oxaliplatin had an increased median survival of approximately 20 Inso(Grothey and
Goldberg, 2004)

Despite the improvements described above, at#ncer therapy is largely limited by the

damage it inflicts on normal tissues. Therefore, the search for agents which specifically target
tumour cells whilst sparing normal cells is often described as on& &t WK2f & 3INI Af aQ
research(Keefe and Bateman, 2012 light of this the addition of targeted agents for the

treatment of metastatic CRC hd&een implemented to further improvelinical outcomes

Bevacizumab (Genentech), miman monoclonal antibogl against the vascular endothelial



growth factor (VEGF), cairrently being evaluated in addition with standard chemotherapeutic
schedules, to target the key signalling pathway which mediates angiogenesis, an essential
process in tumour development. Initistudies haveshown the addition of bevacizumab to
fluoruracil and leucovorin prolongethedian overall survival after failure of an irinotecan
containing regime Despite thistoxicity issues similar to those observed with chemotherapy
alone, remain withbevacizumab treatment(Kabbinavar et al., 2005, Glusker et al., 2006,
GuijarrecMufioz et al., 2013)Additionally to targeting VEGF, antibodies against the Epidermal
growth factor receptor (EGFR) have been integrated into current therapeutic stratégie
CRC, given that EGFR is overexpressed in 70% of(R&¥dgk et al., 2004Letuximab
(ImCbne) and panitumumab (Amgen) arenonoclonal antibodies against EGFR,
transmembrane glycoprotein involved in stimulating cellular growth, proliferation and
inhibiting programmed cell deatl{Scaltriti and Baselga, 200@oth molecules bind to the
extracellular domain of EGFR wherelading to inhibition of downstream signalling.
Promisingly, cetuximab has shown efficacy in patients with irinoteefractory metastatic
CRC as well as improvements in progresfiea survival and overall survival as a weekly
treatment for patients thaprogressed on %U, irinotecan and oxaliplat{donker et al., 2007)
Despite this, extensive retrospective analysis of clinical trials has identified that mutations
downstream EGFR signalling mediate snesponse to cetuximab and panitumumab (further
discussed in section 1.5.2 and 1.5.3), limiting the population of patients which benefit from

this treatment.

Therefore, vhilst substantial advances have been made over the last decade to integrate
targeted biological agents into the treatment GRC, thehave had littleimpact on the crucial
5-year survival rategJonker et al., 2007Hence, efforts are continuing to develop aiety of
agents targetingorocessesnvolved in colorectal tumour developmenin the hope tovastly

improve patient outcomes.

1.2 Intestinal biology and maintenance of homeostasis
1.2.1 Basic anatomy and function of the intestines

The intestines are part of the digestive system where they play a key role in the digestion and
absorption ofy dz NA Sy G4 a> 4 G§SNJ | yR T2 NMgested pathdigens.2 T i K S
The intestinaltructure consists of a tube extending from the stomach to the anus. The small

intestine has three segments, the duodenum (receives chpartly digested materialfrom



the stomach and digestive secretions from the pancreas and liver), the jejunum (responsible
for the chemical digestion and nutrient absorption) and the ileum (controls flow of material to
the large intestine via the caecum). The surface of the simt#btine is covered in a single
layer of epithelial cells that form invaginations called crypts of Ligll@rcommonly called
crypts) deep in the lamina propria. From these, fintileg projections called villi are formed

and these function to increasée surface area for nutrient absorptigrigure 1.1)The lamina
propria forms a support of mesenchymal (stromal) fibroblasts around the crypts and also
extends up to the top of the villus. This contains an extensive network of capillaries which
carry absobed nutrients and a leteal which transports materigbo large to be absorbed,
including lipids packaged as lipoproteins. The small intestine wall is made up of a layer of
smooth muscle which is responsible for peristalsis, an important muscle movement which
increases absorption of nutrients and movementhwditerial through the intestinéFigure 1.1)

(L etal., 1989, H, 2006, Williams et al., 1989, Martini, 2006)

The large intestine is made up of the caecwwlon, rectum and the anal canalThe caecum
collects and stores material from the ileum and is also the region of the large intestine where
the appendix is located.hE reabsorption of water is the main function of the colon and it is
also where faecal material is stored prior to ejection from the body through the rectum and
the anal canal. The large intestine is made up of a single layer of columnar epitheliakeells |
the small intestine,however unlike the small intestine, the cells form a flat surface of
SLIAGKSE AdzY | YR REy@liljVWKllagsSt aNI989aMRRIH0d6). f A
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Figurel.1 Structure of the small and large intestine
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The small intestine is a single epithelial layer made up fiigerprojections called villi and

invaginations called crypts, supported by stromal fibroblasts and surrounded by a layer of

smooth muscle. The lge intestine is also a single epithelial layer but is only made up of crypts

which consist of enteroendocrine and goblet cells.



1.2.2 Small intestine and large intestine histology

The epithelial layer of the small intestine undergoes rapid renewal evérddys in humans

and every 23 days in the mouse, a process which is driven by the proliferative compartment
found in cryptgCreamer, 1967, Wright and Alison, 198%he intestinal stem cells are located

at the bottom of the crypt and give rise to their progemsansit-amplifying cells. These cells
divide 45 times beforeterminally differentiating as they migrate up the villus where they are
subsequently shed into the lume(Hall et al., 1994, Grossmann et al., 200&jth the
exception of paneth cells which migrate downwards and occupy the base of the(Ergpte

1.2). The main differentiated cell types found in the small intestine include absorptive
enterocytes, secretory gdét, entercendocrine cells anddeth cells, ando a lesser extent

M cells (membranous or microfold cellgup cells and tuft cellEEnterocytes are the most
abundant cell type in the small and large intestine. They are tightly packed specialised cells
which functon to maintain cell polarity and to provide a barrier to microbes. Also, their apical
surfaces are covered in microvilli to maximise surface area for absorption of nutrients. Goblet
cells are secretory cells located near the cryjtius jundion and allalong the villusThey
primarily function to lubricate and protect the epithelium from the mechanical stress of
material movement by secreting mucin but also by secreting trefoil proteins to aid repair of
damaged tissue. Enteroendocrine cells are alsoeteny cells found along the villus and
secrete hormones to maintain vital gut function. Paneth cells are-lwed secretory cells
which escape migration and reside at the bottom of the crypt intercalated between the crypt
base columnar cells. Here, thaye responsible for innate immunity and function by secreting

defensins and aminicrobials such as lysozyrilliams et al. 1989, Martiri006)

The often ovetlooked M cells, cup cells and tuft cells are also found in the intestinal
epithelium.M cellsk N YAONROALFf GNIFFAOLAY3I O&dhdsa >
These cellpossess an unusual membrane structure which allows presentation of microbes to
the underlying lymphocytes, macrophages and dendritic cafid therefore provide a lagy of
interphase between immune cells and the luminal conté®wen and Jones, 1974Also
found in the intestine are elusive wine glestsaped cup cells. These have a shorter brush
border than other columnar cells and express Vimentin, much like M cells (fitapnetein
which is a mesenchymal cell marker) however, their function remains largely unidentified
(Ramirez and Gebert, 2003jinally, tuft cells (also known as brush cells) are on rare occasions
found in both crypts and villi of the small intestinal epithelium. The role of these cells was

largelyunknown until recent studies by Gerbe et al revealed them to be of a secretory lineage,

LINR °



a source of prostanoids, prostaglandins, the largest source of opiods-andorphins in the

intestine. It is hypothesised that tuft cells contribute to essentialntemiance of homeostasis
in the intestine as well as vasoconstriction, peristalsis and pain dete@Berbe et al., 2009,
Gerbe et al., 2011)

The colonic mucosa also osists of a single epithelial layer which consists of differentiated
absorptive cells termed colonocytes, enteroendocrine cells and goblet cells which are the most
abundant cell type comprising up to 50% of the large intestinghepum (Figure 1.1)
Simlarly to the small intestine, stem cells are found at the base of the crypt, however unlike
the small intestine, the large intestine is completely devoid of paneth ¢&liliams et al.,
1989)

1.2.3 The intestinal stem cell

In the adult, stem cells are defined as pluripotent cells that maintain their own capacity for
long-term selfrenewd (Siminovitch ad Axelrad, 1963)in all organs, stem cells are vital for
tissue maintenance and homeostasis and it is hypothesised that the accumulation of
mutations in these cells may result in the tumadnitiating cells that give rise to cancers.
However, intestial stem cells are thought to possess a number of protective mechanisms in
order to prevent neoplastic growth. These include their propensity to be -simhing
(quiescent)Orford and Scadden, 20Q8heir ability to selectively sort damaged DNA to pass
onto daughter cells which differentiate and migrate up the villus, and lastly their ability to

readily undergo prgrammed cell death (apoptosis) after genetic in§Bibtten et al., 1978)

The location of the intestinal stem cell has been a widely debated issue in the field. The
classical modeput forward by Potten and colleagues described the location of the stem cells
in the +4cellregion, relative to the base of the crypt. This was evidenced by a number of DNA
labelling (using tritated thymidine’HTdR which incorporates into DNA during S phase) and
irradiation experiments (to cause genetic insult) which showed*#€dR was incorporated

into the DNA of stem cells that underwent regeneration, and could be visualised a number of
weeks later (Potten 974). This led to the identification of potential stem cell markers that
were predominantly expressed in the +4 region including, muskiagRptten et al., 2003)
Bmil (the polycomb ring finger oncogen&angiorgi and Capecchi, 2008)publecortinand
calcium/calmodulirdependent protein kinaséke-1 OCAMK11) (May et al., 2008and CD133
(Promininl) (Zhu et al., 2009jo study stemcell functionality. Functional lineage tracing

experiments using conditional tnagenic techniques in the mousevealed that Bmil positive

10



cells can generate all intestinal cell types and a single Bmil positive cell can generate organoid
structures whencultured in vitro (Sangiorgi and Capecchi, 2008)nce then, a number of
other markers for the quiescent +4 cell have been identified including, the homeobox protein
Hopx(Takeda et al., 2011jelomerase reverse transcriptase TéMontgomery et al., 2011)

and the parErbB inhibitor LriglPowell et al., 2012More recently however, a plethora of
new evidence demonstrated that the previously identified crypt based columnar GHE (
celly (Cheng and Leblond, 1974pn function as intestinal stem cells. Lineage tracing
experiments identified the Wnt target gene leucirieh repeat containing rotein coupled
receptor 5 (Lgr5) expressing CBC celise actively cycling, and capable of generating all
epithelial lineages over a 2 month peri¢@arker et al., 2007Furthermore, when isolated and
cultured in vitro, Lgr5 positive cellgiere able to generate organoid structurgSato et al.,
2009)

Together, the twaareas of eidenceled to the hypothesis of two pools of small intestinal stem

cells, one quiescent pool in Bmil expressing cells at the +4 position and a second, in actively
cycling Lgr5 expressing CBC cells. This model proposes the two populations have separate but
cooperative functional roles as reciprocal bagk systems to provide a high rate of self
renewal and flexible damage repair for the small intestibieand Clevers, 201@espite the

validity of highly complex lineage tracing aimvitro culture experiments which gave rise to

this hypothesis, a number of studies failed to corroborate the previous findings of specific
YIEN]JSNE 2F (GKS 1jdzASaoSyid WwWbnQ audySwich@8edfo Y Sy A
recapitulate the phenotype reported from Bmil driven lineage tracing experim@misioz et

al., 2012) This study conducted aanscriptome and proteomic analysis of Lgr5 positive CBC
cells and found high levels of Bmil, Hopx, Tert and Lrigl in the Lgr5 positive cells and no
specific enrichment of these markers in the Lrg5 negative stem cell zone. Whilst the authors
argue that thepresence and function of a quiescent stem cell pool cannot be excluded, they
implying these markers solely cannot be used to identify the cells accurately. Instead, the
authors allude to a concept first postulated by Cheng and Leblond and Potten aratceke

This concept hypothesised that the transit amplifying cells above the stem cell zone may
display plasticity when damaged and may be able to revert to stem cells to aid the

regeneration process.
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Figurel.2 Schematic diagram of the small intestine

The small intestinal epithelium is made up of two compartments, the crypt and transit
amplifying zone where stem cells and their progeny reside, and the villus, which constitutes
differentiated celltypes. Stem cells located at the bottom of the crypt give rise to immature
progenitor cells which terminally differentiate as they migrate up the villus, before being shed
into the lumen, with the exception ofdheth cells which migrate downwards and ocgupe

base of the crypt. The stem cell compartment found at the base of the crypt consists of paneth

cells and stromal fibroblasts to create the stem cell niche.
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1.3 The stem cell niche and maintenance of homeostasis

The stem cell niche can be defined adoaal tissue microenvironment that hosts and
influences the behaviour and characteristics of stem cells in order to maintain the balance
between selfrenewal and differentiation in the intestine, and therefore maintain homeostasis
(Fuchs et al., 2004This includes interactions between stromal fibroblasts found in the lamina
propria through shorrangesignallingas well as interactions with the basement membrane
and neighbouring epithelial cells. A number sadnalling pathways have been implicated in

maintenance of intestinal homeostasis and are discussed in detail below.
1.3.1 The Canonical Wrgignalling pathway

The Wnhntsignallingpathway plays an important role in regulation of cell proliferation and
differentiation in a number of tissues including the skin, blood, brain and intestine. The
canonical Wnt pathwaywhich regulates the ability of thie-catenin driven activation of target
genes is better characterized and is strongly associatedimittation of colorectal cancer. The
pathway is controlled at the cell membrane by Wnt ligands which bind to frizzled receptors (7
pass transmembrane proteins). In the absenceagnateligand,the protein dishevelled (Dgh

is recruited to the receptor preventing it inhibity degradation of the transcriptional activator

i -catenin in the cytoplasm by a destruction complex. This complex consists of Axis inhibitor
(Axin) andadenomatous polyposis coli (Approteins which form a scaffold and allow
phosphorylation of -catenin ty glycogen synthase kinase @5ski ). Phosphorylation marks
the i -catenin protein for ubiquitination and subsequent proteosomal degradation. Binding of
Whnt ligands to the receptor releases the Dsh protein from the receptor which is then able to
bind to the destruction complex and prevent phosphorylationi e€atenin (summarised in
Figure 1.3) This allows -catenin to accumulate and enter the nucleus where it interacts with
members of the Tell factor and ¥mphoid enhancer factor (Tcf/Deffamily to actiate

transcription of various Wnt target gené®viewed in(Clevers, 2006)

A number of elegant studies using mouse models have demonstrated the importance of
precise Wntsignalling for regulation of cell proliferation and maintenance of intestinal
homeostasis. Initially, the role of Waignallingn the intestinal epithelium wa determined by
genetic alterations in Apc aridcatenin. This was shown to result in nuclear accumulation of

I -catenin, constitutive activation of target genes associated with proliferation and subsequent
formation of intestinal adenomagHarada et al., 1999, Andreu et al., 200%imilarly,

homozygous loss of Apc in the intestine also resulted imdraptivation of the Wnt pathway
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(Sansom et al., 2004pccumulation of nuclear -cateninhereO2 Yy F SNNB R |  WONZE LJi
phenotype which led to mislocalisation of paneth cells, and increased proliferation and
migration. Not surprisingly, inhibition of Wisignallinghas been shown to result in arrested
epithelial cell proliferation, through ectopic expression of the secreted Wnt inhibitor
Dickkopfl (Dkk1)YPinto et al.,, 2003gand can also lead to loss of the whole pediitive
compartment as evidenced by deletion of the transcription factor(Kofinek et al., 1998) cf
isinvolved in activating transcription of a numberigfportant genes including-Myc, deletion

of which leads to ablation of crypts in the mouse intestinal epithel{ivancan et al., 2006)
Concomitant deletion of @@ O gAGK | LJO NRADIZSENRESSY A L RIRD WO
highlighting its absolute requirement for development of the Wnt driven phenot{@mnsom

et al., 2007) Furthermore, deletionof Wnt target genes EphB2 and EphB3 results in
mislocalisatiorof paneth cells from their position at the bottom of the crypts, demonstrating
requirement of Wntsignallingin correct migration and localisation of differentiated cell types
(Batlle et al., 2002)These studies all highlight the importance of Wiginallingn proliferation

and differentiation and hence, appropriate control of Wasignallingis required in the stem

cell compartment and the stem cell nicite maintain normal development and homeostasis.
An extensive investigation of Wnt agonists and antagi@itiy in situ hybridisation techniques
revealed a gradient of Wnt activity throughout the cryplius axis. Cells at the base of the
crypt, where the stem cells reside, were shown to maintain a high level of Wnt activation
whilst progenitors and differaiated cells migrating up the villus had no Wnt activation
(Gregorieff et al., 2005)Ths discrete pattern of Winactivation is regulated by a number of
signalling pathways including those mentioned beldw together maintain intestinal

homeostasis.
1.3.2 The Hedgehogignallingpathway

Hedgehog signalling is a highly conserved signalling casesdential for embryonic
development as well as differentiation, proliferation and maintenance of various adult tissues.
Three Hedgehog genes exist in vertebrates which encode for three highly homologous ligands:
Sonic Hedgehog (Shh), Indian Hedgehog (#ma) Desert Hedgehog (Dhfgchelard et al.,
1993) These are cleaved proteins released by Dispatched (Disp) from the cell membrane
where they bind to Patched (Ptch), a-tdnsmembrane recepto(Marigo et al., 1996)In the
absence of Hh proteins, Ptch inhibits Hedgehog signalling by inhibiting activation -of a 7
transmembranereceptor, Smoothened (Smo). In the presence of Hh, inhibition on Smo is

released and in turn, allows intracellular signal transduction via the Glioblastoma (Gli) family of
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zinc finger transcription factors, Glil, Gli2 and GRB8iiz i Altaba, 1999)Theg are able to
translocate into the nucleus where they regulate target gene transcription of the Hedgehog

pathway(summarised in figure 1.3)

Indian Hh is the primary Hedgehog protein expressed in differentiated cells of the small
intestine, and analysisf Hedgehog target®tchland Glil by in situ hybridization techniques
revealed that Hedgehog signals exclusively in a paracrine fashion from epithelial to
mesenchymal cellfvan Dop et al., 2010)This in return has highlightethat Hedgehog
responsive cells consist of smooth muscle precursor and differentiated cells, myofibroblast
like cells and pericytes. A variety of studies have highlighted the role of Hedgehog signalling in
regulating homeostasis of intestinal mesenchymalscasing transgenic mice. An increase in
Hedgehog signalling via loss of Ptch, driven by the epithelial specific prowibiteCre led to

an increase in the smooth muscle cell marker smooth muscle &cm@) positive cells in the
mesenchyme(Zacharias et al., 2011Additionally, overexpression of |hh also by ti#lin
promoter resulted in an increase in smooth musptecursors, differentiated smooth muscle
cells as well as myofibroblakke cells(van Dop et al., 2009)n another study by van Dop et

al, the authors noted that deletion of Ihh from the intestinal epithelium resulted in a
proliferative response mediated by increased VWignalling and loss of BMP signalling from
the villus and loss of activin from the crypts. They also observed that prolonged loss of |hh
resulted in complete loss of smooth muscle precursor cells as well as complete loss of villus
core support structure.Similarly, inhibition of Hedgehog signalling by overexpression of
hedgehoginteracting protein (Hhip), leads to absence of villi and a highly proliferative-crypt
like intestine epithelium with activated Wnt signalling and a lack of differentiated cells
(Madison et al., 2005)Therefore, the Hedgehog signalling pathway is crucial for formation of
villi (through epithelial to mesenchymal signalling in the intervillus regions), restricting
proliferation in theintervillus region as well as the crypt, and essential for maintaining spacing
between crypts in the lamina propria. Taken together, it can be hypothesised that Hedgehog
signalling acts from the epithelium to the mesenchyme as an inhibitor of Wnt signallin
through upregulation of BMPs (described below in section 1.3.3) and may contribute to the

tight control of Wnt activation in the normal intestinal epithelium.
1.3.3 The TFG/BMP signallingpathway

The Bone Morphogenetic Protein (BMP) pathway forms a largegreup within the
Transforming Growth Factdr (TFG) superfamily. Members of this family signal through a

common mechanism in which the ligands bind to a complex of type 1 and type 2
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transmembrane seringhreonine kinase receptors. This results in phosphorylation of the
cytoplasmic domain of the type 1 receptor by the type 2 receptor, and leads to signal
transduction via a family of proteins known as mothers against decapentapleg&mads.
Receptor regulated Smads-fads) Smad 1, Smad 5 and Smad 8 are recruited to the
receptor where they are activated by phosphorylation and in turn, ableomplex with the
common Smad (e8&mad), Smad 4. This association results in nuclear tratiglocof the
complex where it interacts with eactivators and caepressors of transcription to adulate

target gene expressiogsummarised in figure 1.3Massagué, 1998)

The BMP pathway was initially implicated in the initiatadfCRC when inactivating mutations

in BMP receptor type 1A PR1A and Smad4 were found in the majority of patients with
Juvenile Polyposis Syndrome (JR¥we etal., 1998, Zhou et al., 2001JPS is a rare
autosomal hamartoma syndrome in which patients can develop betwee2080polyps which
display gross chronic inflammation and expanded mesenchymahas{®oth and Helwig,
1963) Investigation of various altations of TGF Kk . aignallingin the mouseintestine has
generated a number of gastrointestinal phenotypes. Inhibition of Biigiaallingin the villus

by ectopic expression of Noggin (a secreted BMP inhibitor) letktoovocrypt formation, a

JPS resembling phenotype andeldbrming adenomagHaramis et al., 2004Peletion of the
Bmprlagene driven by an interfereimducible promote Mx1Cre(acts in the epithelium and

the underlying stroma) also led to development of hamartomatous polyps as well as an
expanded proliferatie compartment in the intestinéHe et al., 2004b)Deletion of Bmprlan

the intestine driven by theepitheliatspecific promoteVillinCrewas not sufficient for thede

novo crypt phenotype associated with JPS, but did lead to hyperproliferation of crypts and
impaired terminal differentiation of cedl from secretory lineages. Furthermore rahal
specific deletion of BMP receptor type 2 (Bmpr2) leadievelopment of hamartoma@Beppu

et al., 2008)and T-cell specific deletion of Smad4 resulted in development of hamartomas
which further devéoped into invasive carcinomgim et al., 2006) Together, the studies
outlined above higlight the importance of BMRignallingin the strana and immune cells,

and implicate aole in maintaining intestinal homeostasis.

The BMP signalling pathway has a well defined role of establishing thewiliyptaxis in the
intestine. BMP ligands, receps and Smad proteins are found to be expressed in
mesenchymal and epithelial cells whereas BMP antagonists are only found to be expressed in
the mesenchyméLi et al., 2007)Additionally, phosphorylated Smads 1, 5 and 8 can only be

visualised in the nuclei of villus epithelial cells indicating BMP signals from the mesenchyme in
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a pararine fashion where mature epithelial cells are the main ta(gtgtramis et al., 2004, He

et al., 2004b)BMPs are also known to play an important role in controlling the proliferative
compartment. Hee, BMPs are found to directly inhibit Wnt activated andatenin driven
proliferation, via intracellular mechanisms mediated by Pten, a negative regulator of the PI3K
pathway(Tian et al., 2005)Additionally, BMP signalling has been shown to be required for full
maturation of secretory lineages vivq an important function of the Notch signalling
pathway (described below in section 1.3.4). Bmprla mutant mice were deficient in
enteroendocrine ells, had immatureappearing paneth cells and goblet cell granuoles as well
as reduced expression of secretory lineage gene expression, but did not affect absorptive cell
maturation (Auclair et al., 2007)Taken together, these functions of BMP signalling imply an
important role for BMP signalling in the lamina propria in regulating proliferation and lineage

allocation in the intestine.
1.3.4 The Notchsignalling pathway

The Notchsignalling pathway, initially characterized in the 1980s plays a crucial role in
regulating the balance between cell proliferation, differentiatiospatial patterningand
apoptosis in a variety of tissues. Mamim@ossess four Notch genes, each of which encode a
heterodimeric transmembrane receptor (Notch-4) with individual extracellular and
cytoplasmic characteristics. Activation of Notch receptors by any one of five ligands (Delta like
(DI 1, 3 and 4 and gged (Jag) 1 and 2) present on adjacent cells leads to proteolytic cleavage
of the Notch intracellular domain (Ni¢dby ! -secretases and metalloproteas into the
cytoplasm. Nicds then able to translocate into the nucleus where it bibolshe transcripton

factor CBK1/RBBk/Supressor of Hairless/LAG (Csl to activate transcription oHes(1, 5

and 7), Hey (1, 2) and Heyl genes, encoding basic heloop-helix/orange domain

transcriptional repressor&ummarised in figure 1.3Radtke and Raj, 2003)

Notch signding in the intestine is restricted to the crypt region and to a lesser extent, the
surrounding mesenchyméchroder and Gossler, 2002he pathwaygoverns cell fate in the
intestinal epithelium by regulating differentiation predominantly between absorptive and
secretory lineageverexpression of Nicd and henaleerrant activation of Notckignallingn

the mouse intestinal epitheliunresulted in a reduced number of secretory célse et al.,
2005) Conversely, inhibition of the Notch pathway, either by deletarthe transcription
factor Cslor inhibition of-secretases leads to an increase in the numbeditierentiated
secretory cells(Fre et al., 2005, van Es et al., 2008ptch is primarily expressed in the

intestinal crypt and is thought to maintain the undifferentiated state byagulation of Hesl
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which is also only expressed in crypts. Animals deficient in Hesl die perinatally due to
neurological abnormalities However, the developing intestines showed an increase in
secretory cells at the expense of absorptive enterocytinsen et al., 2000furthermore

mice deficient inMathl, a target gene bHesl mediated repressiomlso have increased
secretory gobletellsandreducedenteroendocrine cell§VanDussen and Samuelson, 2010)
accordance with previous data, a recent study in which Notch ligands idx&tDIl) 1 and 4

were deleted in the mouse intestal epithelium resulted in an increase in secretory cell types.
Interestingly however, unlike previous studies, mice died rapidly after loss of DII1 and DIl4 due
to crypt loss and ablation of the stem cell populatidmgether, these observations suggest
that cells expressing Notch ligands are committed to a secretory cell fate and activate Notch
signalling in their neighbouring cells in order to prevent their commitment to a secretory cell
fate also. Thesebservatiors also highlightthe role of Notchsigralling in maintaining the
progenitor phenotype of cells in the crypt as well as stem cell maintenance, most likely
through cceoperation with the Wnt pathwayPeignon et al., 2011Additional data to support

this was recently neorted in a study which showedalthl (the Drosophila Melanogaster
homologue of Mathlgxpression is not only regulated by Notch, but also by the $igrtalling
pathway. This study showed that Mathl can be targeted for ubiquitination and subsequen
proteosomal degradation by G3k when Wntsignallingis activated as opposed to targeting

i -catenin fordegradationin the absence of Wrgignalling(Tsuchiya et al., 2007Moreover,

other studies indicate Notch ligands Hesl and Jagl are also redjubgteNVntl -catenin
signalling further highlighting the cardination between Notch and Wngignallingin the

maintenance of differentiation and homeostasis in the intesijRedilla et al., 208).
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1.3.5 Colorectal Cancer stem cells

The identity of the cancer cell of origin and the mechanism by which a tumour is propagated
has been a widely contentious issue in the field. This is because it has major implications o
multiple aspects of cancer biology, including early cancer detection and prevention,
therapeutic target discovery, drug resistance, as well as metagfdécha et al., 2006)The
original observations from tumour histology of heterogeneity in tumours alluded to a model
whereby any cell type including stem cells, progenitors and early diffetedtieells could be

the cancer cell of origi(Little and Wright, 2003)it was also assumed that all cells had equal
capacity to propagate the tumour by aberrantly proliferating. This nhoclerently termed the
stochastic model was used to explain tumour heterogeneity as a consequence of genomic
instability of tumour cells and microenvironmental factors affecting the tumuabo et al.,
2007) Therefore from the stochastic model, obliteration of all cancer cells is required for

successful treatment as any neoplastic cell can hypothetically propagate the tumour.

Alternatively, substantiagvidence for the existence of a discrete population of tumour cells
capable of selfenewal and differentiation of multiple lineages has recently gained
momentum. This theory is known as the cancer stem cell model (or the hierarchical model)
and is now themore widely accepted notion used to explain the cancer cell of origin, tumour
heterogeneity as well as tumour progression. Due to their Jorigg, selfrenewing and
proliferative capacity, stem cells are favourable contenders for transformation intoote
origin for intestinal cancer. In this model, tumour cells maintain a hierarchical organisation
whereby a population of cells (cancer stem cells) at the top of the hierarchy, are responsible
for renewing cells. They can give rise to further cancemstmlls, progenitor cells with
proliferative capacity as well as aberrantly differentiated cells with no proliferative capacity
(Vries et al., 2010)Clinically, this implies that therapies targeting the cancer stem cells will
eradicate the tumour whereas those targeting the bulk tumour cells would be less successful,
resulting in the cancer stem cells giving rise to more tumolis @nd causing recurrence of

the diseasdHe et al., 2009)However it is likely that selective killing of CSC within the tumour
may create an opengnfor nonstem cell pools to revert to stem cdike cells to help revive
tumour growth. In this case, targeting CSCs and bulk tumour cells which provide a supporting

microenvironment may be required for complete tumour eradication.

There have been considerable efforts to identify the pools of cancer stem cells in order to
isolate and confirm their ability to initiate tumourigenesis as well as develop therapeutics that

could potentially target these cells. The first cell surface eraté identify intestinal cancer
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stem cells was CD133, also known as Promininl. Identified in cells with a high proliferative
capacity, CD133+ cells were found to be 200 fold enriched for tunduating cells compared

to CD133 cells as deduced upon inaplantation into norobese diabetic/severe combined
immune deficiency (NOD/SCID) mi(@'Brien et al., @07) Similarly, high expression of
epithelial cell adhesion molecule (EpCAM) and CD44 were also identified as markers of
tumour-initiating cells which when transplanted, formed lesions morphologically similar to the
original human lesiofiDalerba et al., 2007)Other intestinal cancer stem cell markers include
CD166, CD29, CD24 and Lgr5, based on their expression in CD133+ @tdtumesilen et al.,

2008, Dalerba et al., 2007onfirmation of these markers was achieved from transplantation

of cell surface marker mitive cells into immuneompromised mice, indicating
CD133+/CD24+ and EpCAM high/CD44+/CD166+ populations to represent tumour initiating
populations (Vermeulen et al., 2008, Dalerba et al., 200Previously used to isolate
hematopoietic precursors, Aldehyde Dehydrogenase 1 (ALDH1) has alsshuowem to mark
human CRC stem cells. Huang and colleagues isolated ALDH1+ CRC cells based on their
enzymatic activity and showed they were capable of forming tumours when injected into
NOD/SCID mice, whereas ALBEHIIs did not(Huang et al., 2009aps ALDH1 functions as a
detoxification enzymgRiverosRosas et al., 1997}t is hypothesised that this could act to
protect GSCs from oxidative insulpermitting longevity and increased proliferative capacity

(Miyamoto and Rosenberg, 2011)

Identification of these various cell surface markers allowed Baaker colleagues, and Zhu

and colleagues to formally provide evidence for the small intestinal stem cell as the cell of
origin for intestinal adenomas. These studies utilised conditional transgenic techniques to
activate the Wnt pathway by loss of the tumasmppressor Apc in Lgr5 or CD133 expressing
cells in the intestine. This led to efficient tumour formation which was not the case when Apc
was lost in progenitor or differentiated cellghu et al., 2009, Barker et al., 2008)ditionally,
Schepers et al used a Confetti Ceporter allele to demonstte that Lgr5+ cancer stem cells

are able to fuel growth of established intestinal adenomas and give rise to additional Lgr5+
cells as well as other adenoma cell tyfd&€shepers et al., 2012Although it remains to be
determined whether targeting Lgr5/CD133 expressing cells would be capable of causing
tumour progression or chemgefraction, the use ofn vivomouse models to investigate CSCs
raise less caveats than those which utilise sorting of elusive cell surface markers in human
CRCs and serial transplantations of these cells into immunodeficient mice. These caveats
include extewled culture of human cancer cells, transplantation of cells into foreign sites in

immunedeficient mice, addition of multiple cocktails of growth factors and absence of any
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natural tumourhost interactions. Although these experiments do provide valuable
information on long term selfenewal of the cells, they fail to reflect the true physiological

fate of cells in their natural environments.

Additional evidence for the CSC hypothesis has recently been provided by Driessen and
colleagues, utilising mouse mels of benign papillomas and squamous skin carcinoma, and
Chen and colleagues, using a mouse model of glioblastoma. Driessens and colleagues utilised
genetic lineage tracing experiments to analyse clonal expansion in an established mouse
model of benign ppillomas. This study reported the presence of two distinct proliferative
compartments, one which terminally differentiated, seldom cycled and had a limited
proliferative potential and another with the capacity to persist long term, actively cycled and
possessed more steroell like characteristics, reminiscent of the hierarchy found in normal
tissue. Furthermore, the authors assessed similar features in invasive squamous cell
carcinomas and found clonal expansion of a single proliferative population witlted ability

to undergo terminal differentiation. Together, these data are consistent with the CSC
paradigm and highlight the differing hierarchy of tumour growth present in benign and
invasive cancergDriessens et al., 2012Chen and colleagsealso provided compelling
evidence for the CSC hypothesis. In this study, the authors challenged murine glioblastomas
with the standard cytotoxic temozolomide and found a small population of cells with similar
properties to CSCs responsible flmng term tumour re-growth through the production of
highly proliferative cells. Additionally, the study found genetic targeting of glioblastoma CSCs
together with cytotoxics for the bulk tumour cells significantly reduced growth of the
established tumours, showingroof of concept of targeting CS& vivo(Chen et al., 2012a)
Although these studies provide strong evidence for the CSC hypothesis, a number of
challenges within the area remain, including determining mechanisms involved in tumour re
growth, the influence of extern@nvironment on tumour growth and progression and finally,

identification of novel therapeutics which target these increasingly problematic cells.
1.4 The genetic model of colorectal cancer progression

Although tumourigenesis has long been thought atietdp process, the identification of key

molecular events which underlie initiation and progression of tumourigenesis are not only vital

for our understanding of tumourigenesis but are also imperative for the development of novel
targeted therapeutics. Tdngenetic model of CRC progression, first proposed over 20 years ago

by Fearon and Vogelstein following a comprehensive review of available histopathological and
A3SYySGAO RIGEEZ A& OdzNNByidfteée O2AYySR (KsSaroWwOf | aaA
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and Vogelstein proposed that the accumulation of multiple mutations leads to progression of
a tumour from a dysplastic epithelium, to a benign adenoma through to metastatic carcinoma.
Furthermore, they proposed that although the mutations often odecua preferred sequence,

it is the total accumulations of mutations rather than the order in which they accumulate that
is responsible for the biological properties of a tumdiearon and Vogelstein, 1990)he
model describes mutations in thAPCgene as the initiating mutation of CRC, followed by
subsequent mutations in Kirsten rat sarcoma hoacogene homologueKRAY allelic loss of

the 18q locus, and mutations ip53 which contribute to development of malignant disease
(figure 1.4)

As described previously, the Apc protein plays an important role in mediating the Wnt
signalling pathwg and is often regarded as the gatekeeper mutation, due to its central role in
maintaining proliferation in the normal intestingowell et al., 1992, Kinzler and Vogelstein,
1996) Understanding the molecular pathogenesis of the predisposition syndrome FAP where
germline mutations in Apc resulted in hundreafsadenomas also implicated a rdier Apc in
initiation of CRC. Here, Apc mutations are not sufficient enough to cause progression of lesions
and rather accumulations of other mutations leads to metastatic disease. Recently, the Cancer
Genome Atlas Network identified altered Wnt signalling in 93%lIafases, with APGund to

be inactivated in approximately 80% of casas well as CTNNB1 (which encodesatenin)
mutations in up to 7% anfinally AXIN2 mutations in up to 23% of cagetwork, 2012) This
highlights the commonality of Wnt pathway mutations in coloréd@amourigenesis and
implicates a role in the initiation of CRC. Additionally, APC loss is associated with Chromosomal
instability (CIN), a process which increases chromosome rearrangements and hence promotes
accumulation of further mutations. Fearon andgélstein hypothesised this as a mechanism

to accumulate the 7 genetic alterations required for development and progression of
tumourigenesis (loss of both alleles of 3 tumour suppressors and activation of 1 oncogene), a
process which would normally takeame than a lifetime given the mutation rates of the

normal intestinal epitheliunfFodde et al., 2001)

The acquisition of activating mutations in tRASoncogene is regarded as the next step for
adenoma progression. Fearon and Vogelstein noted that RAS ongatiere more prevalent

in larger adenomas and carcinomas as opposed to small adenomas indicating a role in tumour
progression(Vogelstein et al., 1988As further described in section 1.5.2, KirsRAS (KRAS)

is the RAS homologue most commonly mutated in CRC, and is a downstream mediator of the

Mitogen activated protein kinase/Extracellular regulated MAP kinase (MR pathway.
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Manipulation of Apc and Kras the murine intestine confirmed a role fdras in tumour

progression as mice develegmore invagve intestinal lesions, and hadsignificantly reduced
survival(Janssen et al., 2006, Sansom et al., 20@énomic analyses have indicted activation

of KRAS in approximately 40% of CRC cases, and have also indicated a significantly higher
frequency of ndzii  GA2y & Ay 5dz21SQa adl3asS / {Gdzy2dz2NRI Of
progressionNetwork, 2012, Smith et al., 2002)

Fearon and Vogelstein also reported loss of the long arm of chromosome 18 in 70% of
carcinomas and 50% of late adenonf{&f®gelstein et al., 1988Yhis region was subsequently
mapped and the tumour suppressor involved was termed Deleted in colorectal cancer (DCC)
(Fearon et al., 1990)Despite its potential role in tumour progression, loss of Dcc failed to
predispose mice to CRARd failed to promote tumour progression in Affcmice, indicating

the role of Dcc currently remains unknow(irazeli et al., 1997)The lack of phenotype
observed by DCC mutants in the mouse may be attributed to the involvement of other genes
at the 18qg region, namel\SMAL2 or SMAD4. As previously described, both mediate
downstream signalling of the T&GMBMP pathway and are essential for maintenance of
intestinal homeostasis through epithelial to mesenchymal signalling (section 1.3.3). Recent
genomic analysis revealed the FGKignalling pathway to be altered in 27% obn-
hypermutated and 87% of hypermutated tumours, including mutations in Smad4 (20%) and
Smad2 (13%{Network, 2012)and establishing a major role for the pathway in colorectal

tumourigenesis.

Finally, Fearon and Vogelstein identified loss of the short arm of chromosome hé &sdl

step for development of malignant disease. This region, lost in 75% of colorectal carcinomas,
was mapped to the TP53 locus which encodes for a potent tumour suppressor, protein 53
(p53) (Vogelstein et al., 1988)urthermore, concomitant with loss of 17p, point mutations in
the wildtype p53 gene have also been implicated in colorectal, breast, brain and bladde
cancers where it was strongly associated with metastatic disease and poor prognosis
(lacopetta et al., 2006Elegant evaluation of p53 using mouse models of CRC revealed loss of
p53 had no effect on tumourigenesis or tumour progression; however mutant p53 promoted
progression of Apc mutant colorectal tumours implicating the type of p53 mutation greatly

impactstumour biology(Clarke et al., 1995, Muller et al., 2009)

Along with the Wnt, MAPK/ERK, FGE&nd p53 signalling pathways,&HPhosphoinositide -3
kinase (PI3K) pathway has also been implicated in colorectal tumourigenesis. As ddscribed

section 1.5.3a number of elements along thpathway aremutated in CRC. Aecent genomic
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study of colorectal tumours found thBIK3CAyeng which encodesi KS  LIm M -'the LINE G S A
catalytic subunit of PI3Ki 2 6S T WY2dzy Ay Q Ay (KS with yOSNJ 3
APC, KRAS and TRB&od et al., 2007) The implication from this study is that mutations in

GKS tLoY LI GKglINBRNB2FTAYS2ZRE 20568 WRADSSASa NI
provide no selective advantage to the tumour. This has been evidenced by a humber of studies

which implicate the pathway in mediating progression of tumours and poor prog(aity et

al.,, 2013) Activation of the PI3K pathwaby loss of the tumour suppressor protein
Phosphatase and tensin homolog (Pten) has been shown to promote invasion of Apc
heterozygous intestinal tumours and also to synergise with oncogenic Kras in the small
intestine to induce metastasiin vivo (Marsh et al., 2008, Davies et ain pres$. The

identification of various genetic events which underlie pathogenesis of CRC has not only
helped our understanding of the disease but has also highlighted some credible therapeutic

targets.
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Figurel.4 Schematic outlining Fearon and Vogelstein model of colorectal cancer progression

Fearon and Vogelstein proposed that accumulation of outlined mutations leads to progression
of a benign lesion to metastatic carcinoma. Here, mutations the tumour supprég3Gare
regarded as the initiating mutation of colorectal cancer, whilst mutatiacsivating the
oncogeneKRASanNd allelic loss of the 18q locus lead to progression of a tumour. Finally,

mutations in the tumour suppressor protepb3are associated with metastatic disease.
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1.5 Novel targeted therapeutic strategies in prelinical and &inical development for CRC

The notion of stratified medicine whereby the molecular definition of a tumour determines
the choice of therapeutic strategy has been revolutionised by extensive analysis of molecular
events underlying cancer development. Aduitally, targeting patients on the basis of
distinctive biological characteristics will identify enriched subpopulations that respond

differently to treatment, leading to overall better treatment of cancer.

1.5.1 Targeting developmental pathways and cancer stemells: Wnt, Notch and

Hedgehog pathways

Since aberrant Wnt signalling is implicated in sporadic, familial and hereditary forms of CRC as
well as FAP, there has been extensive interest in developing drugs which target the signalling
cascade. Due to the cagtexity of Wnt signalling (discussed previously in section 1.3.1),
intervention can occur at multiple levels including ligand expression, recéiptond
interactions, as well as promote-catenin degradation and disrupt Tcftatenin interactions

in the rucleus(Barker and Clevers, 2006juman cancers with or without mutations in APC,
AXINor i -catenin may activate Wnt signalling by increasing expression of Wnt ligands or Fzl
receptors(Rhee et al., 2002, He et al., 2005a, He et al., 2003&)and colleagues recently
developed a monoclonal antibody against \WIntvhich has sice been shown to effectively
block Wnt signalling, halt proliferation and induced apoptosis in a number of human cancer
cell lines including head and neck, remallcell lung, breast, mesothelioma and sarcoma cells
(He et al., 2004a)Furthermore, the Wntl antibody also induced apoptosis in colon cancer
cells which had downstream activating mutationsost likely attributed to the rarity of null
mutations (He et al., 2005b)Although encouraging, these preliminary results need further
validation in animal models to determine trum vivo efficacy before further clinical
development. Alternatively, a monoclonal antibody against sclerostin, a protein that inhibits
the LRP5/6 receptors is currently undergoing clinical evaluation for osteoporosis (produced by
Amgen) and may be an attractivieerapeutic strategy if found to be tolerated well in patients
(Rey and Ellies, 2010)

Other strategies employed to inhibit Wnt signalling focus on targetingatenin for
degradation or disrupting Tdffcatenin interactions in the nucleus. Two recent studies
independently highlighted the role of peDRribosylatirg enzymes tankyrase 1 and 2 (Tnks)
in promoting degradation of Axin2. Enzymatic inhibition of Tnks by-988\WNovartis) was

able to stabilise Axin2 and promote degradation efatenin(Huang et al., 2009b, Chen et al.,
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2009) in Apc mutant cells, and may indeed hold some promise for-cartcer therapy.
Alternatively, targeting nuclear FL -catenin interactions may yield more fruitful effects. A
recent screen conducted by Emami and colleagues identified a number of -G&enhin
inhibitors including the lead compound 1@B1, which specifically inhibits the -@ativator
CREB binding prate (CBP). The compound has since been validateidro where it has been
shown to preferentially induces apoptosis in colon cancer cells whilst sparing normal colon
cells, and has also been assessedivoin human xenografts and the APBmouse modebf

human FAREmami et al., 20045howing some early promise.

Despite the growng pharmaceutical interest and efforts into developing efficacious Wnt
pathway inhibitors, a number of drugs already in the market, as well as many natural
compounds, have been found to directly or indirectly target the Wnt pathway. These include
Non-steroidal anttinflammatory drugs (NSAIDs) such as aspirin and sulindac, both of which
have chemopreventive effects by targeting cyclooxygenase (COX) enzymes which mediate Wnt
pathway activation via Prostaglandin inducedtatenin degradatior(Dihimann et al., 2001,
Boon et al., 2004)However, long term use of NSAIDs such as aspirin, can lead to severe
intestinal bleeding and kidney damage. This has resulted in the development of novel NSAIDs
which are hypothesised to have neased antitumour activity and limited toxic side effects
(Barker and Clevers, 200®itric Oxidedonating aspirin (N€ASA) is an example of a safer,
more effective NSAID that has been shown to reduce polyp formation iff"AR@e and
reduce Wnt signalling in colon cancer cell lines by disruptingi Teaénin interactions
(Williams et al., 2004, Nath et al., 2003)he Vitamin derivative retinoid, has also been used
for pre-clinical therapy and chemoprevention whilst Vitamin A has been used against acute
promyelocytic leukemia (APL), and active forms of Vitamin D have been shove to
chemopreventative in animal models of colorectal and breast can@akahash¥anaga and
Kahn, 2010, Palmer et al., 200¥arious mechaisms have been proposed for the ahiimour
capabilities of vitamin derivatives including a study by Jiang et alPamdiasFranco et al,

who evidenced vitamin A and D induced activation of Wn#atenin inhibitory proteins
Disabled2 (Dab2) and Dickkéd and 4 (Dkk1, Dkk4Jiang et al., 2008, PendBsanco et al.,
2008) Additionally polyphenols, a chemical group found in plants antlideccompounds

such as quercetin, curcumin and resveratrol, have all been implicated as Wnt inhibitors.
Resveratrol, a compound extracted from grape skin and wine has been shown to reduce Wnt
signalling and also CD133 expression in colonic epithelium ededoated in a CRC prevention

trial as a dietary supplement. Subsequently, this is currently under phase Il clinical evaluation

(Berge et al.,, 2011, Martinez et al., 201@)though novel Wnt inhibitors have enormous
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potential therapeutically, the Wnt pathway is critical to normal somatic stem cell maintenance
and tissue homeostasis anddrefore thorough evaluation will be required prior to integration

with existing cancer treatments.

Alternatively, the Hedgehog and Notch signalling pathways, also implicated in maintenance of
cancer stem cells, may present as attractive therapeutic targehe identity of cyclopamine, a
naturally occurring hedgehog inhibitor found Weratrum Californicumhas previously been
utilised as an amtancer agen{Cooper et al., 1998Despite potent anttumour activityin

vitro and in vivg cyclopamine was found to be highly insoluble and toxic. This led to the
development of further compound screens to identify potent analog{&sglund and
Toftgard, 201Q) Currently, the majority of Hedgehog inhibitors in fmiical and clinical
evaluation from screening processes are Smoothened inhibitors. As described previously,
Smoothened is a transmembrane receptor which is activated by a codgraatemembrane
receptor Patched (PTCH), upon Hedgehog ligand binding. The smoothened inhibit044DC
(vismodegib, Genentech) demonstrated potent single agent activity in patients RilitbH1
mutant medulloblastoma and basal cell carcinoma (BC@n Hoff et &, 2009) and
subsequently resulted iRDA approval (in 2012) as the first agent approved for metastatic and
inoperable locally advanced BCC. Interestingly, although mutations in Hedgehog signalling
occur much less frequently in human malignancies of other origins including colorectal,
ovarian prostate and pancreatic cancen vitro studies have shown a lack of correlation
between hedgehog pathway activation and response to pathway inhibitors, suggesting that
hedgehog inhibition may be beneficial for other tumour settirfyguch et aJ 2008) This is
thought to be attributed to the role of hedgehog signalling in the mesenchyme and the
tumour microenvironment i.e. tumour stroma. Evidence for this was formally provided from a
genetically engineered mouse model of pancreatic canceeraslrsmoothened inhibition
resulted in enhanced delivery and response to chemotherapeutics by depleting tumour
associated stromal tissuéOlive et al., 2009)Promisingly, the lead Smoothened inhibitor

vismodegib is currently in Phase I/ll evaluation in gastrointestinal and pancreatic malignancies.

The Notch signalling cascade has been implicated in maintenance of cancer stem cells and
chemoresistance in a number of human malignancies. Furthermore, genetic alterations that
implicate the Notch pathway have been detected in some cancers, in partidedat| acute
lymphoblastic leukemia (ALL) in which 50% of cases are attributable to chromosomal
translocations that activate NotchWeng et al., 2004)The Notch pathway is also activated in

CRC, where upregulation of NOFTCHIJIAGGED and JAGGED ligands havepreviously

28



observed in human intestinal adenomas, implicating the pathway in early stages of tumour
growth (Reedijk et al., 2008)Furthermae, expression of NOTEHwas highest in liver
metastases suggesting its requirement in tumour progressidfeng et al., 2009)
Chemotherapeuticsncluding oxaliplatin and-8urouracil have also been shown to indirectly
induce NCID and HESexpressionthrough increased -secretase activity, suggesting notch
inhibition may act as a potent chensensitizer(Meng et al., 2009) The majority of Notch
pathway inhibitors are -secretase inhibitors (GSls) which block proteolytic cleavage of the
Notch receptor and NICD (described previously in 1.3.4). GSls \iteltyideveloped to treat

2N LINB@GSyid 't1T KSAYSNNRaE RA&ASI&aS K26SOSNI aA3ayAa
bleeding and diarrhoea, observed in animal experiments and early human trials, ceased
further development and forced development of lesgatgxic agentgSearfoss et al., 2003)
Various novel agents are currently under clinical evaluation, including the third generation GSI
R04929097, currently in phase | evaluation in combination with theEB@&#R agent cetuximab
and n phase Il evaluation as a single agent for tfiimd treatment of metastatic CRC.
Furthermore, oxaliplatifinduced activation of Notch signalling was reduced by simultaneous
GSI treatment and resulted in an increased damthour effect, indicating promiag potential

of targeting the Notch signalling pathwéiyleng et al., 2009)

1.5.2 Mitogen-Activated Protein Kinase Pathway (MAPK/ERpBathway

The MAPK/ERpathway is stimulated by Receptor Tyrosine Kinases (RTK), Integrins and influx
of calcium ions. Downstream of RTKs such as EBE&RASroteins which belong to a larger
family of small guanosing €tiphosphate binding proteins (GTPaséSthubbert et al., 2007)

This inclués HRAS, KRAS and NRAS, all of which are crucial in mediating intracellular
responses to extracellular stimuli, such as growth factor signaBlAds often localised to the
membrane by farnesylation, a process that adds acdfhon isopropene chain tohé G
terminal CAAXDownward, 2003, Sebti and Der, 200@hce membrane bound, activation of

the Growthfactor receptor binding protein 2 (GRB leads tosubsequentactivation of
Sevenless homolog (SOS), which in turn leads to full activaif RASby facilitating
dissociatiorof GDP and binding of GTP to Ri#nediately downstream RAS aRAF proteins
(A-RAF, BRAF and ®AF) which are serine/threonine protein kinases, and whose
phosphorylation leads to further downstream activation of Mitogen Activated Kinase 1/2
(MEK1/2). These in turn act as catalytic sulisgdor extracellular signaklated kinasel/2

(ERK1/2)Figure 1.5)Phosphorylation of ERK leads naclear translocation where key cell
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cycle regulators are targeted includingun and cyclin D, as well as MA#REeracting kinases
(MNK1 AND MNK2), sss activated kinases (MSKland MSK2) and various transcription
factors(Maekawa et &, 2002, Roux et al., 2004, Ledwith et al., 1920 of these targets are
pivotal in regulating various cellulargzesses including prolifation, survival, apoptosis and

migration.

KRAShas been implicated in the oncogenesis of many tumour types includingsmaificell
lung, pancreatic, papilliary and colon can¢8eboltLeopold and Herrera, 2004andis the
most commonly mutated protein in the MAPK pathw#pproximately 40% of CRCs present
with mutations h KRASthe majority of which occur in codon 12 and (Bos et al., 1987,
Smith et al.,, 2002) These mutations often involve glycit@valine substitutions at the
catalytic sites of aimno acids which subsequently letamlloss of GTPase activity and therefore
continuous binding oflGTP to RA$Yokota, 2012) Importantly, retrospective studies have
found mutationsin KRA%o be the key negative predictor for response to aBGFR antibodies
for CRCand currentlypatients are screened prior to cetuximab treatment to eresabsence

of KRAS mutationfKarapetis et al., 2008he MAPK pathway is also activated following
mutations in BRAF, most of which occur at the V600E kinase doriis. mutation involves a
valineto-glutamic acid substitution in the kinasactivation loop resulting in constitutive
activation of BRARIkenoue etfal., 2003) The V600E mutation ocain approximately 15%fo
CRCs and is also a negative predictor ofB@FR therapy. Subsequently, although mutations
activating KRA&nd BRAF are mutually exclusiRajagopalan et al., 2002pgether can
identify up to 55% of nomesponders to antEGFR therapy. This also highlights a large
population of patients that could potentiallypenefit from agents targeting the MAPK pathway

downstream of EGFR.

Efforts b target the MAPK pathway have yielded agents targeting RAS and RAF prhodg¢ins
more fruitfully, MEK1/2. As RA®quires membrane localisatn viafarnesylation, much effort

and early promisefocused on inhibiting this process with selective farnesyltransferase
inhibitors (FTIsyvith hope totarget a number of malignancies with KRé8tations. Several
compounds entered clinical trials including R11% (Tipifarnib, Zanestra), howeveoncerns
developed when higher concentrations of FTIs were required to inhibit oncogenic KRAS, in
comparison with wilddype RAS or oncogenic HRABNnd et al., 2001) Furthermore,
disappointing results from trials in KRAS mutant pancreatic cancers provided further evidence

against the use of FTIs. Here, the lack gpomse in KRAS mutant tumours was thought to be

30



attributable to geranylation, an alternative activating mechanism adopted by KRAS mutant

tumoursto ensure membrane localisatiqBerge et al., 2011)

Much interest into inhibiting RAProteins stemmed from the discovery of the protein
functioning as an effector downstream RAS. Additionallycogenic BRAF mutationsare
present in a numbehuman malignancies including melanoma, ovarian, thyroid and colon
cancergDavies et al., 2002, Singer et al., 2003, Cohen et al., 2008e there are a number

of promising BRF inhibitors at various stages of clinical development, including PLX4032
(Vemurafenib Plexxicon) and XL281 (Excelexis), bdtvlich target the V60OE mutant form,
and areprovingwell tolerated with mild toxicitiesn patients with a number of malignares
including colorectal cancgFalchook et al., 201Bespite this, a number of preinical studies
have recently reported compensatory activation of MAPK signalling through nedeguback
loops activating EGFR inr& mutant tumours, in response to selectiverd inhibition
(Prahallad et al., 2012, Corcoran et al., 20Ndvertheless, these studies showa inhibition

is well tolerated and suggest combination therapy with EGFR inhibitors could be beneficial for

this patient population.

As most nutations activating MAPK signalling occur in RAS or RAF proteins, targeting the
pathway immediately downstream these effectors in an attractive strategy. This has led to the
development of inhibitors targeting MEK1/8ual specificity kinases which phospyiate
ERK1 and ERK2 Hftreonine 202/Tyrosine 20dnd Threoninel85/Tyrosinel&&spectively
(Haystead et al., 1992)The high degee of homology between the MEK1 and MEK?2
promising for a smamolecule imibitor to potently target both kinase€arly MEK inhibitors,
including GILO40 and PD0325901, showed some proniiseivoin terms of inhibiting colon
tumour growth, however were soon abandoned due to lack of efficacy during phase Il trials
(Allen et al., 2003, Rinehart et al., 2004evertheless, target validation studies showed
effective inhibition of ERK signalling, and the observation that these compounds were well
tolerated in patientsspurred further pharmaceutical development of MEK inhibit(®sbolt
Leopold and Herrera, 20045urthermoe, structural analysis of MEK inhibitors identified these
to be nonrcompetitive and to avoid perturbation of the ATP binding site, indicating selectivity
of targeting MEK kinases on(@eboltLeopold and Herrera, 2004Currently, third generation
MEK inhibitors are in clinical development and are showing promise in combinetioother
targeted agents as wehs standard chemotherapyhese includ&zZD6244 (selumetinib, Astra
Zeneca), GSK1120212 (GSK) and MEK162 (Novartis Pharmaceatidalaje currently

undergoing extensive prelinical evaluation for a number of different human malignancies.
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1.5.3 Phosphoinogide-3-kinase (PI3K) pathway

The PI3K pathway is one of the most frequently deregulated pathways in cancer. Similarly to
the MAPK pathwg downstream signallings activated by RTKSs, integrins and cytokine
receptors but alsandirectly by KRAS/hich actiates the catalytic p110 subunit of the PI3K
protein (Engelman, 2009, Kurosu et al., 19918Ks are heterodimers made up of a regulatory
subunit (p8%5, p53', p50', p83 , p55) and a catalytic subunit (p110p110, p11Q). The
YEAY TFdzyOlAzy 2F tLoYa Aa (2 LIK2ALK2NEfIFGS Gl
bisphosphate (PI[4,5}Rr PIB) to phosphatidylinositol 3,4;&iphosphate (PI[3,4,51or PIR).

¢CKS 0QLK2ALKIEIGFAS t ¢@iminary RIRK sighdlirgy N&durhulat®a of t L t
PIR however acts as a crucial secondary messenger andite&lTto the membrane where

it is phosphorylated and activated by phosphoinosiapendent protein kiase 1 (PDK1) at
threonine 308 (in the actation loop of AKJrandby mechanistic target of rapamycin complex

2 (mMTORC2) at serid@3 (in a hydrophobic motif of AKTo fully activate the protein kinase
(Figure 1.5)Englman, 2009) AKTis then able to phosphorylate several cellular proteins
(shown in figure 1.pand regulate important processes including proliferation, cell survival,

protein synthesis and glucose metaboli$Bngelman et al., 2006)

All of the major elements of th®I3K pathway, from receptor to protein kinase, have been
found to be altered in an extensivange of human malignancies. THeIK3CAgene which
encodes the pl110 catalytic subunit is mutated in 14% of CRC as well as breast, endometrial,

urinary and ovaria cancer fwww.sanger.ac.uk/genetics/CPG/cosiniMutations in this gene

cluster in two conserved regions which encode the kinase and helical domains that confer
constitutive kinase activitfMuan and Cantley, 2008The antagonist of the PI3K pathway, the
phosphatase and tensin homologuBTEN is often mutated or lost in both heritable and
spontaneous cancers. Germline mutations of this gene are associated with hamartoma tumour
syndromeqBlumenthal and Danis, 2008Wwhereas sporadic mutations are associated with 9%
CRCs as well as endometrial, skin, prostate and breast caf@arsena et al., 2008More
recently, somatic mutations iAKThave been identified in 6% of CRCs as wells as ovarian and
breast @ncers(Carpten et al., 2007and amplifications of the gene have been identified in

pancreatic, ovarian ahhead and neck cancefBngelman et al., 2006)

With a number of elements in the complex PI3K pathwaynébto be altered in human
cancers, a increasinghumber of strategies are available to target this pathway. The four main
classes of inhibitors currently in clinicdevelopment includedual PIBKITOR inhibitors,

isoformspecific and parPI3K inhibitors, AKihhibitors as well as mTOR inhibitors. Several
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small molecules target both PI3K and the PI3K related kinase (PKK) mTOR as they share similar
ATRbinding sitestructures (GarciaEcheverria and Sellers, 2008)hese inhibitors target all
isoforms of the p110 subunit as well as both mTOR@ILMTORC?2 and offer the advantage of
complete signallingshutdown. There are currently a number of compounds in Phase /1l
clinical trials producing promising results, including MEZ235 and NMBGT226 (Novartis
Pharmaceuticals) as well as XL765 (Esgland SF1126 (Semafore).

One concern however is that PI3K targeted therapy could mediate insulin resistance in insulin
sensitive tissues given the role of the pathway in inssigmallingand glucose metabolism. It

is thought that isoforrspecific orpan-PI3K inhibitoramay provide the solution aselective

but transient target inhibition may be better tolerated and more effective cliniq@lygelman,
2009) PanPI3K inhibitors currently in phase I/ll clinical deypenent include XL147 (Exelixis)

for endometrial cancers, GDC0941 (Genentech) for metastatic breast cancer as well as
BKM120 (Novartis) for a variety of solid tumoutsnumberof studies have highlighted the
importance of individual isoforms in a subsétaalignancies for example, plfi@vas found to

be crucial for breast cancers with ERBB2 amplificat{@iasbett et al., 2008and p110 in

PTEN deficient cance(dia et al., 2008)Indeed these highlight a specific group which may
benefit from isoform specific inhikits, but there is a concern that other isoforms may simply
compensate for the targeted isoform. Neverthelef®se inhibitors hold potentidlor further
development predominantly in combination with other targeted therapeutieduding MAPK

inhibitors.

Given the central role of AKim the PIX pathway, a humber of pharmaceutical companies
have developed allosteric and naatalytic site inhibitors of the kinase. Allosteric iritobs
prevent recruitment of AKTo the membrane by interfering with bindingf the crucial PH
domain of the kinase to phophointi&les irvolved in phosphorylation of AK{Bhe et al.
2008) Alternatively, inhibitors may at affect phosphorylation of AK&nd may instead
prevent phosphorylationof AKT substrates including AKTlbstrate 1 (AKTSI/PRAS40),
glycogen synthase kinase 3 (GSK3) ankh&ad box transcription factoréEngelman, 2009)
One agent in particular Perifosine (Kerystiowedearly promise with an overall response rate
of 20% vs. 7%and mild toxicitywhen combined with capecitabine in phase | triasd is
currently in ghase Il trials with capecitabin@Bendell et al., 2011) As one of the m@yor
downstream effectors of AKTMTORCL1 is an attractive therapeutic target as it integrates
growth factor signallingwith energy sensing and other cellular processech as protein

synthesis MTOR was originally identified as the target of a molecule known as rapamycin, a
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potent antiproliferative agent(Laplante and Sabatini, 2012)espite the anttumour activity

of rapamycin, it was found to primarily target mTORC1 and the presence of imdégriback
loops in the mTOR pathway (mainly through mTORK&Esphorylating AKT at sering/3),
limited the therapeutic efficacy of ifHarrington et al., 2005, O'Reilly et al., 2Q08his
provided the rationale for targetip both mTORC1 and mTORC2 to improve the impact on
cancer cells. Several compounds have been developed including AZD8055 (Astra Zeneca) an
ATRcompetitive inhibitors of mTORSs well as O%I27N and OXAl (Astellas Pharma Inc).
The later compounds functiofy preventing phosphorylation of effectors downstream
MTORC1 and mTORC2 to impair growth and proliferation better than rapa(fabiion et al.,
2011) Despite this, there are concerns that ibiiion of phosphorylation of AKT at serid@3

is not suffcient enough to completely inhibit AkSignallingJacinto et al., 2006Nevertheless,
targeting PI3K sigrialg holds great promise for the treatment of cancer given the high

prevalence of mutations activating this signalling cascade in human cancers.

Whilst targeting the MAPK and PI3K signalling pathways independently may be clinically
beneficial in some séhgs, concurrent pathway activation frequently occurs in cancer and in
CRC, a third of all cases present WHRASINd PI3K pathway mutatioff€ancer Genome Atlas
Network, 2012) This may be due to the extensive créakk between the two pathways as

well as convergence on at least two downstream targets, mTORC1 and the BH3 family of
proteins, namely BGR-associated antagonist of cell death (BAD) and-Biblteracting
mediator d cell death (BIM), which regulate cell growth and apoptosis respectively (Figure
1.5) (Engelman, 2009)Extensive evidence of pathway regulation is also evident, indicating a
highly complex system of interactions. Whilst KRAS is known to lead to activation of the PI3K
pathway through direct interactions with thelpO subunit(Kodaki et al., 1994ERK and its
kinase substrate p90RSka@inhibit GSK3 function, a negative regulator of the PI3K antagonist
PTEN, subsequently resulting in reduced PI3K signélivigen and Frame, 2001 -ihouri et

al., 2005) Furthermore, regulation of PI3K signaling can positively or negatively influence
MAPK signalling. Here, Riccumulation can recruit the Gid associated binding partner
(GAB), IRS and Grb7 scaffold proteins which followsimgsequent phosphorylations, can
interact with a number of molecules including ERK to mediate MAPK sigrfsotgle et al.,

2009) Also, PlRcan stimulate PAK signalling which is crucial for phosphorylation of the MAPK
effector RAF at Serine 388, which is essential for full activation of@&®adhary et al., 2000,
Xiang et al., 2002P13K signalling carnsalinfluence MAPK effectors downstream AKT through
MTOR and p70RSK prote(ifSyatkin et al., 2006)These are able to negatively regulate GAB

and IRS proteins which result in reduced tyrosine phosphorylations at the receptbr a
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subsequently impair ability to sustain and amplify ERK phosphorylations. Despite this, AKT can
also positively regulate MAPK signalling, through multiple protein phosphatises (MKPSs).
Suppression of GSXby AKT results in downregulation of MKPs whidisequently prevent
inactivation of phosphorylated ERKRksamitiene et al., 2010)logether these interactions
highlight the complex crogslk between the two cascades but suggest the potential benefits

of concomitant pathway inhibition, given these pathways govern crucial processes such as
growth, cell sirvival and apoptosis in cancer cells. Subsequently, evidence for targeting both
signalling pathways has been emerging from-glieical studies, in particular from genetically
engineered mouse models (GEMMSs) of I(&ggelman et al., 2008pvarian(Kinross eal.,

2011) and thyroid cancer(Miller et al., 2009)which show activation of both signalling

pathways.
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Figurel.5 Schematic representation of the MAPK and PI3K signalling cascades (adapted from Engelman et al, 2006) and agent avilgeteviarious
molecules involved in theespective signalling cascades

MAPK pathway inhibitors include farnesyltransferase inbisi{FTIs) which prevent membrane localisation of RAS, specific RAF inhibita)ss(RAfRs B

RAF inhibitors which target the V600E mutant form, and MEK1/2 inhibitors which as catalytic site inhibitors, prevent gtaigghand activation of ERK.
PIX pathway inhibitors include isoform specific p110 inhibitors,-B&8K inhibitors, dual PI3K/mTOR inhibitors which target all isoforms of p110 as well as

both mMTORC1 and mTORC2, AKT inhibitorsijA#hich are either allosteric or catalytic site inhilsgpand finally mTOR inhibitors which inhibit individual
or both complexes of mTOR.
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1.5.4 Anti-cancer prodrugs

Despite the increasing number of promising avenues for developing targeted therapeutics,
chemotherapy remains the backbone of cancer treatmektany efforts are striving to
improve the efficacy of standard cytotoxics and significantly decrease their toxicity. One large
area of research is currently adopting the prodrug approach which via simple chemical
modifications, aims to increase solubilistability, permeability as well as reduce side effects

of chemotherapy(Mahato et al., 2011) This is an attractive approach as due to poor
selectivity, chemotherapy targets many rapidly prolfiang cells including bone marrow, hair
follicle, blood and intestinal cells leading to unpleasant side effects including hair loss, nausea,
skin rashes and immunosuppression. Additionally, high doses of chemotherapy are often
required for highly proliferave solid tumours leading to rapid toxicity and often
discontinuation of treatmen{Keefe and Bateman, 201Zrodrugs currently representB%

of all approved drugs worldwide and are becoming increasingly attractive therapeutic
approachegEttmayer et al., 2004)Prodrugs typically are designed as biologically inert small
molecules whih are transformedn vivoto release the pharmacologically active components
(Knox and Connors, 1997They can be designed to target specific antigens, peptide
transformers or enzymes overexpressed in tumour cells. The design of prodrugs is highly
variable but often consists of conmations of the following components: the parent drug or a
close derivative, a chemical linker, a cleavable spacer designed to release the drug in the
presence of specific conditions (for example an enzyme or specific pH) and a targeting part to
aid specift delivery to tumour cell§Mahato et al., 2011)An example of a successful anti
cancer prodrug is capecitabine, an oral prodrug-élirauracil (8-U). Capecitabine is thought

to be absorbed inthe small intestine where it undergoes a cascade of three enzyme
bioconversions to release active-FdJ, with almost 100% bioavailability and minimising
systemic toxicityMiwa et al., 1998, Walko and Lindley, 200%) the absence of the essential
enzymes required for prodrug bioconversion, numerous modes of delivering exogenous
enzymes are under investigatiomé currently include the use of antibodies and gene vectors.
Here, an antibodyenzyme complex is initially delivered to bind to tumepecific antigens,

then the inactive prodrug is administered with the aim for it to be activatedivoby the
localisedenzyme(Sharma et al.,@5) Similaly, genes encoding a specific enzyme can also be
utilised by means of a vector to deliver the gene to specific tum@ashs et al., 2005 T hese
systems raise a number of caveats including immunogenicity oetlayme/geneantibody
complex, random activation of prodrugs by unbound enzyme/gamibody circulating in the

blood and conjugation heterogeneity, all of which are caveats which require addressing prior
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to safe usage of this technology. However despite ltmitations, the main advantage of these
systems is the hope for limited toxicity and since a number of enzymes are overexpressed in
tumours, it is anticipated this will lead to the development of potent aaincer agents.
Overall, the prodrug approacis a novel and versatile method which could be applied to a

wide range of parental molecules to improve their efficiency and limit toxicity.

1.6 Preclinical mouse models of colorectal cancer and their value to study translational

research
1.6.1 Genetically egineered mouse models as useful tools for translational research

Despite the significant progresses made in understanding the molecular mechanisms required
for tumourigenesis and subsequent development of novel-aaticer drugs, for CRC, only 1 in

10 conpounds successful at phase | evaluation are eventually approved by regulators
(Johnston and Kaye, 2001)his is largely tibuted to the drug development strategies
adopted and lack of accurate guidance from preclinical studies which often leads to major
failures at phase Il evaluation®obles and Varticovski, 2008h most drug development
strategies, target validatioand compound discovery is initially assessed in a variety of human
cancer cell lines. These are immortalized cell lines isolated and propagated from a variety of
human cancers, decades ago. Although they provide a useful, rapid and inexpensive approach
to identify lead compounds, they also suffer from a number of inadequacies. Cancer cell lines
maintained under culture conditions may be highly susceptible to genetic drift due to genomic
instability in cancer cells and this may affect reproducibility ofegxpents. Furthermorein

vitro conditions lack exposure to certain growth factors, interactions with stromal cells and the
extracellular matrix, all of which may contribute to survivability of cancer geNsvo (Watt

and Driskell, 2010)For years, the preclinical testing of lead compounds has relied on
xenotransplantation (xenogfg models. Xenotransplantation procedures usually involve a
subcutaneous injection of human cancer cells into the flanks of imratengpromised mice.

Here, lesions develop rapidly and are subsequently utilised to investigate the ability of
compounds to redce or halt tumour growth. Although this system addresses some of the
caveats raised bin vitro experiments, it still does not recapitulate a number of key processes
in cancer development. These including the sporadic nature of tumour formation, thesnativ
tumour microenvironment, angiogenesis required for survival, or a host immune response to

tumour development, all of which contribute to the characteristics of the primary tumour and
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its response to treatment. Most of these issues may be resolved byg ugénetically
engineered mouse models (GEMM) of cancer which more accurately recapitulate many
aspects of the disease. GEMMs have the potential to modelintghsic and celkextrinsic
factors that drivede novotumour formation and their progression tmetastatic disease.
Furthermore, these are useful for validating candidate genes involved in cancer development,
and also provide a valuable platform for drug testing and defining mechanisms of resistance

(van Miltenburg and Jonkers, 2012)

An increasing number of novel therapeutic agents have been evaluated in clinically relevant
GEMMSs and together, these highlight some exciting new avenues which should be explored
clinically. GEMMs & been used to assess a number of novel combination treatments, for
example, Engelman and colleagues showed that Kras mutant lung tumours efficiently regress
in response to combined PI3K/mTOR and MEK inhibitor treatrfiemgelman et al., 2008)
Similarly, De Raedt and colleagues evidenced combination of HSP9O0 inhibitor3hd iiAth

the mTOR inhibitor rapamycin as effective treatment against Kras driven turfidemRRaedt et

al., 2011) Olive and colleagues showed the benefits of adding a novel therapy to a cytotoxic to
improve outcome. Here, prereatment of mice with a smoothened inhibitor depleted tumour
stroma and increased chemotherapy delivery in a mouse modeho€reatic cancefOlive et

al., 2009) Furthermore, Singh and colleagues showed that Kras mutarnssmaticell lung

cancer (NSCLC) and pancreatic adenocarcinoma mouse models mimic clinical response to
EGFR and VEGF inhibitors, highlighting the use GEMMs in predicting clinical réSpuiset

al., 20L0). More recently, Chen and colleagues corid@R | Y-@HtzZA $A @IOR2Q § NR I |
mirrored an ongoing human trial testing the efficacy of MEK inhibitor AZD6244 with standard
of care treatment docetaxel, for patients with Kras mutant lung cancer. They demonstrated
that concomitant loss of Lkb1, a moit tumour suppressor and not p53 impaired response of
Kras mutant lung cancers to the combination treatment. As most patients recruited to clinical
trials are stratified according to single oncogenic drivers, the study by Chen and colleagues
highlighted wariation within the stratified group and explored key mutations underlying this

variation(Chen et al., 2012b)

Not only are GEMMs useful for identifying novel therapeutic strategies and mimicking the
human situation, but they are also powerful tools foudying acquired drug resistance and

may provide insights into the underlying mechanisms of this. Gilbert and Hemann showed that
stromal factors released from thymic endothelial cells created a chemoresistant niche for

lymphoma cell survival following cheith@rapy, allowing relapse in a mouse model for
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dzNJ A G (0 Q & (Gilbeit YahdKHeMann, 2010)Additionally, a recent study using the
doxycyclineinducible oncogenic PIK3EX R mutant breast cancer GEMM identified Myc
activation as a mechanism of resistance to PIK¥¢Ade-activation, elegantly indicating this

may induce resistance to PI3K targeted therapigs et al., 2011)

Despite this,genetically enginered tumour models also have their intrinsic shortcomings.
Generating GEMMs with multiple driver mutationsnist only time consuming and costly but
transgene expression in many GEMMs often surpasses levels of proteins ever observed in
patients (Lin, 2008) Furthermorenot all preclinical studies using GEMMs have predicted
clinical response in humans. For example, altho@jive et al identified the hedgehog
inhibitor Vismodgib to deplete stomal tissue and improve Gemcitabine delivery inusan
pancreatic dutal adenocarcinoma model, the combination of thesanpoundsin a human

phase liclinical trialdetrimentally reduced survival of patients by 6 month in comparison to

the control arm of Gemcitabine only therattp://www.olivelab.org/ipi-926-03.htmi).

As such, an increasing number of tical studies employ the use of patient derived tumour
xenograft(PDX)models. These models involve immediate transplantation of resecte@mtati
tumours into immunocompromised micegliminating an intermediatein vitro propagation

step (Parmar et al., 2002, Kuperwasser et al., 2064iythermore, PDX models allamgoing
propagation of tumour lines within murine hosts without the compromising conditions
encountered bycontinuousin vitro culturing (Jin et al., 2010)These models have been shown

to remain faithful to cellular complexitand heterogeneity, tumour architecture including
vasculature and supporting stromal tissas well as chromosomal architectu(@aniel et al.,

2009) PDX models of melanoma, breast, pancreatic, ovarian, lung and colorectal cancer have
been successfully established and have also been shown to display similarities to the donating
patients with regards to chemotherapy responsedid) credence to these modg|Pecaudin,

2011) Nevertheless, PXD models also have their shortcomings. The engraftment frequency
and growth ate is known to vary considerably between patients perhaps suggesting
dependence of some tumours on the surrounding tumour microenvironment. Other factors
likely to contribute to ineffective tumour engraftment include the time inbetween resection
and implantation, lack of supportive growth factors and perhaps an inhospitable site for a
particular tumour typeFurthermore, these models heavily rely on patient material which may
not be readily accessibléreviewed in Williams et al., 2013Pespite this, PDX models
represent an exciting avenue in cancer researcrtigularly for translational studies as they

allow direct evaluation of patient material within a laboratory setting.
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1.6.2 Overview of conditional transgenesis techniques

The genetic modification techniques developed in the 1980s by Capecchi, Evans and Smithies
to generate mice with targeted disruptions has indisputably revolutionised biomedical
research(Evans and Kaufman, 1981, Thasmand Capecchi, 1987, Doetschman et al., 1987)
Since then, numerous constitutive gene knockout mice have been generated to study gene
functionin viva Although this has provided some useful insights into the physiological role of
many genes, a laggnumber of genes involved in tumourigenesis are also required for normal
development and hence manipulation of these results in embryonic or perinatal lethality. To
circumvent this, the heterozygous form is often studied however this is frequently icisutfi

for tumour formation. Additionally, constitutive knockout mice display phenotypes in a
number of tissues as the gene manipulation is cell autonomous and not limited to a specific
tissue type and so, may mask tissue specific effects. Since then, lzenofritechniques have
been adopted to investigate tissue specific gene manipulation and includenTand Tetoff

systems as well as sipecific recombination techniquéMiller, 2011)

The Tetracycline Operator (TetO) system developed by Bujard and Gissengversible
method used to control temporal and spatial expression of target genes. It has two variants:
the tetracycline controlled transactivator (tTA) or the Tt system, and the reversd A

(rtTA) or the Tebn system. Here, the tTA made upatetracycline repressor protein (TetR)

and the VP16 protein produced by Herpes Simplex Virus, is placed under control of a tissue
specific promoter. The expressed protein is able to bind its targetl9bp Tetracycline
operator (TetO) sequence in a sep@rdransgene and in doing so, allows expression of the
target gene of interest downstream of the operator. Tetracycline derivatives such as
doxycycline are used to antagonise this system as they are able to bind to the tTA protein and
prevent it binding tothe TetO sequence, therefore doxycycline addition switches off target
gene expression. Alternatively, the T@h system utilises the rtTA which is capable of binding

to TetO sequences only in the presence of dgelyiee and hence the addition of doxycydi

in this system initiates target gene express{@ossen and Bujard, 1992)

Sitespecific DNA recombinatiosystems are also used to manipulate the mouse genome in a
temporal and spatial manner. The doxP (causes recombination (Ccdpcus of crossover of
bacteriophage P1 (loxP)) system involves addition of Cre, a DNA recombinase under the

control of a chosn promoter, and loxP sites which are 34 base pair sequences from
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bacteriophage PBaue and Henderson, 1988)nduction of cre recombinase activity, usually
using a xenobiotic, will catalyse recombination between loxP sites and usually orientation of
loxP sites determines either inversion or excision of the flanked DNA fragment. Most
commonly, loxP sites flank the essential part of a gene or flank a transcription terminating
stop-cassette. This will either excise the essential part of the gene and hence inactive the
gene, or, excise the transcriptional stopssette and activate the ger{®rban et al., 1992)

This system is most commonly used to exploit inducible promoters and tissue specific
promoters. Inducible promoters which are transcriptionally silent under normal physiological
conditions can be activatedt a given time by administration of a xenobiotic. Tissue specific
promoters on the other hand are often manipulated using pipahslational approaches to
offer temporal control. An example of a pesanslational approach most commonly used is
the CreERtransgene(Feil et al., 1997)This transgene encodes for a amcombinase
estrogen receptor fusion protein which is only activated in the presence of the estrogen
antagonist tamoxifen and not endogenous oestrogen. Tamoxifen is able to bind to the ER
domain of the fusion protein and allow nuclear localisation wherési@able to catalyse
recombination between loxP sites. Finally, both systems can be integrated to create tighter
control of inducible promoters which are commonly expressed in a number of tissues. This
avoids expression of inducible promoters during depaient as complete cre induction

would require both xenobiotic and tamoxifen administratigemp et al., 2004)

An alternative to the CHoxP system is the FIEFRRT system which works in the same manner.
FLP is a recombinase extracted from yesatcharomyces cerevisiand is inserted as a
transgene ito the mouse genome along with FLP recognition target (FRT) sites which flank the
gene of interest in the same manner as loxP s{@$orman et al., 1991, Dymecki, 1996)
Additionally, a FLLER transgene has also been developed to enable tighter control of

recombination, much like the GifeRtransgene.

In addition to temporal and spatial gene manipulation, Tet based systems antbxPre
systems can be integrated to include lineagpcific gene expression in mice. These systems
whilst require complex breeding programs and an extensive nurab&ansgenes integrated

into one mouse, rely on promoter specificity of the Cre transgene to determine where the Tet
based system is active. Nevertheless, this system provides additional control over where the
transgene is activated and the period of &nfior which it is activated, providing a powerful

tool for lineage tracing experimen{Sun et al., 2007)
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1.6.3 Modelling colorectal cancer in the mouse

Before the advent of conditional transgenesis techniques, much of cancer research relied upon
chemical mutagenesis s@as to cause random disruptions in the mouse genome which then
randomly gave rise to tumours. From this, emerged the first mouse model of human FAP, the
Apcd"™ mouse(Su et al., 1992)These mice have a germline mutation in the tumour suppressor
Apc, and heterozygous miceewklop numerous polyps in the small and large intestines.
Although this model has proven to be widely useful in investigating various candidate cancer
genes and therapeutic regimens, it is limited in its ability to model other aspects of

tumourigenesis sutas tumour progression and metastasis.

The availability of a number of inducible and tissue specific promoters as well as various loxP
targeted tumour suppressors and oncogenes has allowed more faithful mouse models of
human CRC to be developédost commonly, the tissue specific promoter VillinGed Marjou

et al., 2004)and the induible promoter AhCréKemp et al., 2004ye used in developing CRC
GEMMs.AhCreER mediated heterozygous deletion of Apc and homozygous deletion of Pten
leads to development of invasive adenocarcinoma in the simi@btine (Marshet al., 2008)
Similarly, heterozygous of deletion Apc and oncogenic activation of Kras driven by VillinCreER
also leads to invasive adenocarcinomas of the small intes(lassen et al.,, 2006)
Furthermore, Ink4a/Arf deletion in the presence of oncogenaskiriven by VillinCreER leads

to development of metastasi@Bennecke et al., 2010 recent study in the lab investigating

the synergy between Pten deletion and Kras activation in the murine intestine found in the
presence of a heterozygous Apc mudatj this lead to rapid onset of tumourigenesis however,

in the absence of Apc, mice developed metastatic carcinoma over a long latency (Davies EJ,
unpublishedl These models not only provide valuable tools for investigating progression of
tumourigenesis buthey also represent differing stages of the disease in particular metastasis

which could be hugely beneficial for testing novel therapeutics.
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1.7 Aims and Objectives

The main aim of this thesis was to evaluate novel therapetititegjies for CRC utilising valid
mouse models of the disease. For this, | first aimed to evaluate PI3K and MEK inhibitors for
Pten and Kras mutant CR@s¢l Y2 dza S Qb éxploke@@ir ciin®ail dppligaHoand

secondly, to chiaacterise novel R Tide agents aimed to overcomeFd resistance iGRCs.

To address the first objective | aimed to utilise four GEMMs of CRC mutant for combinations of
Apc, Pten and Kras, to investigate inhibition of the MAPK pathway through the MEK inhibitor
MEK162, andnhibition of the PI3K pathway through the dual PI3K/mTOR inhibitor- NVP
BEZ235 (both supplied by Novartis pharmaceuticdle four mouse models used here
represent four clinically relevant tumour genotypes for human QR{ined to explore the
short tem antitumour activity of singleagent treatment at various time points following
administration, in each genotype as well as early pharmacodyneffécts of agents through
assessing their effect on signal transduction. | also aimed to evaluate the thgi@potential

of MEK and PI3K/mTOR inhibition by conducting long term treatment experiments to
investigate the impact of continuous drug administration on survival and tumour burden of
mice. Furthermore, given the extensive craalk between MAPK and 3 pathways, | also
aimed to investigate the therapeutic potential of combined MEK and PI3K/mTOR inhibition in

the genetically differing tumour models. These investigations are described in chagers 3

The second objective of this thesis addressed tasi® to the most commonly used
chemotherapeutic agent for CRC;fl&auracil (5FU). A key enzyme implicated in the
resistance to 8-U is Thymidylate synthase (TSim®urs become resistant by upregulation of

TS and therefore the main objective here wasdevelop and characterize novel ProTides,
similar to prodrugs, which could potentially target the increased TS in resistant tumours and
result in an increased antimour activity. The ProTide compounds designed and synthesised
08 t NBF / KNlodp (Repaiirdehtdf Bh&riacy IQakdiff University), use the- anti
viral compound Brivudin (BVDU) as the parent compound. The BVDU metabolite BVdUMP is a
substrake of TS however the charge of BYMP prevents passive entry into cells. The ProTide
method temporaily masks the charge on compounds to allow entry of the compound into the

cell through the addition of additional chemical groups which are subsequently cleaved upon
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entry into the cell to release the active compound. The hypothesis therefore suggested
ProTide agents would present with increased &ntnour activity in TS upregulated settings.
ProTides with differing structures were synthesised by collaborators and first evainatécb

in normal and TS upregulated cancer cells using cell viabilitycalothy forming assays to
identify compounds potent in cancer cells but also those more potent in TS overexpressing
cells. A handful of lead compounds were then assessedivo in a short time point
experiment to investigate thén vivopotential of agents Two potent compounds were then
selected for long term treatment in an invasive mouse model of CRC to investigate long term
the effect on survival of mice. Additionally, | aimed to model upregulation of TS through long
term administration of 5U. The ainihere was to investigate the artimour effects of the

selected compounds in a TS upregulated tumour setting. This work is described in chapter 7.
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2 Materials andMethods

2.1 Experimental Animals
2.1.1 Animal Husbandry

All experiments involving animals were carried out in accordance with national Home Office
regulations (Animals (Scientific Procedures) Act 1986), under valid project and personal

licences.
2.1.2 Colony Maintenance

All mice used in this thesis were of an outthrieackground. Mice had access to diet (Special

diets service UK, PM3J[E]) and fresh drinking watklibitum
2.1.3 Breeding

Adult animals of known genotypes were bred in trios consisting of one male and two females.
Pups were weaned at around 4 weeks of agd aar biopsies were taken for identification
and genotyping purposes. All mice were genotyped to determine the correct alleles were

present before being used for experimental or breeding purposes.
2.1.4 Genetic Mouse Models

A number of transgenic mouse modelem used 6r this study (origin ofallelesused is
outlined in table2.1 below). Two @& recombinase transgenes were used in this study,
VillinCre, which is expressed in the intestinal epithelium, Ah@re, which is also expressed in
the intestinal epithéium as well as the liver and skin. Ba@lne recombinase transgenes are
fused to a mutated estrogen receptor proteifhis ensures that ther€ recombinase protein

will only translocate to the nucleus in the presence of tamoxifietice bearing the (@
recambinase transgene were crossed with mice bearing one or more targeted alleles including
Apc, Pten and an oncegic Kras knock in allele. Fig &la schematicepresentation of how

gene knockn and knockut was controlled.
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Transgene

Transgene detad

AhCreER (Ireland H et al., 2004)

Intestinal epithelium, liver and skin cells

VillinCre ER (El Marjou et al., 2004)

Intestinal epithelium

LoxP targeted Apc allele (Shibata et &
1997)

Endogenous Apc allele bearing loxP sites flanking exon

LoxP targeted Pten allele (Suzuki et 4
2001)

Endogenous Pten allele bearing loxP sftaskingexons 4
and 5

Kras knockn (Guerra et al., 2003)

Mutated (G12V) Kras allele bearing loxP sites flankin
OGN yAONRLIiA2yE adGg2L) OF aj
endogenous allele

Table2-1 Outline of transgenic mice used in this thesi
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f Conditional Gene Knockout
|

oxP flanked gene Cre Recombinase transgene

essential exons o
‘ A— — Crerecombi _—

loxP loxP
ﬂ «— Induce with tamoxifen

\ Floxed gene /
Oncogenic Kras Knock-in \

Kras knockin Cre recombinase transgene
Stop cassette X
—A A—F—— et 5 ‘—
—{—]— —1 Cre rec
loxP loxp ~ Krastev)

+«—— |nduce with tamoxifen

_/

Figure2.1 Schematic representation of transgenic mouse techniques used in this thesis

Mice that bore loxP flanked genes and the Cre recombinase transgene were generated for
experimental use. @ditional knockout mice such as Apc and Pten had the endogenous allele
replaced by one which contained loxP sites flanking essential exons of the gene. When
activated, Cre recombinase recombined DNA at loxP sites causing deletion of essential exons
simulaing gene knockout. For conditional kneickmice such as the oncogenic Kras krimck
mouse, one endogenous allele is replaced with an oncogenic version whereby in this case
Glycine is replaced with Valine at codon 12 resulting in a missense mutaticems&riptional

stop cassette flanked by loxP sites is inserted upstream this gene. Activation of Cre
recombinase causes recombination between loxP sites resulting in deletion of the

transcriptional stop cassette and expression of the oncogenic Kras allele.
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2.2 Experimental Procedures
2.2.1 Ear Biopsies

Ear biopsies were taken using a 2mm ear punch (Harvard Apparatus) from individual mice and

used for identification purposes as waBDNA genotyping of individual mice.
2.2.2 Administration of Tamoxifen

Animals expressinyillinCreEstrogen ReceptorV{ICreER) fusion protein were induced by
Tamoxifen treatment. Corn oil (Sigma Aldrich) was heated to 80°C in a water bath and
powdered Tamoxifen (Sigma Aldrich) was added to give a concentration of 10mdpenl. T
solution was further heated until the Tamoxifen had dissolved and was kept at this
temperature until just prior to administration. A dose of 80mg/kg was administered by-intra

peritoneal (i.p) injection to each animal, once daily for four consecutive.day
2.2.3 Administration of betaNapthoflavone and Tamoxifen

Animals expressing the AhCreER transgene were induced by Tamoxsseiveti in beta

y I LIG K2 F NRF, gigma 8ldrioh). y A G A | £ f & BF, dom oil¥vhs|h&atedizb POPC in a
water bathand powder NF was added to give a concentration of 10mg/ml. The solution was
further heated until thel NF had dissolved completely. Aliquots were frozen in small amber
glass bottles at20°C and defrosted as required. THeF solution was defrosted and heated to
80°C in a water bath to which powdered Tamoxifen was added to give a concentadtion
10mg/ml. A dose of 80mg/kg was administered by i.p injection to each animal, once daily for

four consecutive days.
2.2.4 Treatment strategy for NVBBEZ235 and MEK162

To invesigate the therapeutic potential of PI3K/mTOR and MAPK inhibition in the various

mouse models, two main mebds were utilisd.

1) To assess the early pharmagymamic effects of respective drugs, mice were exposed
to respective inhibitors form series of tmel,J2 Ay i onX y 2NJ Hn K2 dzNE
mice). This would provide valuable insight into immediatgi-tumour effect drug
administration had on various tumour types.

2) To investigate the long term therapeatpotential of respective inhibitorsa time

point was chosen to start continuous treatment when mice were known to have a
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significant tumour burden to avoid prophylaxis treatment. Treatment was continued

(as specified for each cohort) until a defined end point.

The schematic in figure 2describesacuteand chronidreatment regimensused in this study

and table 2.2 outline details for chronic treatment regimens for individual mouse models

=Acute treatment strategies

Monitor for symptoms of tumour burden

Induction Single dose of inhibitor Cull:
when mouse displays 4,8, or 24 hours
symptoms of tumour post exposure
burden

®Chronic treatment strategies

Induction Start continuous Cull: )
When mouse is

symptomatic of
disease

treatment of inhibitor
from a chosen start
point post induction

Figure2.2 Schematic description of treatmentegimens used in this thesis

Outline of treatment regimens used to investigate therapeutic potential of inhibitors. For
investigation of immediate artumour and pharmacodynamic effects of inhibitors, an acute
treatment strategy was used (as outlinedsaction 2.2.4). To determine whether continuous
treatment improved survival of mice, a chronic treatment strategy was undertaken whereby
mice were started on daily treatment at a chosen start point following induction (as outlined
in table 2.2)
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Mouse model Median survival [ Chronic treatment start point
(days post induction)| (days post induction)

VillinCreER AfE 270 220

AhCreER AftPter 100 77

VillinCreER AJE Krags* 153 100

VillinCreER AJ¢ Pter" Kragst* 41 22

Table2-2 Outline of chronic treatment start points for each mouse model used in this stut

2.2.4.1 Short term administration of compounds

Mice which presented with symptoms of intestinal tumour burden, indicatedohle feet,
bloating or rectal bleeding were exposed to a single dose of 35mg/kgBEZR35 or 30mg/kg
MEK162 by oral gavagand were culled at either 4, 8 or 24 hour time poifddowing drug

administration.
For short termcombination studies 3 diffengtreatment strategies were employed:

1. Combo 1: rice were exposed to 35mg/kg N\BEZ235 first followed by 30mg/kg
MEK162 1 houafter, and culled sours following last drug administration.

2. Combo 2: nte were exposed to 30mg/kg MEK162 first followed bmm@ikg NVP
BEZ235 1 hour after, and culled either 4 or 24 hours following last drug administration.

3. Combo 3: nte were exposed to 35mg/kilVRBEZ235 followed immediately by
30mg/kgMEK162 and culled Hours following drug administration.

2.2.4.2 Long term administation of NVRBEZ235

NVRBEZ235 (Novartis Pharmaceuticals) was resuspended in 0.5% Methyl cellulose (MC, Sigma
Aldrich) and vortexed to form a milky solution. The solution was then administered at
35mg/kgonce daily (€D)or twice-daily (T-D) by oral gavag (Harvard apparatus) according to

cohorts.
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2.2.4.3 Long term administration of MEK162

MEK162 (Novartis Pharmaceuticals) was suspended in 1% Canethyl cellulose (CMC,
Sigma Aldrich) in 0.5% TwéB(Sigma Aldrich) and vortexed to form a transluscent solution
The solution was then administered at a dose of 30m@fikge daily (€D) or twice-daily (T-D)

by oral gavage (Harvard Apparatus) according to cohorts.
2.2.4.4 Long term administration of Combination

NVRBEZ235 and MEK162 were prepared as outlined above in se2t®4.2 and 2.2.4.3
respectively. The NVBEZ235 solution was administered at 35mg/kg first followed by MEK162

administered an hour later at 30mg/kg ondaily or twicedaily according to cohorts.
2.2.4.5 Vehicle treatment for NVIBEZ235 and MEK162

Controls 0f0.5% MC (SigmAldrich) were administered by oral gavage (Harvard Apparatus)

according to the volume administered for the drug counterpart.
2.2.5 Treatment strategy for BVDUWroTide compounds
2.2.5.1 Short term administration of selected compounds

Selected ProTides arnthymectacin (synthesised I8tephanie Rats an8ahar Kandil, Cardiff
University) were dissolved in a 50:40:10 [w/w/w] PEG300 (Sigma Aldrich):Ethanol:Tween 80
(Sigma Aldrich) solution to give a 50mg/ml stock solution, which was stored at 4°C. For
administation of 50mg/kg, the stock was diluted 1/20 in 1X Phosphate Buffered Sol&i, (
Invitrogen). AhCreER ApdPter!” mice aged 85 days post induction were administered at
500ul/25g mouse by oral gavage (Harvard Apparatus) once daily for 4 days (n=4 mice per
cohort). Mice were acrificed 6 hours after the finaloseand were also administered BrdU 2

hoursprior to cullng as described in section 2.2.6
2.2.5.2 Long term administration of selected compounds

CFP472, CFP31&hd Thymectacin (synthesised by Sahar Kandil, Cardiff University) were
prepared as outlined above to form a stock of 75mg/ml, which was stored at 4°C fys5 d
The stock was then diluted and administered as outlined above. AhCreERPA@d" mice

aged 77 days post induction were treated daily until a survival end point (n=15 mice per

cohort).
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2.2.6 Administration of BrdU

Where indicated, mice received aexcessive dose of -Bromo2-deoxyuridine (BrdU,
Amersham Biosciences) in order to label cells in Hphase of the cell cycle. Migeceived

10ml/kgBrdU byi.p injection 2 hours prior to culling.

2.3 Polymerase Chain Reaction (PCR) genotyping
2.3.1 DNA extraction from ear biopsies

Mouse ear biopsies were collected after weaning and store@@iC for DNA extraction. The
tissue was digested in 250ul lysis buffer (Purgene) containing 0.4mg/ml Proteinase K (Roche),
overnight at 37°C with agitation. Protein was th@mecipitated by addition of protein
precipitation solution (Purgene). The solution was mixed by inversion and protein and any
remaining debris was pelleted by centrifugation at 14000 x g for 10 minutes. The supernatant
was added to 250pl isopropanol toqmipitate the DNA. The mixture was then inverted and
centrifuged at 14000 x g for 15 minutes to pellet the DNA. The supernatant was discarded and
the pellet was allowed to air dry for 2 hours before resuspending in 250ul of PCR grade water
(Sigma Aldrich).

2.3.2 Generic PCR genotyping protocol

PCR reactions were carried out to detect the presence of loxP sites in targeted alleles. The PCR
primers used in each reaction were designed using the web based program Primer 3.
Reactions were carried out on 96 well PC&gd (Greiner Bi®ne). 2.5ul of genomic DNA
(gDNA) extracted from individual ear biopsies or control PCR grade water was pipetted into
individual wells, and a PCR master mix containing PCR grade water (Sigma Aldrich), magnesium
chloride (Promega), dNTPZ5(mM dATP, dTTP, dGT&TP (Bioline)), DNA polymexdgither

Dream Taq (Fermentas) or GO taq (Promega)), PCR buffer (Promega) and gene specific primers
(Sigma Genosys) were added to each well to make a final volume of 50ul (primer sequences
and reactionmixtures for each PCR are outlined in table)2The 96 well plates were then

sealed with aluminium foil seals (Greiner B)ae),and air bubbles were eliminated by tapping

the sealed wells of the plate on a hard surface. The reactions were run in &&8wcycler

(G storm), individual reaitin cycling times are described in table 2.4.
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2.3.3 Visualisation of PCR products

PCR reaction products were visualised by gel electrophoresis. 2% agarose gels were made by
dissolving agarose (Eurogentech) 2% [w/v] in IXBorate EDTA (TBE) buffer (Sigma Aldrich)
and heated in a microwave until boiling. Once boiling, the gel solution was quickly cooled
under a running tap and 14ul of Safe View (NBS biological) was added per 400ml of gel
solution (Safe View is a nucleiddastain which allows visualisation of DNA as it binds to DNA
and fluoresces under UV light). The gel was then poured into clean mouldRgBjoand

combs were placed to create wells. Once set, the gels were placed into gel electrophoresis
tanks (with ther moulds to prevent slippage) and covered with 1X TBE (Sigmal Aldrich), Safe
View (NBS Biologicals) was also added to the buffer. 5pl of loading dye (50% Glycerol (Sigma
Aldrich), 50% ultrapure d#, 0.1%j{v/v] bromophenol blue (Sigma Aldrich)) was addedach

PCR product sample, mixed by pipetting and then added to individual wells. A molecular
weight marker was added to one well to ensure correct PCR product size. The gel was then run
at 120V for approximately 30 minutes. Following this, PCR produais vigualised using a
GelDoc UV Transilluminator (BRad) and images were captured using GelDoc software (Bio

Rad).PCR product sizes are outlined in table 2.5.

DNA extraction, PCR and visualisation of PCR products by gel electrophoresis was repeated for

all experimental animals once dissected tecanfirm original PCR genotyping

Gene C2NBI NR LINAYSMIOASI|WSOSNES LINAYBRLAES

Cre specific | TGACCGTACACCAAAATTTG ATTGCCCCTGTTTCACTATC

ApcloxP GTTCTGTATCATGGAAAGATAGGTG| CACTCAAAACGCTTTTGAGGGTTG

PtenloxP CTCCTCTACTCCATTCTTCCC ACTCCCACCAATGAACAAAC
KrasloxP AGGGTAGGTGTTGGGATAGC CTGAGTCATTTTCAGCAGGC
stop

Table2-3 Primer sequences used for gene specific PCRs
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Cre specific | ApcloxP PtenloxP KrasloxP-

stop

PCR reaction Mix

gDNA 2.5ul 2.5ul 2.5ul 2.5ul

PCR grade water 31.7ul 31.7ul 31.7ul 31.7ul

GO Taq PCR buffer 10ul 10ul 10ul 10ul

1.5mM MgC} 5ul 5ul 5ul 5ul

dNTPs 0.4pl 0.4pl 0.4pl 0.4ul

Primer 1 (100mM) 0.1ul 0.1ul 0.1ul 0.1ul

Primer 2 (100mM) 0.1ul 0.1ul 0.1ul 0.1ul

Taqg DNA polymerase 0.2ul 0.2ul 0.2ul 0.2ul

Brand of Taq polymerasg GO Taq Dream Taq | Dream Tagq | Dream Taq

PCR cycling conditions

Initial denaturation 3 min, 94°C | 3 min, 94°C | 3 min, 94°C | 3 min, 94°C

Cycle number 30 at: 30 at: 35 at: 30 at:

Step 1:denaturation 30 sec, 95°C| 30 sec, 95°C| 1 min,94°C | 1 min, 94°C

Step 2: annealing 30 sec, 55°C| 30 sec, 60°C| 1 min, 58°C | 1 min, 60°C

Step 3: extension 1 min, 72°C | 1 min, 72°C | 1 min, 72°C | 1 min, 72°C

Final extension 5min, 72°C | 5min, 72°C | 5min, 72°C | 5 min, 72°C

Hold at 15°C | Hold at 15°C | Hold at 15°C | Hold at 15°C

Table2-4 Outline of PCR reaction mixtures, cycling conditions

PCR product size | Cre specific | ApcloxP PtenloxP Krasstop-

(bp) loxP

Wild-type 266 228 403

Targeted transgene | 1000 315 335 621

Table2-5 Outline of PCR product sizes
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2.4 Tissue sample preparation

All tissues were dissected immediately after animal sacrifice to adegtadationof RNA,

protein and phospheproteins.
2.4.1 Dissection of Organs

Mice were culled by cervical dislocation and placed on their backs. 70% ethanol was sprayed
over the abdomen andhe abdominal cavity was opened first by cutting through the skin and
then through the muscle wall. The stomach and intestinesewiinst dissected out (below,
section 2.4.2, the stomach was opened longitudinally and contents removed prior to fixing.
The kdneys, liver, spleen, pancreas and a small section of the abdominal skin were then

dissected out and fixed along with theomach (described in section 2.5
2.4.2 Dissection of intestines

The intestines were first removed along with the stomach. The attachrbetween the
stomach and the oesophagus was cut and the stomach was gently pulled out of the mouse
taking along the intestines carefully removing all attached mesentery. Once the whole
intestine was removed, the stomach was cut at the #esdcal junctia and the caecum was

cut from the small intestine and the colon. The contents of the small intestine and colon were
removed by flushing with cold wer and fixed as described in section 25ior to fixing and if
required, the intestines were opened lomgdinally and small intestine tumours, a small
section of normal small intestine, colon polyps and a section of normal colon were dissected
out and immediately placed into cleanicrotubesand quickly snap frozen in liquid nitrogen

for either protein or RNA extraction.

2.5 Fixation of tissues

2.5.1 Formalin fixation

A 2 4 A 9~

az2aill GraadzSa RAA4ASOGSR 6SNB WjdAa O]l FAESRQ Ay
24 hours, as majority of commerciallyailable antibodies for immunohistochemistry analysis

work well with formalin fixed tissues. This included the liver, pancreas, spleen, kidneys and
stomach as well as the intestines which after flushing with water, were cut into 10cm lengths,
opened longi dZRAY I f £ & YR NRffSR Ayid2 WagAiraaonNR{faQ

sectioning of the intestine.
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2.5.2 Methacarn fixation of intestines

To allow analysis of total macroscopic tumour number and size, a methacarn solution (a 4:2:1
ratio of methanol,chloroform and glacial acetic acid) was used for fixation. Once flushed with
cold water, the small intestine and colon were opened longitudinally on blotting paper and
placed into a methacarn bath overnight. Tumour number and size were accurately measured
dzaAy3 | NMz SNI 6SF2NB NRfftAy3a (GKS AydSadaySa

2.5.3 Processing of fixed tissue

After fixation for 24 hours, all tissues were removed from fixative solutions, placed in a
cassette (Fisher) and processed using an automatic processor (Leica TP1050). This involved
dehydrating the samples through increasing gradient of alcohols (70%adtfearl hour, 95%
ethanol for 1 hour, 2x 100% ethanol for 1 hour 30 minutes, 100% ethanol for 2 hours) and
finally soaking in xylene (2x xylene for 2 hours). The tissues were then placed in liquid paraffin
for 1 hour, then again twice for 2 hours. Finallye tissue samples were removed from their

cassettes and embedded in paraffin wax by hand and allowed to harden.
2.5.4 Sectioning of fixed tissue

Paraffin embedded tissues were cut into 5um sections using a microtome (Leica RM2135),
placed onto Pol-Lysine(PLL) coated slides and baked at 58°C for 24 hours. The sections
were then used either for Haemotoxylin and Eosin (H&&hisg (described in section 2.6.4

or immumhistochemistry (IHC)(described in section 2.6.3

2.6 Histological Analysis
2.6.1 Preparation ofsections for staining or IHC

Paraffin embedded tissue sections on PLL coated slides were fivgaxt by placing in two
consecutive baths of xylene for 5 minutes each. The sections devoid of paraffin were
rehydrated down a gradient of alcohol baths (DO0% ethanol, 95% ethanol, 70% ethanol) for

2 minutes each and then placed in a bath of distilled water in preparation for staining or IHC.
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2.6.2 Immunohistochemistry (IHC)

IHC was used to visualise the presence and localisation of various proteins on eissoress A
generic IHC protocol is outlined lirelow in section 2.6.3 anspecific conditions and antibody

dilutions are detailed in table 2.6
2.6.3 Generic IHC protocol
2.6.3.1 Preparation of sections for IHC

Paraffin embedded tissue sections on PLL coated slides deeveaxed and rehydited as

previously described in section 2.5.3.
2.6.3.2 Antigen retrieval

The antigen retrieval step was carried out to break ciloddéng bonds formed between
proteins during fixation and therefore unmask hidden antigens. This typically imivbkeating
the tissue section slides in 1X citrate buffer (10X Sodium citrate, pH6, Thermo Scientific),
either in a microwave, a pressure cooker or a water bath. After boiling, the slides were

allowed to cool in solution for up to 1 hour before washingistitied water.
2.6.3.3 Blocking of endogenous peroxidases

The antibody visualisation system wused here involves an enzymatic reaction of
0Z0QRAFIYAY20SYT ARAYS 65! .0 OFidlFlfteadaSR o6& K2N&S
non-specific enzymatic action of dogenous peroxidases present in the tissue sample, a
peroxidase block was utilised. Slides were incubated in a 3% hydrogen peroxide solution (30%
stock, Sigma Aldrich) for 15 minutes at room temperature which irreversibly inactivates
endogenous peroxidaseSlides were then washed in distilled water and then in wash buffer,

each for 5 minutes.
2.6.3.4 Blocking of norspecific antibody binding

Nonspecific binding of antibodies was blocked by incubating tissue sections with serum from
a different animal to which th primary antibody used was raised in. A hydrophobic barrier
pen was used to outline the tissue section on the PLL coated slides. Serum was then diluted in
wash buffer to a known concentration which sufficiently prevents -spacific antibody
binding and issue sections were then incubated in serum block for an optimised period of
time in a humidified slide chamber. Serum block was removed and tissue sections were

incubated with primary antibody without washing.
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2.6.3.5 Primary antibody incubation

Tissue sectionsvere incubated with primary antibody diluted in blocking serum (same
concentration of serum in wash buffer used for blocking) at working conceoig(described

in table 2.§. Incubation was carried out either for 1 hour at room temperature or overraght
4°C, in a humidified slide chamber. After incubation, slides were washed three times in wash

buffer to remove residual unbound primary antibody.
2.6.3.6 Secondary antibody incubation

Tissue sections werthen incubated with secondary antibody, typically a 102@ilution in
normal serum diluted in wash buffer. The secondary antibody used, was raised in the same
animal in which the primary antibody was raised in to ensure specific binding only to the
antigen of interest. Secondary antibodies were typically intedbafor 30 minutes in a

humidified slide chamber. The slides were then washed three times in wash buffer.

Most secondary antibodies used were biotinylated, and therefore an additional signal
amplification step was required to allow HRP binding to the secondary antibody. Other
protocols required use of the Envision plus kit (DAKO) in which tissue sectionmewdrated

in a prediluted secondary antibody conjugated to HRP, in which case a signal amplification
step was not required and antibody binding could be immediatedyalised after washing off

excessecondary anbody (signal detected described in secti2.6.3.7
2.6.3.7 Signal amplification

Signal amplification was required for biotinylated secondary antibodies. This involved
formation of a complex called avidin, which was bound to the HRP, using the Vectastain
AvidinBiotin Complex (ABC) kit (Vector labs)e TABC reagent was prepared following
YIydzFF OGdzNENRaA AyaidNHzOGAz2ya Ay gl akK odzFFSNI
formation. Tissue sections were then incubated in the ABC reagent for 30 minutes at room
temperature in a humidified slide chamber foee being washed three times in wash buffer.

Sections were then ready for signal detection.
2.6.3.8 Detection of signal

The antigen of interest was visualised by the production of a coloured stain. This was

produced as a result of a substrat@zyme reaction. T & dz0 a i N} G§S dz&A SR KSN
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diaminebenzidine (DAB) which was catalysed by the HRP enzyme bound to the secondary
primary antibody complex to produce a brown coloured stain. The DAB reagents (DAKO) were
LINSLI NBR o0& TF2ff2gAy 3 pridrib dzdubabon.drssheNsBciionRwerd S O (i A 2
incubated with DAB reagents forl® minutes at room temperature. Excess DAB reagent was

removed by washing tissue sections in distilled water.
2.6.3.9 Counterstaining and cover slip mounting

Tissue sections were incub&®e Ay al @ SNR& | I SYF fdzy owed ! @ [ YO
and then washed under a running tap for 5 minutes. The slides were then dehydrated through

an increasing gradient of alcohols (1X 70% ethanol, 1X 95% ethanol, 2X 100% ethanol) for 2
minutes e&h and finally cleared in 2X xylene baths for 5 minutes each. Slides were removed

from xylene, mounted in DPX medium (R. A. Lamb) and an appropriate sized cover slip as

placed on the tissue section before being left to air dry in a fume hood.
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Primary antibody Manufacturer | Antigen retrieval | Non-specific signal block Wash buffer | Primary Secondary antibody | Signal
conditions antibody amplification
conditions step
Anti-BrdU BD 20mins, 100°C Peroxidase: envision [ PBS 3X 5mirl 1:150 in 1%]| Envision+ HRP[ N/A
Biosciences water bath +block (DAKO) 20mins washes BSA for 1hr at| conjugated anti
#347580 Serum:1%BSA RT mouse (DAKO) 30min
1hr both at RT at RT
Anti-Cleaved caspase | Cell Signaling 15mins at pressuregl Peroxidase: 3% HO, | TBS/T 3X 1:200 in | Biotinylated anti | ABC kit (Vector
(Aspl75) Technology using pressure[ 10mins 5min washes | 5%NGS  for| rabbit 1:200 (Vector| Labs)
#9661 cooker Serum:5% NGS 48hrs at 4°C | Labs) 30mins at RT
1hr both at RT
Anti-phospho Akt | Cell Signaling 30mins, 100°C Peroxidase3 HO, 10mins | TBS/T 3X| 1:50 in | Biotinylated anti | ABC kit (Vector
(Serd73) XP Technology water bath Serum:5% NGS 1hr 5min washes | 5%NGS O/N rabbit 1:200 (Vector| Labs)
#4060 Both at RT at 4°C Labs) 30mins at RT
Anti-phospo44/42 MAPK| Cell Signaling 15mins in boiling| Peroxidase: 1.5 HO, | TBS/T 3X 1:75 in | Biotinylated anti | ABC kit (Vector
(phosphoERK1/2) Technology bath microwave 10mins 5min washes | 10%NGS O/N rabbit 1:200 (Vector| Labs)
(Thr202/Tyr204) #4376 Serum:10% NGS at 4°C Labs) 30mins at RT
1hr both at RT
Anti-phospho S6( Cell Signaling 15mins in boiling| peroxidase3 HO, 10mins | TBS/T 3X 1:100 in | Biotinylated ant | ABC kit (Vector]
ribosomal protein Technology bath microwave Serum:10% NGS 45 mins | 5min washes | 10%NGS O/N rabbit 1:200 (Vector| Labs)

Both at RT

at4°C

Labs) 30mins at RT

Table2-6 Outline of antibodies and conditions for immunohistochemistry (IHC

Key: BSA Bovine Serum Albumin, RfRoom temperature, PB& Phosphate buffered solution, NGGNormal goat serum, TBS/q Tris buffered solution with

0.1% Tween, O/N;, Over night.
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2.6.4 Haematoxylin and Eosin (H&E) stain

Tissuesections were stained with haematoxylin to mark nuclei and eosin to stain the cytoplasm
of cells in order to visualise tissue sections for phenotypic analysis. Paraffin embedded tissue
sections on PLL coated slides werewdxed and rehydrated as previoystlescribed. The
aS0GA2ya 6SNB GKSyYy adGglFrAySR o6& AYYSNBRAY3I Ay
seconds and then, washed under a running tap for 5 minutes, followed by counter staining in an
aqueous solution of 1% Eosin (R. A. Lamb) for 5 menatad finally washing under a running tap
water for 30 seconds. The tissue sections were then ready to be dehydrdeated and

mounted as described previously.
2.7 Scoring

Scoring was undertaken to reveal potential amtinour activity of therapeutics asseed.
Typically, five random fields per tumour were assessed, also counting the total number of cells
per field to accurately assess the percentage per total number of édllsimours present and

at least three biological replicates per cohort were asss.
2.7.1 Apoptosis and mitosis scoring

H&E stained sections were used to assess the number of apoptotic bodies and mitotic figures

present in vehicle and drug treated tissue.
2.7.2 BrdU Scoring

Animals were administed a pulse of BrdU as described in section&®:Phe incorporation was

visualised by IH(Section 2.6.3and positive cells were counted as above
2.7.3 Cleaved caspase 3 scoring

Cleaved caspase 3 IHC was performed on tissagoss as described in section 2.6.3 and

positive staining was scored as detdilbove.
2.7.4 Tumour severity grading

Tumour grading was carried out on long term drug and vehicle treated cohorts. Multiple H&E
stained sections of swigslled intestines per mouse were examined under thienmscope. The
number of lesionsand severity of tumar invasiveness was assessed according to criterion
outlined intable 2.7and figures 2.3 and 2.4 belovill mice assigned to the various drug and

vehicle cohorts were examined.
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Tumour stage Description

microadenoma (mAd) | Small lesions, often observedthin the villi

adenoma (Ad) Larger lesions that do not invade into the underlying submucosa

Early invasivgl Tumour displaying evidence on invasion into the underly
adenocarcinoma (EIA) [ submucosa but does not infiltrate the smooth muscle of {
intestine

Advanced invasivg Tumour displaying evidence on invasion through the smo
adenocarcinoma (AlIA) | muscle layer and local invasion in the peritoneum

Table2-7 Scoring system used for grade severityleions

Microadenoma f&2
{(mAd)

Adenoma (Ad)

Early invasive
adenocarcinoma (EIA)
submucosal invasion [£¥

Figure2.3 Stages of colon tumour progression
H&E stained sections of the whole colon were examined for the level of progression of each

tumour. This was staged according to tréeria on table 2.7
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microadenoma
{mAd)

Earlyinvasive  [S0F

adenocarcinoma (EIA) &8

with submucosal
invasion

Advanced invasive
adenocarcinoma (AlA)
with smooth muscle
invasion

Figure2.4 Stages of intestinal tumour progression

H&E stained sections of the whole small intestine were examined for the level of progression of
each tumour. This was staged acdogito the criteria on table 2.7(Dashed lines follow the

smooth muscle wall to demonstrate invasion through the muscle wall)

64



2.8 Protein Extraction and Western Blot Analysis

Protein was extractedrom tumour samples which were snap frozen during dissectiotiguid

nitrogen and stored at80°C prior to protein extraction.
2.8.1 Protein extraction

Tumours were removed from frozen storage and placed in dry ice to keep frozen. 200ul of lysis
buffer (20mM TrisHCI pH8.0, 2mM EDTA pH8.0, 0.5% [vAABIFSigma Aldrig) containing
protease inhibitors (Complete mini protease inhibitor tablets, one per 5ml lysis buffer (Roche)),
and phosphatase inhibitors (25mM sodium befigcerophosphate (Calbiochem), 100mM
sodium fluoride (Sigma Aldrich), 20nM Calyculin A fiiscoeérmia calyx(Sigma Aldrich) and
10mM sodium pyrophosphate (Sigma Aldrich)) was added to homogenising lysing matrix D tubes
(MP Biomedicals) and kept cold on ice. Individual tumours were carefully placed into individual
homogeniser tubes containing lysisftar and extra care was taken to ensure samples do not
defrost during the process. Whilghe tumour defrosted cells were homogenised using a
Precellys 24 Homogeniser (Bertin Technologies) at &@®! for 2 cycles of 45 seconds. The
samples were then fuhter lysed by shear action by passing sample through a 21 or 23 gauge
needle 10 times. The samples were then transferred to clederotubes and centrifuged at
10000 xg for 10 minutes at 4°C. Centrifugation allowed formation of a pellet of insoluble
material. The supernatant was removed and aliquoted before snap freezing in liquid nitrogen

and storing at80°C.
2.8.2 Determination of protein concentration

An aliquot of each protein sample extracted was used for protein quantification ubking
Bicinchoninic Acid (BCA) method. The BCA method uses the biuret reaction in which Cu2+ ions
are reduced to Cul+ ions to produce a purple colour. The extent to which the copper ions are
reduced can be quantified by colourimetric detection in a lineahian as the BCA reagent
strongly absorbs light at 562nm. Reactions were conducted in colourless, flat bottom 96 well
plates (Greiner Bi®ne). Each protein sample was measured in duplicate, 2ul was added to
198ul 1X Phosphate Buffer Solution (PBS) (16%kstnvitrogen), mixed and serially diluted
twice to produce three concentrations (1/100, 1/200 and 1/400) in a final volume of 100ul. A
standard curve was created using Bovine Serum Albumin (BSA) diluted from a stock of 2mg/ml
to 100mg/ml in lysis buffer The diluted BSA was further diluted in PBS to generate a
concentration range of 5umg/ml to 35ug/ml. BCA reagents were made up following
YIEydzFlF OGdzNENRAa AyaidaNuzOdAizya ot ASNOSOSE wmnnxf
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The plate was sealed ugira foil lid and incubated at 37°C for 1 hour with slight agitation or
overnight at room temperature. The absorbance of each sample was read using a plate reading
spectrophotometer ELx800 (Biotek), at the nearest wavelength to the optimum (562nm) at

590nm.Concentrations of each diluted sample were calculated using the standard curve.
2.8.3 Preparation of protein samples for western blot analysis

Protein samples were removed frorB0°C storage and defrosted on ice. 30ug of proteomf
each sample was made up16plg A G K SEGNI OG A2y 0o dzidae@mllblffgrR | ¥ d:
(Sigma Aldrichyvas added The samples were heated at 95°C for 10 minutes to denature

proteins and then quenched on ice. Samples were briefly centrifuged prior to loading into wells.
2.8.4 Castirg of polyacrylamide gels

The MiniProtean Ill (BigRad) gel casting apparatus was used to prepafemfn thick
polyacrylamide gels. Glass plates were rinsed with distilled water, cleaned with 70% ethanol
dried and assembled into the casti apparatus. Extr care was taken to ensure all seals were
tight at the bottom of the glass plates. Gel solutions were made up to produce 10% resolving gel
and 5% stacking gel without the addition of TEMED (recipes for resolving and stacking gel
outlined on table2.7). TEMEDwasfirst added to the resolving gel solution (in the fume hood),
quickly mixed and poured into the glass plates, leaving approximately 2cm on top for the
stacking gel. 1ml of distilled water was placed on top of the resolving gel solution to ensure the
surfece of the gel was flat and the gel was left to set. The remaining resolving gel solution was
used to determine when the gel was set. Once set (approximately 30 minutes), the water was
poured off onto tissue paper. TEMED wihen added to the stacking gelokition, mixed
thoroughly and pipetted onto the resolving gel up to the top of the glass plates and an
appropriate comb inserted between the glass plates to create wells. Once set, the combs were
removed and gel plates were placed into sodium dodecyl suéspolyacrylamide gel
electrophoresis (SBBAGE) apparatus. Running buffer was added into the tank to create a
buffer dam for the electric current to pass through and wells were flushed with running buffer

to remove excess gel.
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10% resolving polyacrgmide gel (2 gels)

5% stacking polyacrylamide gel (2 gels)

6.8mlUltrapure double deionised

8.4ml 30% acrylamide/bisacrylamide (Sign
Aldrich)

9.4ml1M TrisHCL pH8.8

250l 10% [w/v] Sodium Dodecyl Sulpha
(SDS, Sigma Aldrich)

72u1 25% [w/v] Ammonium persulphate (AP
Sigma Aldrich)

13.2ul b Z b Z te@mdihgdethylenediamine
(TEMED, Sigma Aldrich)

6.9ml Ultrapure double deionised

1.7ml 30% acrylamide/bisacrylamide (Sign
Aldrich)

1.3mI1M TrisHCL pH8.8

100ul 10% [w/v] Sodium Odecyl Sulphate
(SDS, Sigma Aldrich)

66pl 25% [w/v] Ammonium persulphate (AP
Sigma Aldrich)

13.2ul b Z b Z be@mdih@dethylenediamine
(TEMED, Sigma Aldrich)

Table2-8 Recipes for resolving and stackiggls

5X Running buffer
1

1X Transfer buffer
(1L)

1X Stripping buffer (1L)

950ml distilled HO

15.1g Tris bas¢
(Fisher Scientific)

94g Glycine (Fishe
Scientific)

800m| distilled HO

200ml  Methanol
(Fisher Scientific)

29g Tris basq
(Fisher Scientific)

60ml Tris 1M pH 6.8

20g Sodium Dodecyl Sulpha
(SDS, Sigma Aldrich)

Make up to 1L

Prior to use:add 350ul b-

50ml  10% [w/v]| 14.5g Gycine (Fishg mercapthoethanol (Sigmé
Sodium Dodecy| Scientific) Aldrich) to 50ml strippig
Sulphate (SDS buffer

Sigma Aldrich)

Table2-9 Recipes for buffers used during SIPAGE

2.8.5 SDSPAGE

Once the apparatus was set up, 6l of sstained fullrange Rainbow molecular weight ladder
(GE Healthcare) was added to the fivatll. Prepared protein samples (as described abiove
section 2.8.3 were loaded into individual @lls and the gels were run at @:200V, until the dye

reached the end of the gel.
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2.8.6 Protein transfer to nitrocellulose membrane

After proteins had separatedhithe polyacrylamide gel, the gels were removed from the-SDS

PAGE tank and from the glass plates, and placed iatoster buffer before removal ahe

stacking gel. Amersham Hybo&CL nitrocellulose membrane (GE Healthcare) was cut to size

and also plade Ay (GNI yY&FSNJ o0dzZFFSNJ dzyGAf FaasSvyofe 2
YSYONIYS 6SNBE wWalyReAOKSRQ 0SiG6SSy (g2 aKSSaa
side, as well as one piece of sponge either side (alspaied in transfer buffer). Extcare was

taken to ensure no air bubbles were present in between the polyacrylamide gel and the
nitrocellulose membrane, as these prevent the transfer of proteins to the membrane. The

WAl yREAOKQ gl a LI OSR Ayd2 LI I iatdtheQranstdidtayki T S NI a
orientated so that the current runs through the gel towards the nitrocellulose membratoeH)

to transfer negatively charged proteins to the nitrocellulose membrane. 1L of transfésrbu

was added to the tank, whiclvas then plaed into an ice bucket and allowed to run at 100V for

1 hour. After transfer, the nitrocellulose membrane was carefully removed from the sandwich

and placed in wash buffer, 1X TBS/T (Tris Buffered Saline with 0.1%Tween (10X stock, Cell

signalling Technolgg)in a clean container.
2.8.7 Primary and Secondary antibody probing on nitrocellulose membrane

The nitrocellulose membrane was blocked in 5% [w/v]-fatndry milk (Marvel) in TBS/T for 1
hour at room temperature with slight agitation to prevent ngpecifc antibody binding. The
membrane was then washed once in wash buffer before addition of the primary antibody
diluted either in 5% notfiat dry milk or 5% Bovine Serum from Albumin (BSA) in TBS/T. The
primary antibody was incubated either overnight at 49CLchour at room temperature, both

with gentle agitation. The membranes were then washed three times for 5 minutes in wash
buffer before incubation with HRkhked secondary antibody diluted in 5% nrfat dry milk in
TBS/T for 1 hour at room temperaturettvigentle agitation. The secondary antibody used was
raised in the same animal as the primary antibody and was typically diluted 1/2000. The
membrane was then washed three times for 5 minutes with wash buffer prior to signal

detection
2.8.8 Signal detection

The electrochemiluminescence (ECL) reagent kit (GE Healthcare) was used for detection of
antibody signal. The reagents utilise a chemifluorescent reaction catalysed by HRP expesed to X
NF& FAEYD ¢KS 9/ NBIF3ISyida 6SNB cldhsBusitb&iddeR | 002
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dZaS® ¢KS 9/[ NBF3ISYG sla FRRSR (2 YSYGONI ysa
instructions before draining excess solution and placing membranes into gtigbit cassette.

The cassette was then taken to the dark room where unsigfelight conditions, Xay film

(Fujifilm Super RX, blue background) was exposed and processed using an automatic processor
(Xograph Compact X4 automatieray film processor). A number ofr&ys were exposed at

varying times to ensure clear images weenerated. The films were then placed on top of the
membranes and molecular weight ladder was used to confirm presence of correct protein band

size.
2.8.9 Confirmation of equal loading

Membranes were then washed to remove excess ECL reagents hef@rebing with an
antibody 2 N:hctin (conditions in table 2)9a house keeping gene often used to confirm equal
loading of proteins. Often for phosphorylated proteinsin order to confirm thedifferencein
phosphorylated proteins was not due to a higher or lower abundance of the unphosphorylated
protein, samplesirom one stock solutiorwere often run on two separategels which were
simultaneously transferred and incubated with either the phosphorylatedhe total protein.
Alternatively, membranes were stripped of bound antibody, using a stripping buffer (described
in table 2.8) to reprobe at the same region. For this, each membrane was incubated in 50mls of
strippingd dzF ¥ S NJ ¢ Anéréaptiogthand &it 55°C for 30 mins. Following this, membranes
were washed in wash buffer and then subjected to normal protocols for antibody probing as

outlined in section 2.8.7.
2.8.10 Densitometry Analysis

For densitometry analysis, protein bands were quantified by meag the intensity of bands on
images of western blots, using Image J softwafge Guantity of protein was determined
NBfIGAGS (2 0 Ka&in)fak repieyita arelafivie MRBdntrobsamples
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phospho phospho Total Akt phospho Total Erk phosphoS6 phospho P11Q) b-actin
Akt473 Akt308 Erk 4EBP1
Ribosomal Protein

Manufacturer | Cell Cell Cell Cell Cell Cell signaling| Cell Cell signaling| Sigma
Catalogue # signaling signaling signaling signaling signaling Technology 4856 signaling Technology | Aldrich

Technology | Technology| Technology | Technology| Technology Technology | 4249 A5441

4060 13038 4685 4377 4695 2855
Block 5% TTM/| 5% TTM/| 5% TTIM/| 5% TTM/| 5% TTM/| 5% TTM/ TBS/T 5% TTM/| 5% TTM/| 5% TTM/

TBS/T TBSI/T TBS/T TBS/T TBS/T TBS/T TBS/T TBS/T
Primary 1:1000 in| 1:500 in| 1:1000 in| 1:1000 in] 1:1000 in| 1:500 in 5%BSA| 1:500 in| 1:500 in| 1:4000 in
antibody 5%BSA/ 5%BSA/ 5%BSA/ 5%BSA/ 5%BSA/ TBST 5%BSA/ 5%BSA/ TBS] 5%TTM/
dilution TBST TBST TBST TBST TBST TBST TBST
Conditions O/N at 4°C OIN at 4°C

O/N at4°C | O/Nat4°C | O/N at 4°C O/N at4°C | O/N at 4°C O/N at 4°C lhr at RT
Secondary Anti-rabbit | Anti-rabbit | Anti-rabbit Anti-rabbit | Anti-rabbit | Anti-rabbit Anti-rabbit | Anti-rabbit Anti-mouse
antibody
dilution 1:2000 1:2000 1:2000 1:2000 1:2000 1:2000 1:2000 1:2000 1:2000
Conditions | 1pratRT | thratRT | lhratRT | 1hratRT | lhratRT | lhratRT lhratRT | 1hratRT 1hr at RT
Signal ECL ECL ECL ECL ECL ECL ECL ECL ECL
detection

Table2-10 Outline of antibodies and conditions for protein analysiKey: TTM; Nonfat dry milk, TBS/T Tris buffered solution with 0.1% Tween, BSBovine

Serum Albumin, R§Room temperature®/N ¢ Over night, ECLElectrochemiluminesceec
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2.9 Maintenance and culture of cells
2.9.1 Experimental cell lines

The MCF7 cell line is a human breast cancer cell line (obtained from Prof Jan Balzarini, Rega
Institute, Netherlands) isotad from an invasive breast ductal carcinoma by the Michigan
Cancer Foundation in 1970. The MCFTDX cell line (also obtained from Prof Jan Balzarini, Rega
Institute, Netherlands) is a stable Tomudex resistant cell line created by continuous exposure to

2uM Tomudex by Patrick Johnston and colleagues in 1995.
2.9.2 Maintenance of cell lines

.20K a/C FTyR al/ C¢t5. OStt ftAySa ¢ SNB DOMEMGdzNER
Invitrogen) supplemented with 10% [v/v] Fetal Bovine Serum (FBS, Sigma Aldrich), 1% [v/Vv]
Hepes buffer (Invitrogen), 2mMdlutamine (Invitrogen) and 50 units/ml penicitétreptomycin

(Invitrogen).

Cell lines were maintained in a sterile, humidified 37°C incubator ang I&®@Is were
maintained at 5%. Both cell lines were routinely culturedr25 tissue culture flasks (Corning
Ltd). Cells vere passaged when they reachednfluency of 8880% on a split ratio of 1/4/12.

For cell passaging, all media was removed, cells were washed in sterile 1X Ph&spfertd
solution (PBS, Invitrogenhd incubated in 0.05% Trypsin/EDTA (Invitrogen) (normally 2mls of
trypsin/T25 flask) for 5 minutes at 37°C. Cells were then checked under the microscope to
ensure detachment before being diluted in culture medium to the appropriate splitting ratio and

transferred to a clean flask. Cell lines were not split for more than 25 recorded passages.
2.9.3 Long term cell storage

Cells were routinely frozen and crgtored in order to have sufficient aliquots of cell lines with
low passage numbers. Confluent T75 flaskarr{idg Ltd) of cells were detached by trypsin
resuspended in 10mls of culture medium and transferred to a clean 15ml falcon tube. Cells were
then pelleted by centrifugation at 108m for 3 minutes. The cells were then resuspended in
10mls of freezing medim (culture medium with 10% [v/v] dimethyl sulfoxide (DMSO, Sigma
Aldrich)) and aliquoted into 1ml cryiobes (Nunc). The tubes were placed in a freezing
container filled with isepropanol to facilitate slow freezing aB0°C overnight. Cyrtubes

containng cells were then transferred into liquid nitrogen storage.

When required, cells were retrieved from liquid nitrogen storage and kept on dry ice until prior

to defrosting. Cells were quickly defrosted in a 3Waier bathand immediately resuspended
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into 10mls of culture medium in a 15ml falcon tube and pelleted by centrifugation at 1100rpm
for 3 minutes. The pellet was then resuspended in 7mls of culture medium and cultured in T25

flasks.
2.9.4 Collection of cells for RNA extraction

For RNA extraction, meditom confluent T25 flasks of cells was removed and cells were
washed twice with sterile 1X PBS (Invitrogen). 5mis of PBS was then added to each flask and cells
were scraped off the surface of the plate with a cell scraper (Nunc). The cell solution was then
transferred into a clean 15ml falcon tube and cells were pelleted by centrifugation at 1100rpm
for 3 minutes. The supernatant was discarded and the pellet was immediately snap frozen in

liquid nitrogen and stored aB0°C.
2.9.5 Cell Titer Blue cell viabilitgssay

To assess the antarcer activity of BVDU PTades in MCF7 and MCFTDX cell lines, the Cell Titer
Blue cell viability assay was used. T25 flasks of 50% confluent MCF7 and MCFTDX cells were
incubated with 0.05% trypsiBEDTA (Invitrogen) to detach cells as previously described. Cells
were then transfered into clean 15ml falcon tubes and pelleted by centrifugation at 1100rpm

for 3 minutes. The pellet was resuspended in 1ml of culture media and dissociated to ensure a
single cell suspension was achieved. Cells were then counted utilising a haemocytoaieter
counting chambe(Thermo Scientifidhree times, and the average calculated. The total number

of cells per ml could then be calculated by multiplying the average number of cells per square by
10*. Both MCFand MCFTDX cells were then seeded at a itken§5000 cells per 100pl into flat
bottomed clear 96 well plates (Corning Ltd).

After 24 hours at 37°C with 5% £@ells were treated with decreasing concentrations of
individual ProTide compounds (using an initial stock of 25mM in DMSO (Sigma)pidr&kvell
repeats. Concentrations used rampbetween 250uM and 0.25uM. DMSO only controls as well
as equivalent Thymectacin and BVDU concentrations were used to congpale Prdide

compound tested. Cells were incubated with compounds for 72 hourg“a @ith 5% CO

Following 72 hours of incubation, the viability of cells was determined using Cell Titer Blue
(Promega), a reagent which allows measurement of cell metabolic activity. Viable cells which are
metabolically active will have the ability tmmvert resazurin (the indicator dye used in this
assay) into resofurin, a highly fluorescent product. Viability of cells is then determined by
measuring fluorescent levels after incubation with the substrate. Prior to use, the Cell Titer Blue

reagent was hawed at room temperature. Once thawed, 20ul was adqest well and
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incubated at 37°C with 5% &@r 1 hour. The fluorescence was then measured at the
excitation/emission wavelength of 560/590nm on a Flurostar Optima plate reader (BMG
Labtech). The percémge of viable cells was then calculated relative to DMSO controls and

plotted against concentration to determine the half maximal Inhibition Concentration (IC50).
2.9.6 Colony forming assay

For colony forming assays, MCF7 and MCFTDX cells were detachedsawothigid from T25
flasks as previously describadsection 2.9.2and seeded in clear, flat bottomed 6 well plates at

a density of 6000 cells per well. After 24 hours at 37°C with 5% &5 were treated in
duplicates with decreasing noentrations of PRoTides Thymectacinor DMSO controls.
Concentrations used ranged from 150uM to 5uM. Cells were incubated with drugs for 72 hours
at 37°C with 5% G@fter which fresh culture media was added and subsequently changed every
3 days. Colonies were left to grow for 14 days after which they were fixed with a 1:1
methanol:acetone solution for a few seconds. Cells were then air dried, rinsed with distilled
water and finally stained with Giemsa Stain (Sigma Aldrich) diluted 1/10 in distjeddd 1

minute. Excess stain was rinsedwfth distilled water and allowed to dry

2.10 RNA extraction and Gene expression analysis
2.10.1 RNA isolation and quantification

RNA vas isolated from MCF7 and MCGFDX cellysates (preparation detailed in section 2.9.4
as well as normal intestine and tumour tissue snap frozen in liquid nitrogen during dissection.

The samples were stored €80°C prior to RNA extraction
2.10.2 Homogenisationof cells

Cell lysates were added tbml Trizol (Invitrogen) in homogenising lysing matrix D tubes (MP
Biomedicals). Normal small intestine and tumours were removed from storage and placed on
dry ice to prevent defrosting. Whilst still frozen, tissue waseftdly placed in 1ml Trizol in
homogenising lysing matrix D tubes (MP Biomedicals). The samples were all homogenised from
frozen using a Precellys 24 homogeniser (Bertin Technologies) atRe@0for 2 cycles of 45

seconds.
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2.10.3 RNA extraction and purificatin

All samples were kept on ice during RNA isolation. After homogenisationsalation was
centrifuged at 10 000 g for 10 minutes to pellet insoluble material. The supernatant was then
transferred to RNAse/DNAse free 1.5ml microcentrifuge tubes befadding 200ul of
chloroform to each sample. The samples were shaken vigorously by hand before being
incubated at room temperature for 3 minutes. The samples were then centrifuged at 10 000 x g
for 15 minutes 4°C to separate the aqueous phase from the crgarase. 400ul of the aqueous
phase was transferred to clean microcentrifuge tubes and an equal volume of isopropanol was
added and mixed to precipitate the RNA. The RNeasy Minikit (Qiagen) was then used to isolate
and purify the RNA. The RNA containinuson was added to RNeasy mini spin columns and
centrifuged at 10 000 x g for 30 seconds at 4°C and the filtrate discarded. The RNA in the column
was consecutively washed by adding 500ul RPE buffer containing ethanol (RNeasy Mini Kkit,
Qiagen) once at 1000 x g for 30 seconds at 4°C and filtrate discarded, and again at 10 000 x g
for 2 minutes at 4°C and filtrate discarded. The column was centrifuged without RPE buffer at 10
000 x g for 1 minute at 4°C to ensure elimination of wash buffer. The columrhemsnicubated

with 50u of RNaséree HO (RNeasy Mini kit, Qiagen) for 3 minutes on ice, placed in clean
RNase/DNase free 1.5ml microcentrifuge tubes and centrifuged at 10 000 x g for 1 minute at 4°C
to elute the RNA. The RNA was finally quantified in hshmple using a NanoDrop 1000

(Thermo Scientific), and treated to eliminate from DNase contamination.
2.10.4 DNase treatment

The TURBO DNfee kit (Applied Biosystems) was used to eliminate DNase contamination from
the RNA sample. 0.1 volume 10X Turbo DNadfeband 1ul Turbo DNase was added to the
RNA sample, gently mixed and incubated at 37°C feB@Oninutes. 0.1 volume DNase
Inactivation Reagent was added to the RNA samples and incubated for 5 minutes at room
temperature with occasional mixing. The saggplere then centrifuged at 10 000 X g for 1.5
minutes, the supernatant transferred to a clean eppendorf and the RNA concentration

guantified again in a Jgsample using a NanoDrop 1000 (Thermo Scientific).
2.10.5 cDNA synthesis

cDNA was synthesised from 1ugRINA using Superscript Il reverse transcriptase (Invitrogen).
First, random hexamers (Promega) were annealed to the Rbithis,1ug of RNA was pipetted
into grip tubes (Greiner Bi®ne), fl of random hexamers (Promega) was added to each

sample and thevolume was made up to 20ul with RNAse free,@HThe samples were
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incubated in a PTCO0 Thermocycler (MJ Research) at 70°C for 10 minutes followed by 25°C for
10 minutes. The samples were then held at 4°C whilst a further 20ul of reverse transcriptase
enzyme mix was added to eackample (outlined in table 2.)1 Reverse transcription was
carried out under the following conditions: 25°C for 10 minutes, 37°C for 45 minutes, 42°C for 45
minutes and finally 70°C for 15 minutes. After completion of cDNA syisth&80ul of RNAse

free dHO was added to each sample to dilute the cDNA.

Q-PCR enzyme mijper sample)

5X first strand buffer 8ul
DDT 4yl
dNTPs 0.8l
Superscript Il 1ul
Ultrapure double deionised @ 6.2ul

Table 2.11 Recipe for gFRHCR mix
2.10.6 Designof quantitative reattime (qRT) PCR primers

Primer sets for qRIPCR reactions were designed across exon boundaries to avoid amplification
of genomic DNA and designed to ensure a resulting product betwees2d@®p in size. The

Primer3 webbased design jmgram was used fathis (ttp://frodo.wi.mit.edu/), checked using

the BLAST engine against the Ensembl databage/(www.ensembl.org/Multi/blastview) for

mis-priming and subsequently synthesised by Sigma Genosys. Primer sequences used can be

found in Table 2.10.

Gene Forward Primer Sequence Reverse Primer Sequence | Product

size
b-actin TGTTACCAACTGGGACGA( GGGGTGTTGAAGGTC TCA 166
thymidylate ATCATCATGTGTGCCTGGA GCATAGCTGGCAATGTTG| 164
synthase

Table2-11 Outline of primer sequences used for gfPICR analysis
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2.10.7 Syber green gene expression analysis

All gRTPCR reactions were run on the StepOnePlustiesl PCR system. Each reaction was
performed in triplicate, with a minimum of three biological replicates and samples devoid of
cDNA controls were used to ensure no contaminants of genomic DNA wesenprin cDNA

Al YL Sad ¢@LIAOIff ez -aitik Svas kinditan8dusySrudh guehg &aéhy S

experiment as the reference gene.

Reactions were run utilising the DyNAmo HS SYBR Green gPCR kit (Finnzymes) according to
YI ydzF I O0 dzZNB NDa iy gomal tlidndtiesh of jodvard aDd mdverse Kprimers were
YAESR o6mnYa TFAylLf O2yOSYyidNI dA2y LISNI NBFOGAZ2Y D ¢
gStt Ayil2 | GKAYy o6+ttt dc 6Stf t/w LIIFGS 06! LILX
both primers, was subsequently added. Plates were sealed using optically clear sealing film
(Applied Biosystems), centrifuged and run using the following cycling conditions: 95°C for 10
minutes, followed by 40 cycles of 95°C for 15 seconds, 60°C for 30 seconder BZ€econds.

To ensure a single product was amplified, a melt curve was run after cycling from 60°C to 95°C

with a 0.3°C increment.
2.10.8 Analysis of gqRPCR data

The data from each gRACR run was automatically collected using StepOne softwardidépp
Biosystems). The data was examined prior to analysis to ensure amplification of one fluorescent
product, the fluorescence vs cycle plots for each triplicate were comparable and thereowas
fluorescent product in the (nogDNA controls. Differences tweeen target gene expression

between each cohort was assessed by comparing the changes in the number of cycles required

for the fluorescent product to reach exponential phase, i.e. the higher the abundance of target

gene, the lower the cycles required fibre level of fluorescence to reach the exponential phase.
Fluorescence vs. cycle number plots were generated and the threshold for the exponential

phase was set automatically tspftware. Cycle times € ' YR RAFFSNBYy OFa Ay C
values were da Odzt  § SR | yR- P& Ny | ©O2 ¥ 8 RP Gveasitierd cdrSiatdd ¢ KS k-
for each experimental sample (normalised to the average of control groGutsequently fold

change differences were calculated using the equatiom@/\thereby x representthe k G

values.
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2.11 Data Analysis and Statistical analysis
2.11.1 Mann Whitney U test

The Mann Whitney U twitailed test was conducted to detect statistical differences between

most norrparametric data sets and was conducted using Minitab statistics package. A significant
difference between data sets was accepted given p values were lesg th 2 NJ S |j dzi f G2 o
For analysis of acute drug time points, analysis was conducted on individual tumours, at least 4
tumours from 3 or more mice, whereas for chronic treatment analysegnotes the number of

mice per cohort. To detect statisticalfidrences between densitometry analyses, the Mann

Whitney U onedailed test was utilised as only three data points were available. A significant
RAFTFSNBEYOS o0SitgSSy REGF aSda é6la | OOSLISR 3IAGS

2.11.2 Kaplan Meiersurvival analysis

Survival curves were generated using SPSS statistical software. Statistical analysis was conducted
using Minitab statistics package using the -Ramk method and the wilcoxon test for

significance. A significant differenéeS G 6 SSy RIF Gl &aSiéa ¢l a I OO0OSLIiSFK
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3 EvaluatingMEK and PIR/mTOR inhibition in the Wnt activated, ABctumour

model

3.1 Introduction

Mutations in the APCgene which encodes for the Adenomatous polyposis catnowr
suppressor protein is recognised as the key initial event in the development of sporadic CRC,
with mutations occurring in up to 80% of cag®@8ood et al., 2007)Furthermore, germline
mutations inAPCcharacterise Familial Adenomatous Polyposis (FAP), as@ugl syndrome
characterised by hundreds of colorectal lesigigzler and Vogelsteii996) In vivomodels

of Apc mutant CRC are therefore highly relevant and have proved particularly useful in
characterising the role of other tumour suppressor proteins and oncogenes in tumourigenesis,
as well as the effect of novel therapeutic straegjion tumour development. The models
utilised for this include the multiple intestinal neoplasia (Min) or ABcmouse model,
initially generated by random mutagenesis usingethyl-N-nitrosourea (ENU), this model
carries a transversion at codon 850 dagstruncation of one copy of the gene and requires
loss of heterozygosity for development of benign intestinal lesi¢8s et al., 1992)
Additionally, other studies have used heterozygous deletion of the’*Kallele driven by
intestinal specific AhCre or VillinCre redminase transgene to mimic spontaneous tumour
formation over a long latenc{Sansom et al., 2006, Davies et ial.press,Janssen et al., 2006)
Tumours which devefin these models are often benign adenomas as Apc mutations are
associated with initiation of tumourigenesis and accumulation of further mutations are
required for progression of diseageearon and Vogelstein, 1990evertheless, these can be

useful tools to investigate novel therapeutic strategies for the early disease setting.

Since its idetification, aberrant activation of the Epidermal growth factor receptor (EGFR) has
been associated with numerous cancer phenotypes including cellular proliferation, migration,
metastasis, angiogenesis as well as escape from apogdschwind et al., 2004Binding of
ligands to the extracellular receptor domain leads to activation of internal tyrosine kinase
domains, which following a number of ayoosphorylations at tyrosine residues, serve as
binding sites for several adaptor protei(idhang et al., 2006)his includes GRB2, which leads

to activation of RARAFERK signalling and p85 which together with p110, activates PI3K/AKT
signalling(Hynes and Lane, 2005)he observation that EGFR is often overexpressed in CRC

warranted investigation of its therapeutic targeting in CfREsnick et al., 2004pespite the
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availabiity of numerous EGFR antagonists including cetuximab and panitumumab, and
exhaustive investigation of these for therapeutic intervention, patients with CRC often display
no or modest baefits, and subsequently developesistance to treatment through up
regulation of MAPK or PI3K signallitBenvenuti et al., 2007, Di Nicolantonio et al., 2008)
Furthermore, extensive retrospective analyses have identified mutatiohk&RiIASB-RAFand

those activating the PI3K pathway such RSEN to predict nonresponse to antEGFR
therapies(Liévre et al., 2008, Frattini et al., 2007, Perrone et al., 2009, Bardelli and Siena,
2010) Given these findings, targetinof MAPK and PI3K signalling downstream the pathway

appears a more rational therapeutic strategy for wiyghe tumours.

In this chapter, | aimed to investigate the therapeutic potential of MAPK and PI3K inhibition in
a mouse model of CRC mutant for thertour suppressor protein AbcHere, heterozygous
deletion of Apc is driven by the VillinCreER transgene and results in small intestinal and colonic
tumours over a long latency. To antagonise the MAPK and PI3K pathways, | used the MEK1/2
inhibitor MEK162 iad the dual PISK/mTOR inhibitor NBEZ235, respectively (both provided

by Novartis Pharmaceuticals). For these investigations, | employed two main strategies. Firstly,
tumour bearing VillinCreER Apdreferred to as Ap¢ here forth) mice were administered a
single dose of MEK162 or NBEZ235 and harvested 4 hours later to evaluate the immediate
pharmacodynamic and antiimour effects. Secondly, to evaluate the therapeutic potential of
each treatment, Adﬁ” mice were cotinuously administered treatment, from a chosen time
point post induction until a survival end point (i.e when mice were symptomatic of disease) or
the experimental end point of 500 days post induction. These later experiments were

conducted to investigatéhe effect of treatment on survival of mice as well as tumour burden.

Additionally in this chapter, | assessed activation statuslAPK and PI3K signalling ither
transgenic mouse models of CRC mutant for the oncogene Kras and the tumour suppressor

protein Pten, which are crucial for mediating MAPK and PI3K signalling respectively.
3.2 Results

3.2.1 Mek inhibitor MEK162elicits no antitumour effect on Apt" colon pdyps however,

in small intestinal tumours increases proliferation and apoptosis

To investigate the immediate artimour and pharmacodynamic effects of MEK162 in"Apc
tumours, 10 week old At mice were induced and monitored until symptomatic of diseas

(pale feet, bloating, blood in faecestc.). Mice were then administered a single dose of either

! Some data analysis presented in this chapter was conducted by Tanya Davies under my supervision
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0.5% Methylcellulose (MC, Vehicle) or 30mg/kg MEK162 and harvested 4 hours later.
Additionally, an excessive dose of BrdU was administered 2 hours pigailitog to label cells

in S phase of the cell cycle. Dissection was conducted as previously described (methods section
HOn®HO GKSNBo0E (KS Ayi82&6iWNSE AdSNE O NBOUERS A Y
formalin, in preparation for H&E stainirand IHC.

Following exposure to a single dose of MEK162, the immediateawantur effects were first

evaluated through scoring of histological mitosis and apoptosis from H&E stained sections of

Apd” colonic and small intestinal tumours (SITs). Scoringitdtic figures in colon tumours

and SITs revealed no significant alterations in MEK162 treated cohorts in comparison with
vehicle controlseh colon = 0.22 + 0.11, MEK162 colon = 0.19 + 0.12, p value = 0.583, veh SIT
=0.18 + 0.064, MEK162 SIT = 0.615, p value = 0.298¥n  { dzY 2 dzNuEarkh Whitneg A O S

U test) Figure 3.1 A). Additionally, quantification of apoptotic bodies in colon polyps and SITs
revealed no significant alterations in MEK162 treated samples (veh colon = 0.77 + 0.31,
MEK162 colos 0.72 + 0.32, p value = 0.815, veh SIT = 0.32 + 0.25, MEK162 SIT =0.34 + 0.27, p
G tdzS ' nodon yxn GdzY2dz2NEI o YAOSI alyy 2 KA

immediate antitumour effects.

To further evaluate the immediate effects of ME162 in "Agamours, IHC for BrdU and

cleaved caspase 3 were carried out and scored. Quantification of BrdU positive cells revealed

no significant alterations in colon polyps or SITs, in keeping with scoring of mitosis (veh colon =
16.1+7.1, MEK162 colon = 17.5.9, p value = 0.954, veh SIT =245 + 16.1, MEK162 SIT =21.8

B MAnodpE LI SGEEdzS ' ndpmmI yxn GdzY2dz2NES o YAOSZ
cleaved caspase 3 staining also revealed no significant alterations in colon polyps, in
corroboration with previous scoring of histological apoptosis, however did reveal a significant
increase in cleaved caspase 3 staining in SITs 4 hours post exposure to MEK162 (veh colon =
0.47 £ 0.38, MEK162 colon = 0.31 £+ 0.33, p value = 0.378, veh SIT = 0.8MEBBS2 SIT =

HOnH B M®PpnX LI @LtdzS ' ndnonX yxn GdzY2dz2NEZ o

In summary, the above observations indicate that MEK162 had no significartuiauatir
effect on Ap& colon tumours at the 4 hour time point investigd as no alterations in
proliferation or apoptosis were detected. APSITs appeared moderately sensitteeVIEK162

as a significant prapoptotic effect was detected 4 hours post exposure, indicating some

favourable anttumour effects.
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Figure3.1 The antitumour effects of MEK162, characterised by scoring of histological

mitosis and apoptosis in AJE colon polyps and small intestine tumours (SITs), 4 hours post

exposure

Scoring of mitotic figureg¢A) and apoptotic bodiegB) revealed a single dose of 30mg/kg
MEK162 had no effect on colon polyps or SITs, although MEK162 led to a trend towards
increased mitoses in SITs 4 hours afidf LJ2 & dZzNB ® 6 L) O £ dz§ x Mandnp X Y

Whitney U tes$). Error bars represent standard deviation
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Figure3.2 MEK162 has no effect on BrdU positive cellshipd’* colon polyps or small

intestine tumours (SITs) but increased cleaved caspase 3 in SITs only

Quatrtification of IHC for BrdU and cleaved caspase 3 revealed a single dose of MEK162 at
30mg/kg had no effect on BrdU positive cells in colon polyps or SITs. Additionally, MEK162 had

no effect on cleaved caspase 3 scoring in colon polyps, but did signifitacrttase cleaved

caspase 3 levels in SITs 4 hours post expasp L D apdiS YK wpdn  Gdzy2dzNER X o

Whitney U test)Error bars represent standard deviation.
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3.2.2 MEK162 reduces MAPK signalling through pERK and also reduces PI3K signalling

To investigate whether MEK162 lead to inhibition of MAPK signalling iff* Apmours, IHC
against the phosphorylated and hence activated form of the MAPK effector protein ERK was
carried out Figure 3.3, 3.4). Immunostaining revealed a reduction in nuclearisgadf pERK
in colon polyps post exposure to MEK162 and a reduction in nuclear and cytoplasmic pERK
staining in SITs, in comparison with vehicle treated tumours. These findings suggest that
exposure to MEK162 for 4 hours is sufficient to inhibit MAPK Kilgmahrough pERK in Afic
tumours and specifically in SITs, this may translate to biological activity, as an increase in

apoptosis by cleaved caspase 3 staining was detected.

Given the close association and convergence between MAPK signalling tiRASRAFERK

and PI3K signalling through AKT and mT&@& et al., 2007, Ma et al., 20Q%he effects of

MEK inhibitim on the PI3K pathway was also assessed to determine whether this resulted in
compensatory activation of PI3K signalling. For this, immunostaining of the phosphorylated
form of AKT (pAKT) the PI3K signalling effector, and phosphorylatddoSémal protem
(pS6RP) which transduces signals downstream of mTOR were carried out (Figure 3.3, 3.4).
Surprisingly, a reduction in membrane and cytoplasmic pAKT staining (Ser473) as well as a
marked reduction in membrane, cytoplasmic and nuclear staining of pS6RBbaawedin
MEK162 treated colon polyps, indicating inhibition of PI3K signalling. Interestingly, a reduction
in the cytoplasmic and nuclear staining of pAKT was also detected in SITs, however no
alterations in pS6RP immunostaining were detected here. & ludservations again reflect
differential sensitivities of colon polyps and SITs to MEK162; however surprisingly suggest

activation of mechanisms to also inhibit PI3K signalling.
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IHC for pERK, pAKT at Ser473 and pS6RP was carried out in MEK162 treated and control colon
polyp samples. A reduction in nuclear and cytoplasmic pERK immunostainiagsrievebition

of MAPK signalling downstream MEK. Additionally, Immunostaining for pAKT473 and pS6RP
appears reduced indicating inhibition of parallel PI3K/mTOR signalling pathway.
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Figure3.4 IHC forpERK, pAKT473 and pS6RP in small intestinal tumours (SITs) 4 hrs following
a single dose of MEK162

Immunostaining for pERK in SITs following a single dose of 30mg/kg MEK162 reveals reduced
levels of cytoplasmic and nuclear pERK, indicating inhibition APWsignalling. IHC showed
reduced immunostaining for pAKT at Ser473 but not for pS6RP indicating partial PI3K pathway

inhibition.
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3.2.3 Continuous MEK162 treatment increases longevity of Kmpaice

To further evaluate the therapeutic potential of MEK162jc’* mice, a long term treatment

experiment was undertaken in tumour bearing mice to determine the effect of treatment on

overall survival and tumour burden of mice. For this, "Apnice were induced and aged to

allow for tumour development. Given theng tumour latency period in Apcmice Eigure

3.5), 220 days post induction was chosen as an appropriate intervention start pointisAt th

point, mice were randomly selected to either receive 30mg/kg MEK162 -nddg (n=10

mice) or 0.5% MC twice dwi(n=5 mice) by oral gavage. To increase the number of mice in the

control cohort, untreated mice which were monitored until symptomatic of disease and
subsequently administered a short term dose of treatment were also used for survival
analyses. Mice werd NBI 6 SR RIFAf & dzyGAft | aAdz2NBADIE SyR LI

of body weight) or the experimental end point of 500 days post induction.

Continuous daily treatment of MEK162 in Apmice was found to be well tolerated and
significantly incresed longevity of micémedian survival oMEK162mice = 401 vs vehicle =

270, pvalue = 0011 Legt Y1 YR LI @l tdzS I nodnnt (Figulet O2E2Y
3.5).This indicates that whilst MEK162 in the immediate setting displayed only maakest

tumour activity, chronic administration is beneficial in Aptmour bearing mice Further

evaluation of tumour burden following MEK162 treatment is described in section 3.2.7.
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Figure3.5 Kaplan Meier survival analysis @fpc’”* mice on twice daily 30mg/kg MEK162 and

vehicle controls from 220 days post induction

Apd”* mice were induced and aged to 220 days post induction, at which point mice were
randomised to receive either 0.5% Methylllabose (or remained untreated, controls) or
30mg/kg MEK162 twice daily by oral gavage, either until a survival end point or an
experimental end point of 500 days post induction. Continuous MEK162 treatment was found
to significantly increase median sural of mice from 270 days post induction to 401 days post

AYRdAzOGA2Y o0LI @It dzS XX ek and Wilcgkanytesty A OS  LISNJ 02 K 2
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3.2.4 The acute effects of NVBEZ235 in Af§€colon polyps and SITs

As described previously, EGFR mediates graighals not only through the MAPK signalling
cascade, but also through PI3K/AKT/mTOR signalling. To elucidate the therapeutic potential of
inhibiting the later signalling pathway in Apdumours, the biological effects of the dual
PI3K/mTOR inhibitor NVBEZ235 were first evaluated in a short term setting. Similarly to
section 3.2.1, Ag¢ mice were induced and aged to allowed for symptoms of tumour burden

to develop, at which point they received a single dose of 35mg/kg-B&ZA235 and were
culled 4 hous after, as previously described methods 2.4.2. Additionally, a dose of BrdU was
administered 2 hours prior to culling to label cells in S phase of the cell cycle. Vehicle controls

for this experiment are identical to those used previously in section 3.2.1

The immediate anttumour activity of NVABEZ235 in APt mice was initially evaluated by
examination of H&E stained sections of colon polyps and SITs for histological mitosis and
apoptosis. Quantification of mitotic figures in Apcolon polyps revaled no significant

alterations 4 hours post exposure to NBEZ235 (veh colon = 0.22 + 0.11, #2235 colon

' n®um B ndmns LI @LfdzS I' ndyccI yxn (dzy2dz2NAEZ
Similarly, no significant effect on mitosis was detedte&ITs following NVBEZ235 (veh SIT =
0.18 + 0.064, NV\P 9 %4Hop {L¢ I ndHo p nodmT3I LI @l fdzS T
Whitney U test) (Figure 3.6 A). Scoring of histological apoptosis revealed no statistical
differences, although a trend towardeduced apoptosis in colon polyps exposed to NVP

BEZ235 compared to vehicle contrades observedveh colon = 0.77 + 0.31, N\BEZ235

O2t2y I nopt 5 ndopz LI @LtdzS ' nodnpypI yxn Gd
B). In contrast however, aggiificant increase in apoptosis was observed in SITs 4 hours post
exposure to NVIBEZ235, indicating arttimour activity in Apt mice (veh SIT = 0.32 + 0.25,

NVR. 9%Hop {L¢ T ndpp 5 ndnI LI @LtdzS I' ndnontsz
(Figue 3.6 B).

Additionally to scoring of histological mitosis and apoptosis, IHC against the proliferation
marker BrdU and the apoptosis marker cleaved caspase 3 were carried out and quantified to
further characterise the ariumour activity of NVABEZ235 ilpd’* tumours. Scoring of BrdU

positive cells revealed no significant alterations in colon polyps or SITs exposed-BEXYE5

in comparison to vehicle treated tumours, supporting mitosis scoring (veh colon = 16.1 + 7.1,
NVRBEZ235 colon = 17.0 £ 5.%aue = 0.493, veh SIT =24.5 + 16.1,-RK¥R235 SIT =229 +

yopI LI @FftdzS ' ndcndz yxn ) degaredBdaEAScodng 8fA OS al

cleaved caspase 3 staining in colon polyps exposed teB¥YEZR35 also revealed no significant
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alterations (veh colon = 0.47 + 0.38, NV® %Hop O2f2y I ndoy § ndopsx
tumours, 3 mice, Mann Whitney tést) (Figure 3.7 B). Interestinghowever, a significant

reduction in the number of cleaved caspase 3 bodies was scored in SITs exposég to N

BEZ235 indicating an asspoptotic effect (veh SIT = 0.89 + 0.59, NBEZ235 SIT = 0.44 *
ndéncI L) @GLfdzS I' ndnudoI yxn (Rge¥2tBAEZX o YAOS:

In summary, characterisation of proliferation and cell death in"Apenourspost exposure to

NVRBEZ235 revealed differences in sensitivities in colon polyps and SITs, as detected
previously with MEK162 treatment. N\BEZ235 failed to induce any favourable dathour

effects in colon polyps at the 4 hour time point, but did indddoth pro and antapoptotic

effects in SITs. To further characterise the immediate effects ofBEA235, PI3K signalling

was next evaluated post exposure to NBBZ235, as described below.
3.2.5 NVRBEZ235 preferentially reduces signalling downstrearOR and not PI3K

To determine target inhibition in ABctumours following NVIBEZ235 administration, IHC for
PAKT at Ser473 and pS6RP were carried out to determine inhibition of signalling downstream
PI13K and mTOR. Immunostaining of colon polyps exptms&lVPBEZ235 revealed no obvious
difference in pAKT473 staining however, a marked reduction in membrane, cytoplasmic and
nuclear staining of pS6RP at the 4 hour timpeint (Figure 3.8).Interestingly, these
observations were also notable in SITs, in parison with vehicle treatedumours (Figure

3.9). Downstream of PI3K, mTOR exists in two complex fomBOR complex 1 (mTORC1)
which controls regulation of pS6RP, and mTOR complex 2 (mTORC2) which regulates activation
of pAKT at Ser47@acinto et al., 2006)Dbservations her indicate that in Ag¢ NVRBEZ235

may preferentially inhibit mTORC1 rather than mTORC2 it Apuours.

Furthermore, to determine the effect of NVBEZ235 on closely associated MAPK signalling,
IHC for pERK was carried out. Immunostaining for pER#&ldn polyps and SITs revealed no
obvious alterations indicating NVBEZ235 had no compensatory effects on MAPK signalling at

the 4 hour time point investigated-{gure 3.8, 3.9
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Figure3.6 The antitumour effects of NVFBEZ235, determined by scoring of histological
mitosis and apoptosis if\pd’* colon polyps and small inteéie tumours (SITs) at a 4 hotime

point followina exnosure
Scoring of mitotic figure¢A) and apoptotic bodiegB) 4 hours following a single dose of

35mg/kg NVHBEZ235 reveals no significant alterations itoegolyps or SITs however, did
reveal a significant increase in apoptosis in SITs, in comparison with veghitiels (*p value

Mionp s Yy 3 miceMaoaW\hitteE test). Error bars represent standard deviation.
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Figure3.7 BrdU scoring revealed no significant alterations following NBEZ235 treatment,
cleaved caspase 3 sing showed no significant differences in colon polyps but a significant

reduction in small intestine tumours (SITs)

Scoring of IHC for BrdU positive céi3and cleaved caspase 3 stainii@)4 hours following a

single dose of 35mg/kg NMBEZ235 reveals no significant alterations in colon polyps. Similarly,

no significant alterations were detected in SITs with BrdU scoring howeve:BNYXE35 led to

a significant reduction in cleaved caspas@ 8 A YAy 3 0 fFyJ I i d8 dz2vi@ dzNEn p >

Mann Whitney U test). Error bars represent standard deviation.
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Figure3.8 Immunostaining for PI3K pathway effectors reveals a reduction in levels of FS6R

only and no effect on MAPK signalling in colon polyps, in response to-B¥R235

IHC for effectors of PI3K/mTOR signalling revealed no notable alterations in pAKT
immunostaining at Ser473, however did reveal a reduction in pS6RP staining indicating
inhibition downstream AKT signalling at mTORCL1 in colon polyps, 4 hours following a single
dose of 35mg/kg NVBEZ235. Additionally, IHC for pERK was conducted to detect changes in

MAPK signalling but revealed no notable changes.
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Figure3.9 IHC for PI3K pathway and MAPK pathway effectors in small intestine tumours
(SITs) 4 hours post exposure to NBEZ235

Similar to Apt colon polyps, immunostaining for pAKT at Ser473 revealed no notable
differences in Ag¢ SITs exposed to a single dose of NMAZ235 at 35mg/kg. Despite this,
reduced pS6RP immunostaining was notable indicating inhibition of signalling downstream
AKT in response to N\BEZ235. IHC for pERK revealed no alterations and hence no effect on

MARK signalling following NVBEZ235 exposure.
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3.2.6  NVRBEZ235 significantly increases survival of Kpmice

Following from the short term evaluation of N\BEZ235 in APt mice, the effects of long

term NVPBEZ235 treatment were assessed through a chrexosure experiment, similar to

that in described section 3.2.3. This would examine the effects of continuous pathway
inhibition on survival and tumour burden of Apenice. For this, a cohort of mice (n=10) were
appropriately induced and aged to 220 dagost induction from which point they received
35mg/kg NVBEZ235 twice daily by oral gavage until a survival end point (anaemia, bloating
YR xmm: f2aad 2F 02Re ¢gSAIAKAIO 2N dzydrat GKS

Controls used for thisxperiment are those described previously in section 3.2.3.

Chronic NVEBEZ235 administration was well tolerated (indicated by monitoring of body
weight) by Apt mice and KaplaMeier survival analysis revealed treatment significantly
increased longevity of micangdian survival oNVRBEZ235reated mice = 371 vs vehicle =
2705 yxmn  LISweLleG20KBNdi tegank and p value = 0.049 for Wilcoxon }est
(Figure 3.1Q) These findings indicate that chronic NBEZ235 treatment is beneficial for
Apd* mice, despite the lack of favourable atumour activity detected from acute NVP
BEZ235 treatment. Interestingly, although the median survival of ‘Amice on MEK162
treatment is approximately 30 days longer than the NBEZ235 cohort, this was not
statistically more beneficial (median survival of NB#EZ235 mice =371, MEK162 mice = 401, p
value = 0.926 LeRank and p value = 0.534 Wilcoxon test), indicagigqgipotent effects. The

effects of both chronic treatments on tumour burden at death are evaluated in section 3.2.7.
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Figure3.10 Kaplan Meier survival analysis @fpd"* mice on twice daily 35mg/lg NVPBEZ235

and vehicle controls from 220 days post induction

A cohort of 10 AgE mice were induced and aged to 220 days post induction, at which point

they received 35mg/kg NVBEZ235 twice daily by oral gavage either until a survival end point

or the experimental end point of 500 days post induction. Continuous-BFB235 treatment

was found to increase survival of mice from a median of 270 days post induction to 371 days
L2ad AYyRdzOGAZ2Y 6L @ f dzS -Ragk an®d Wilcoxan tegt)ky YA OS LIS N
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3.2.7 Analysis of tumour burden in Aftmice on various treatments

To investigate the effects of long term treatments on tumour burden, a number of parameters
of tumour burden were assessed in comparison with the vehicle treated cohort. These
parametes include the total number of tumours present at death, as scored from H&E stained
sections of colon and small intestine tissues. For each sample, 3 H&E stained sections were
scored and subsequently averaged per mouse, and then per cohort. Secondly, coparos
tumours were measured from methacarn fixed colon and small intestine tissues and the total
tumour area (mrfi) was calculated per mouse in each cohort. Finally, tumours were staged
according to severity and invasive features, as outlined previoushethods section 2.7.4, to

determine whether treatment had any effect on tumour progression.

In the colon, neither MEK162 nor NBIEZ235 treatment significantly altered the total number

of tumours present per mouse (median number of tumours: vehicle = 3, MEK162 = 3, p value =
0784, NVR 9 %Hop I o0oX LI @FftdzS I nopnTE3IMMLI al yy
Additionally, both long term treatments had no significant effect on the totabn tumour

area in Apfé+ mice (median tumour area: vehicle = 71.5, MEK162 = 29.9, p value = 0.194, NVP
.9%Hop ' nudnI LI @FfdzS ' nigure3.41ZB). Colom Limauds Yy 2 K
were also staged according to severity and revealed presence of benign microadenoma or
adenoma lesions only. Scoring here identified no significant alterations in the proportions of
microadenomas and adenomas present in bothkME2 and NVIBEZ235 treated cohorts
(Proportion mAds: vehicle = 0.45, MEK162 = 0.69 p value = 0.05BERZ35 = 0.47 p value =

0.316; proportion of Ads: vehicle = 0.55, MEK162 = 0.55 p value = 0.058BB¥¥ZB5 = 0.53 p

Gt dzS TI' nooHI yasty(Figure B.¥1 CiThekeforg, 18 andlysis of colon

tumour burden at the end of MEK162 and NBBEZ235 treatment revealed no significant
differences in comparison with the vehicle treated cohort, it can be hypothesised that both

treatments delay tumour growth given the incieed survival of mice.

Analysis of tumours in the small intestine revealed both MEK162 andBEYR35 treatment

also had no significant effect on the total number of small intestinal lesions present ffi Apc

mice at death (median tumour number: vehicl8-MEK162 = 4, p value = 0.523, NBEZ235

N ¢ LI @LtdzS I nodpnn yxnZ alyy 2 KAismgtiSé |
intestine tumour area revealed no significant difference with MEK162 treatment but
interestingly, revealed a trend towarde®duced tumour area in NVBEZ235 treated mice

(median tumour area: vehicle = 51.1, MEK162 = 50.7, p value = 1.0BERAZB5 = 0.92, p

value = 0.462) (Figure 3.12 A). The paradoxical trend for increased number of lesions but
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reduced tumour size in NMBEZ35 treated mice may be explained by staging of tumour
severity (Figure 3.12 C). This revealed a significant increase in the proportion of
microadenomas present at death and a reduction in the proportion of adenomas (proportion
of mAds: vehicle = 0.24, N\BEZ235 = 0.88 p value = 0.0085; proportion of Ads: vehicle =
0.47, NVPEBEZ235 = 0.08 p value = 0.0085; proportion of EIAs: vehicle = 0.28BYZB5 =

0.02 p value = 0.35; proportion of AlAs: vehicle = 0.06,-BEZ235 = 0.04 p value = 0.865,
yxnz alitngyU gs. As microadenomas are not visible macroscopically, this may
explain the trends for increased number of lesions scored from H&E stained slides but the
reduced overall SIT area in these mice. These later observations indicate th&B¥?B5
treatment may halt tumour progression in the small intestine of "Apgice. Assessment of
tumour severity in MEK162 treated Apanice revealed no statistically significant alterations
however did indicate an increasing trend for more invasive lesiongamicular those
characterised by invasion through the muscle wall of (mAds: vehicle = 0.24, MEK162 = 0.31 p
value = 0.915; proportion of Ads: vehicle = 0.47, MEK162 = 0.36 p value = 0.3374; proportion
of ElAs: vehicle = 0.24, MEK162 = 0.11 p value =@apprtion of EIAs: vehicle = 0.06,

a9YMcH I ndum LI @LfdzS I ndochoX yxnI alyy 2 KAID
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Figure3.11 Analysis of colon tumour burden iApd™* mice on various treatments.

(A) Boxplot showing number of colon tumours present at death, as scored from H&E stained

sections of colon tissue. No differences were detected in either MEK1GYVPBEZ235
treated cohorts (indicates outlier).(B) Dot plot showing total tumour area per mouse, as

scored from methacarn fixed tissue, post dissection. No significant alterations were detected
here, although MEK162 and NBEZ235 treatment trended to reduce total tumour aré@)

Key: mAd = microadenom&d = Adenoma. No significant alterations were detected from

AGF3aAy3a 2F Gdzy2dzNJ aSOSNAGE | O0O2NRAyYy3I (2 Ayol a

U test).
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Figure3.12 Analysis of mall intestinal tumour (SIT) burden iApd* mice on various

treatments.

(A) Boxplot showing number of SITs present at death, as scored from H&E stained sections of
tissue samples. No differences were detected in either MEK162 orB¥YR35 treated
cohorts, although a trend towards increased number of tumours was observed irBEYP35
treated cohorts(B) Dot plot showing total tumour area per mouse, as scored from methacarn
fixed tissue, post dissection. No significant alterations were detected in ditbaied cohorts
(C)Key: mAd = microadenoma, Ad = Adenoma, EIA = early invasive adenocarcinoma, AlA =
Advanced invasive adenocarcinoma. No significant alterations were detected from staging of
tumour severity according to invasiveness in MEK162 treate@.micsignificant increase in

the proportion ofmAds and a significant reduction in Ads was detected inBEZ235 treated
YAOS 6fF L) @l tdzS X ndonp yx nX alyy 2KAGySe |
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3.2.8 Comparison of MAPK and PI3K activation in colonic and small intestinal tumours in

alternative models of intestinal cancer

Despite the validity of the Afictumour model to assess MEK and PI3K/mTOR inhibition in this
chapter, tumours harbouring specific mutations in oncogenes or tumour suppressor proteins
resulting in activation of thee pathways may be more sensitive to avieK and antPI3K
targeted agents. Recent studies within the Clarke lab have investigated the effect of oncogenic
Kras and loss of the tumour suppressor protein Pten independently and also concurrently, on
Apc driven tumourigenesigSansom et al., 2006, Marsh et al., 2008, Davies einapres$.

Here, Marsh et al showed that homozygous loss of the Pten allele accelerated Apc driven
tumourigenesis througlncreased activation of pAKMarsh et al., 2008)The study by Davies

et al supported previous ritlings of oncogenic Kras in accelerating Apc driven intestinal
tumour development(Sansom et al., 2006, Janssen et al., 20@) also found that
concomitant deletion of Pten further accelerated tumourigenesis and shortened survival of

mice compared to Apc Pten and Apc Kras con{id&vies et alin press$.

To confirm activation status of corresponding signalling pathways in the tumour models
described above, cohorts of ApcApd* Kras®™ Apd* Pterd" and Apé" Pter" Kra$®"*mice

were generated. Ag¢, Apd* Kras®“"and Apé" Pterl" Kra$>“*manipulations are driven by

the VillinCreER transgene whereas the "Ageteri” deletions were driven by the AhCreER
transgene. Ghorts of n=3 mice were induced and monitored for symptoms of tumour burden

to develop (anaemia, bloating and blood in faeces). Upon development of these symptoms,
mice were culled and dissected as described previously (methods section 2.4.2). Specifically
tumours from the colon where appropriate, and the small intestine were snap frozen in liquid
nitrogen in preparation for protein extraction and subsequent western blot analysis. F8t Apc

and Ap&" Kra$*“*colon and SITs, lysates from 3 tumours weoelpd (per well) whereas for

Apd* Pter" and Apé" Pterd" Kra$s“*SITs, 6 tumours lysates were pooled for western blot
analysis of MAPK and PI3K pathway components. Antibodies against pERK, pAKT (at both
Ser473 and Thr308) and pS6RP were used to investigate activation of MAPK and PI3K/mTOR
pathways respectively. Immuntditing for pERK revealed an increase in "Agaras®* colon

polyps and SITs, indicating activation of MAPK signalling (Figure 3.13). Interestingly, MAPK
signalling through pERK was found to be more activated in colonic tumours in comparison to
SITs. Swrisingly, levels of pERK in Apter” SITs were found to be elevated compared to
controls and Apt Kras®"*tumours, but Apt" Pterd” Kra$s“*SITs did not show activation of

PERK despite mutational activation of Kras (Figure 3.13). Thesegincbrroborate previous
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findings by IHC as reported by Davies efZdvies et al.jn pres$. Immunoblotting for
pAKT473 and pAKT308 reveadativation of PI3K signalling in Ap&rass“colon polyps, but

not in SITs (Figure 3.13). Both Apeterd" and Apé* Pterl” Kras®“*SITs show increased levels

of pAKT473 and pAKT308 compared to "Apand Apé&" Kra$"” controls however
interestingly, oncogenic activation of Kras does not result in hyperactivation of PI3K signalling
in Apd* Pter!" SITs despite the observation that Kras activation increases PI3K signalling in
mutant colon polyps (Figure 3.13). To further investigate sigigatiownstream PI3K and AKT

at mTOR, levels of pS6RP were probed in colon tumour and SIT lysates. In keeping with

$Y*colon polyps, levels of pS6RP were found to be

activation of PI3K signalling in Apéra
increased here. Surprisingly, no alterationgS6RP levels were found in Apkras® Apd”
Pter" or Apd* Pterd" Kra$>*in comparison with Agé SITs (Figure 3.13), indicating perhaps

co-operation between MAPK and PI3K signalling at mTORCL.
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Figure3.13 Western blot analysis indicating activation of PI3K and MAPK signalling in

additional models of intestinal cancer

Pooled colon tumour and small intestine toor (SIT) lysates (n=8tumours from n=3 mice)
from Apd*, Apd* Krass"t Apd* Pterd" and Apé' Krass“* Pterd" mouse models were
subjected to western blot analysis and subsequent immunoblotting with the MAPK effector
PERK and the PI3K pathway effectors pAKT473, pAKT308 and pS6RKradst* colon
tumours display strong activation of MAPK and PI3K signalliregeas interestingly, At
Kras®"*SITs only show mild activation of MAPK signalling, in comparison with csmtrols.
Apd” Pter” and Ap¢" Kras®"* Pted” SITsboth display activation of PI3K signalling in

LSL/+
S/C

comparison with Agé and Apé&" Kras->“*controls however surprisingly, ApcPter” and not

Apd” Kras®""Pterd" SITs show increased MAPK signalling.
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3.3 Discussion

3.3.1 MEK inhibition by MEK162 increases survival of Apmice and results in tumour

growth stasis

Given that overexmssion of EGFR is observed in a number of human malignancies including
CRC(Ciardiello et al., 1991)drug development strategies and podinical research have
justifiably focused extensive efforts to target this receptor in order to inhibit downstream
signalling. EGFR mediates aberrant-puovival and antapoptotic signalling in cancer cells
through a number of signalling pathways including the MAPK and PI3K catfaitdset al.,
1999) Despite the early promise of afEiGFR antagonists including cetuximab and
panitumumab for CRC, and gefitinib and irressa for-simaltcellHlung carcinoma, it quickly
became appant that preexisting mutations activating MAPK and PI3K signalling predicted
non-response to antEGFR therapied.iévre et al., 2008, Frattini et al., 2007, Perrone et al.,
2009) Tumours determined wiltype for KRAS, BAF, PIK3G#X PTENave also been shown

to acquie mutations in these proteins resulting in resistance to &@@FR antagonists
(Benvenuti et al 2007, Di Nicolantonio et al., 2008, Diaz et al., 2002her mechanisms of
resistance include strong activation of cognate goes, including HER2, HER3 and cMET
(Wheeler et al.,, 2008 and whilst targeting these with multiple afiER agents may be a
rational therapeutic strategy, it was hypothesised that inhibition of signalling downstream
EGFR, namely MEK inhibition for MAPK signalling and PISBK/mTOR inhibition for PI3K signalling
may also be an attractive therapeutic strategies for KRAS and PI3K pathwaypeildRCs. To
address these hypotheses in this chapter, | utilised the”Apgnour model driven by the
intestinal specific transgene VillinCreER where induction with tdismxiesults in formation

of lesions within the small intestine and colon over a long latency. Two approaches were taken
for investigations in this chapter. Firstly, to determine the immediate-amtiour effects of

MEK (MEK162) or PI3K/mTOR (MB&EZ235)nhibitors, aged mice presenting with symptoms

of tumour burden were administered a single dose and culled 4 hours later. Alternatively, to
address whether these agents provide any benefits to survival of*Apice, a chronic
treatment strategy was undeaken whereby mice received daily treatment from a chosen

intervention start point, until a survival end point or the experimental end point of 500 days.

The therapeutic effects of MEK inhibition by MEK162 were first assessed to determine
whether as hypothsised, this would be beneficial fApd* tumours. From acute treatment of
MEK162, Ag¢ SITs appear more sensitive to MEK162 than colon polyps, as at 4 hours post

treatment, MEK162 resulted in a papoptotic effect, whereas no discernible atiimour
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effects were detected in colon polyps from the same animals (Figure 3.1, 3.2). Although these
findings indicate MEK162 treatment did have an effect on tumours, investigation of additional
time points following treatment, for example 8, 12 or 24 hours, dquiovide more insightful
information regarding the antiumour effects of MEK162 in Afcdumours over an extended

period of time.

Despite the lack of favourable astimour activity in Apt colon polyps and the modest
effects on SITs, IHC performent pERK in colon polyps and SITs exposed to MEK162 revealed
a marked reduction in immunostaining, indicating target inhibition (Figure 3.3, 3.4). Given the
crosstalk between MAPK and PI3K/mTOR signal(iMg et al., 2007, Ma et al., 2005)
activation status of the later waalso assessed post MEK162 administration. In doing so, a
reduction in pAKT and pS6RP immunostaining was noted in colon polyps and SITs, indicating
inhibition of the PIBK/mTOR axis also (Figure 3.3, 3.4). Although the changes in PI3K signalling
detected hee by immunostaining do require further confirmation and quantification by
western blot analysis. The reduction in PISK/mTOR signalling mediated by MEK inhibition may
be attributable to a number of factors including p90 ribosomal S6 kinases-{R8Kichhave
previously been reported to mediate signals downstream pERKrgill et al., 1988)These
serine/threonine kinases regulate a number of cellular processes including proliferation,
survival and growth through phosphorylatiof a number of diverse substrat¢Romeo et al.,

2012) Interestingly, the RSK consensus phosphorylation motif is shared by other kinases
including AKT and S6 kinase 1 (S6RDmMeo et al., 2012)Substrates targeted by AKT
including TSC2, Bad, GSK3, p27 and S6RP are also phosphorylated(BpRS#isal., 2004,
Shimamura et al., 2000, Torres et al.,.929 Roux et al., 2007and may account for the
MEK162 mediated reduction in pS6RP levels observed ifi Aplon and SITs. Additionally,
RSK1/2 protein kinases have been shown to phosphorylate Raptor, the key component of the
rapamycinsensitive mMTOR complexmTORC1 which lsown to control phosphorylation of
S6RP through S6KRark et al., 2002)Although the reduction of pS6RP immunostaining may

be explained by the interactions between ERK and mTORC1, the mechanism for reduced
immunostaining of pAKT473 remain to be elucidatadtitermore, the regulation of mMTORC2
which is responsible for the phosphorylation of AKT at Ser473 is currently unknown however,
it has been hypothesised that mMTORC2 responds to growth signals mediated through receptor
tyrosine kinase receptors and thatishcould lead to reduced pAKT473 staining in"Apc

tumours following MEK inhibitioOh and Jacinto, 2011)
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Nevertheless, the therapeutic benefits of MEK inhibition in"Apgice determined through
continuous administration of MEK162, substantially increased median survival 6fmice

from 270to 401 days post inductiofFigure 3.5)The favourable effects in this case may be
attributable to inhibition of MAPK signalliftoyit also to inhibition of PI3K and mTOR inhibition.
Additionally, although analysis of tumour burden in Kpmice post MEK162 treatment
revealed no significant alterations in either total tumour number, area nor severity of tumours
in either colon polyp or SITs, these findings suggest chronic MEK162 resulted in tumour
growth stasis (Figure 3.11, 3.12). Importantly, these findings corroborate a number of previous
studies which promote suppression of MAPK signalling as a rational therapeutic strategy for
CRC. Sebelteopold et al evaluated the MEK inhibitor -B8352 in a number of tumour
models including two xenograft models of CRC and similarly reported growth inhibition
following 2 weeks of twicelaily treatment (SeboltLeopold et al 1999) Yeh et al. also
investigated MEK inhibition with AZD6244 in the29TCRC xenograft model and found this to
result in growth inhibition(Yeh et al., 2007Furthermore, Lee and colleagues investigating the
role of ERK activation in intestinal tumourigenesis of"Afianice found that teatment with

MEK inhibitor PD0325901 from 10 weeks of age resulted in 100% survival whereas all vehicle
treated animals succumbed to disease by 27 weeks of age, suggesting treatment inhibits
tumour growth (Lee et al., 2010)Together, these investigations support the hypothesis for

MAPK inhibition as a rational therapeutic strategy for CRC.

3.3.2 NVRBEZ235 treatment in Apt mice also increases longevity of mice and prevents

tumour progression

The therapeutic effects of the dual PISBK/mMTOR inhibitor 8#2E235 were next assessed in
the Apd* tumour model to evaluate this as a rational therapeutic st for this tumour
subgroup. As with MEK162 experiments, the initial effects of-BEB235 were characterised

4 hours after a single dose, in this case 35mg/kg of-BEE235. Characterisation of anti
tumour effects i.e. proliferative and apoptotic effedgtscolon polyps and SITs post treatment
revealed no significant alterations in colon polyps in comparison with vehicle controls, but
contrasting effects with regards to apoptotic signalling in SITs (Figure 3.6, 3.7). Here, a
significant increase in apoptio bodies was scored from H&E stained sections but a significant
reduction in cleaved caspase 3 staining was scored from IHC, with no effect on proliferation
(Figure 3.6, J). Although contrasting, scoring of both histological apoptosis and cleaved
caspae 3 are relevant indicators of apoptosis, cleaved caspase 3 as an earlier indicator whilst

histological apoptosis often regarded as later marker of apoptotic signallingestigationof
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alternative time points post NVBEZ235 treatment for example, &, 12 or 24 hours in Aptc
tumours may provide further insightful information regarding the immediate effects of-NVP
BEZ235 on apoptotic signalling, as well as proliferation. Previous findings by Maira et al.
suggest that NVIBEZ235 does result in reduteell proliferation in colorectal cancer cell
lines, however this did not amount to a decline in cell viability as no difference in total cell
number was observe(Maira et al., 2008)Despite this, Haagensen et al found NREZ235 to

be cytotoxic to HCT116 and HT29 colorectal cancer cell {iHaagensen et al., 2012)
indicating that the effects of NVBEZ235 may be context dependent.

Further to the effects of NVBEZ235 on biological processes in tumours, the effect on PI3K
signal transduction was evaluated by IHC for pAKT (Ser473) and pS6RP to assess target
inhibition. Interestingly, reduction in pS6RP was observed in both colon polyps and SITs
following NVPBEZ235 administration, but no notable effects on pAKT473 immuinggja
(Figure 3.8, 3.9). These findings suggest that at a 4 hour time poirlf, #pwours are more
sensitive to mMTORCL1 inhibition, which results in reduction of pS6RP rather than mTORC2
which mediates phosphorylation of pAKT at Ser473. A study by Rbakrcerroborates these
findings where by treatment of DD HCT116 and SW480 colorectal cancer cell lines with
NVRBEZ235 resulted in more transient inhibition of pAKT but sustained inhibition of pS6RP
(Roper et al., 2011)This was also the case in a study by Haagensen et al. in which HT29 and
HCT116 cell lines were used to evaluate the effects of-BEF235. Here, NVBEZ235
reduced levels of pS6RP and p4EBP1, downstream of mTORC1, more effectively than pAKT
(Haagensen et al.,, 2012Jogetter these data suggest reduced sensitivity to NBEZ235
mediated PI3K and mTOR inhibition. Moreover, these findings are consistent with the view of
Maira et al, who noted that Ptenull cell lines may be more susceptible to the effects of NVP

BEZ235 in coparison with control§Maira et al., 2009)

Additionally to the acute investigations of NWBEZ235, the therapeutic potential of
PI3K/mTOR inhibition was assessed in a chronic treatment experiment thakmals, from

220 days post induction. Continuous administration of NBEZ235 significantly prolonged
survival of mice indicating this as an effective treatment option for this subgroup of tumours
(Figure 3.10). Interestingly, although long term treatrhef MEK162 resulted in a longer
median survival, this was not statistically more beneficial than chronicBBZA235 exposure

in Apd* mice. These findings suggest equal dependence of Apmours on MAPK and PI3K
signalling and also propose combinatdruse of these targeted agents may provide further

therapeutic benefitsFurthermore, although analysis of tumour burden yielded no significant
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alterations in terms of total tumour number, tumour area or tumour severity in colon polyps
(Figure 3.11), NVBEZ235 appeared to halt tumour progression in the small intestine (Figure
3.12). This was characterised by a significant increase in the proportion of single crypt lesions
or microadenomas, and a reduction in the proportion benign adenomas. Together, da&se
indicate beneficial therapeutic effects of NNBEZ235 in APt mice. Previously, evaluation of
NVRBEZ235 in the adenovirisducible Cre recombinase model of Apc mutant colorectal
cancer showed effective regression of colonic tumours as measunedigh consecutive
colonoscopiegRoper et al., 2011)Together, these findings provide strong evidence for NVP

BEZ235 as a rationtdlerapeutic strategy for PI3K pathway and KRAStjid tumours.
3.4 Summary

To summarise, MAPK targeting through the MEK inhibitor MEK162 in tumour bearitig Apc
mice significantly prolonged longevity of mice despite lack of immediatetamibur activty
detected at a 4 hour time point. Similarly, the dual PI3K/mTOR inhibitor-B\BZ235
equipotently increased survival of Apamice indicating equivalent dependence of Kpc
tumours on both signalling cascades. Together, these findings evidence thécafa@geting

of MAPK and PI3K pathways as beneficial therapeutic strategies, but also suggest that in

combination, MEK162 and N\BEZ235 may together provide further therapeutic benefit.
3.5 Further work

3.5.1 Further investigation of antitumour effects of MEK16&and NVPBEZ235 in At

mice

In this chapter, the immediate antiimour and pharmacodynamic effects of MEK162 and
NVRBEZ235 were only assessed at a 4 hour time point post drug administration. As only mild
pro-apoptotic effects were detected in tumours #tis time point, additional shorter and
longer time points for example, 2, 8, 12 or 24 hours post treatment may provide additional
information regarding antiumour effects of MEK162 and NMAEZ235 in this setting.
Furthermore, the effects of MEK162 an¥IRBEZ235 on MAPK and PI3K signalling by western
blot analysis would provide quantitative data into the duration of pathway inhibition and

hence create a profile of drug activity in Apwmours.
3.5.2 Acute and chronic combination therapy in Afenice

As cescribed previously, both MEK and PI3K/mTOR inhibition through MEK162 and NVP

BEZ235 equally increased longevity of "Apaice. This suggests combinatorial therapy may
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provide further benefits in increasing longevity. Initially, the dathour and
pharmacodynamic effects of combination therapy would be assessed at short time points (4,
8, 24 hours) to ensure inhibition of both pathways as well as favourablewmbur effects.
Following this, an appropriate dosing regimen would be required to ensureatulgy (as
determined by weight loss). Nevertheless, given the benefits of samgat therapy, |

hypothesise the combination therapy to provide further therapeutic benefits fof Apice.
3.5.3MEK and PI3K/mTOR inhibition in MAPK and Pd@Kvated tumour settings

Despite the validity of the AfBt model to evaluate MEK and PI3K/mTOR inhibition as
therapeutic strategies for MAPK and PI3K syjde colorectal cancer, these types of lesions
are often associated with early stage disease whichoéten effectively treated with adjuvant

or nec-adjuvant chemotherapy and tumour resection. Colorectal cancer is often detected at
late stages, due to mild symptoms, and often these lesions have accumulated further
mutations, including those in th& RASoncogene and those in genes activating the PI3K
pathway such asPTENand PIK3CATherefore, it is hypothesised that MEK and PI3K/mTOR
inhibition may be more beneficial in lesions presenting with mutations activating these. In this
chapter, | assessed acttian of MAPK and PI3K signalling in three models mutant for Kras and
Pten and confirmed activation of associated signalling pathways. Following this, in chapters 4
6 | explored therapeutic targeting of MEK through MEK162 and PI3K/mTOR through NVP
BEZ235 asnonotherapies and in combination to evaluate these as rational therapeutic

strategies for Kras and Pten mutant intestinal tumour models.
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4 Investigating PI3K/mTOR inhibition and MEK inhibition in thpd&" Pter!"

colorectal cancemouse model

4.1 Introduction

Findings in chapter 3 indicate that targeting PI3K and mTOR in the absence of mutational
activation of the pathway results in a significant survival benefit. Nevertheless, the rationale
behind pathwayspecific inhibitors is that these would be more effeetifor tumours with

specific mutations which lead to activation of the respective pathway. Alterations in the PISK
pathway occur in a wide range of human malignancies and are often associated with
progression of disease and metastasis, as well as poonpsig for patientyParsons et al.,

2005) Mutations in the PI3K pathway are known to occur at every major node including the
NEOSLIi2N) GeNRaAYyS (AylLaSa dz2JAdNBFY tLoYZ (KS
PTEN, and at the downstream kinase AEKmhgelman,2009) Furthermore, in the clinical
aStdAay3aszr YdzitdAa2ya Ay GKS tLYo/! 3ISyS 06KAOK
consistently associated with lack of response to -&@FR therapies, for example cetuximab

and panitumumab which are both appred for thirdline use of metastatic CRBardelli and

Siena, 2010)Together, this has led to a surge in the assessment of pharmacological inhibitors

of the PI3K pathway specifically targeting tumours which present with pathway mutations as a

stratified treatment strategy.

Several prelinical studies have reported efficacy of a number of novel inhibitors of the
PIBK/mTOR pathway in a range of human cokalezancer cell lines. Herlund et al. evaluated
the dual PISBK/mTOR inhibitor NNBEZ235 in a 3D colon carcinoma model and found this to
potently inhibit cell proliferation and induce apoptosis in cancer cells, and also after prolonged
use of cytotoxicgHernlund et al., 2012}urthermore, Blaser et al. reported NBEZ235 and

a novel ATRompetitive inhibitor of mMTOR PP242 (Merck) were more effective than the
allosteric mTOR inhibitor rapamycin at reducing growth and proliferation of calboet cells

and xenograftgBlaser et al., 2012)n addition, Mueller et al. showed that N\BEZ235 and

the nowel panPI3K inhibitor BKM120 had an increased-ppoptotic effect in colon cancer

cell lines with PIBKCA mutatio(igueller et al., 2012)These studies all highlight the benefits

of targeting the PI3K pathway and suggest further development of these in human clinical

trials.
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However, although cancer cell lines are valualdels for quickly determining artumour
activity and evaluating the pharmacodynamics of novel agents, given that the main aim of
pathwaytargeted agents is to specifically target oncogenic proteins driving tumourigenesis,
many studies crucially fail to aeluate mutation status of the PI3K pathway in the cancer cell

lines usedHaagensen et al., 2012, Balmanno et al., 2009)

In this chapter, | first evaluate the dual PI3K and mTOR inhibitor-B¥&ZR35 in an
autochtonouse mouse model of colorectal cancer mutant for the tumour suppressor Pten.
Here, AhCreER driven homozygous deletion of Pten and heterozygous deletion of Apc with

the intestinal epithelium leads to invasive adenocarcinoma driven by activation of Akt.

Mutations in the PI3K pathway have previously been shown to predictresponse to MEK
mediated inhibition of the MAPK pathwdBalmanno et al., 2009, Chen et al., 2012b, Dry et
al., 2010) However, a number of studies have recently reported that combined PI3K and MEK
targeting results in syngistic preapoptotic effects in human colon cancer cell lines and
xenografts(Haagensen et al., 2012, Magldi et al., 2012)To further investigate this, | will also
evaluate MEK inhibition using MEK162 as a single agent and also in combinatidd\H
BEZ235 in this Pten deficient tumour model.

To evaluate the therapeutic potential of PI3K/mTOR, MEK and combined inhibition in the Pten
deficient setting, | employed two main strategies. First, tumbearing AhCreER Apdter”
(referred to asApd* Pter" hereon in) mice were administered a single dose of each treatment
and culled 4, 8 or 24 hour time points post exposure to evaluate early pharmacodynamic and
anti-tumour effects. Secondly, to investigate the long term effects of each treatnemour
bearing mice were started on treatment at a defined time point following induction and
treated daily to a survival end point i.e. when mice were symptomatic of disease, to

investigate the effect of treatment on survival and tumour burden of’Apter” mice.
4.2 Results

4.2.1 NVRBEZ235 reduces proliferation, induces apoptosis and leads to inhibition of the
PI3K and mTOBignallingcascade in Agé Pten™ tumours

For short term experiments, 10 week odpd* Pten™ mice were induced and monitorechtil
A@YLIW2YFGAO 2F RA&aSIaS 6L S FSSix ot2FdAy3a |
then administered a single dose of 0.5% Methyl Cellulose (MC, Vehicle) and culled 4 hours

later, or 35mg/kg NVIBEZ235 and culled either 4, 8 or 24 hoursrladglditionally, BrdU was

administered to mice 2 hours prior to culling to label cells undergoing S phase of the cell cycle.
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At dissection small intestinal tumours (SITs) were quickly dissected and snap frozen in liquid

nitrogen for protein extraction, and KS a Yl t f Ay {NRIEdEORD dlyR FAELSRA

in preparation for H&E staining and IH@ethods section 2.4)2

To characterise the immediate asitimour activity of NVABEZ235 irApd™ Pter" tumours,
histological mitosis and apoptosisas/scored in SITs from H&E stained slides. Quantification of
mitotic figures(Figure 4.1 A), revealed no significant alterations at 4, 8 or 24 hours after a
single dose of NVBEZ235, compared to vehicle (4hr NB#Z235 = 0.548 + 0.363, vehicle =
0407+ndomy X LI @FfdzS§ ' nodmopy I yxmp (dzyBEZREBZ n
= 0.311 £ 0.212, 24hr N\BEZ235 = 0.269 + 0.303, vehicle = 0.407 £ 0.318, p value = 0.6004

Y A

for 8nhr NVPBEZ235 and p value = 0.0844 for 24hr NVP¥%H o p 2 Y KM p , Maay 2 dzNA =

Whitney U test). Similarly, scoring of apoptotic bodies in small intestine tumours indicated no
significant alterations 4, 8 and 24 hours after a single dose of-BBZ235 treatment
compared to vehicle treated tumours (4hr NBEZ235 = 1.871 + 1(H(78hr NVFBEZ235 =
1.2711 + 0.766, 24hr NMBEZ235 = 1.409 * 0.655, vehicle = 1.802 + 1.123, p value = 0.951 for
4hr NVPBEZ235, p value = 0.295 for 8hr NREZ235, p value = 0.399 for 24hr NBEZ235,
yxMmp GdzyY2dzZNBE>X n YA QSduredllBYyy 2 KAlGySe | GSaido

In order to further characterise the biological effects immediately after a single dose of NVP

BEZ235, IHC against BrdU and cleaved caspase 3 was carried out and scored (Figure 4.2 A, B).

Quantification of BrdU staining revealed a significant deseemm number of BrdU positive
tumour cells 4 and 8 hours post NBEZ235 treatment (4hr NVBEZ235 = 14.877 + 4.088y
NVRBEZ235 = 9.629 + 3.105, vehicle = 30.7 £ 9.761, p value < 0.000 for 4BRERRI5, p

value = 0.0004 for 8hr NMBEZ235y % M p  is,deYhelzMann Whitney U test), indicating a
reduction in the number of cells in S phase of the cell cycle. The number of BrdU positive cells

24 hours after NVIBEZ235 was not altered in comparison with vehicle cohorts (24hr NVP

BEZ235 = 25.729 + 1031 OSKA Ot S I' ondtr § GpdrcmzE LI S f dzS

Mann Whitney U test) indicating that N\BEZ235 initially induces a reduction in the number
of cells in S phase of the cell cycle, however this returns to normal physiological levels

between8 and 24 hours after administratiofigure 4.2 A).

Quantification of cleaved caspase 3 staining revealed a significant increase 4 hours post NVP
BEZ235 exposure, (4hr NBEZ235 = 5.631 £ 2.436, vehicle = 3.046 + 2.298, p value = 0.0002
yxmp U dzvikedzM&nix Whitney U test) indicating an immediate -prmptotic effect.
Cleaved caspase 3 scoring in SITs at further 8 and 24 hour time points followHBEMYES

treatment revealed a trendowards a reduction in cleaved caspase 3 ahdurs and a
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signficant reduction at 2sours(8hr NVPBEZ235 = 2.247 + 0.801, 24hr NBEZ235 = 1.149 +
0.635, vehicle = 3.046 + 2.297, p value = 0.544 for 8hrBBZR235, p value = 0.037 @thr
NVR. 9%HopI yxmp U(dzy2dz2NEZ ) peNdpOSiggestntcigtionzoK A Gy S @

compensatory mechanisms to reduce the increased apoptosis at 4 Hegrsd 4.2 B

To investigate whether the early axtimour effects of NVIBEZ235 described above
correspond to pathway inhibition, SIT lysates were subjected to wedtiotnanalysis Figure

4.3 AC). Protein extracted from 6 small intestinal tumours from n=3 mice harvest8daid

24 hours after a single dose of NBEZ235, or 4 hours after vehicle treatment were pooled

for analysis. Antibodies for the phosphorylatedrfis (and hence activated form) of AKT at
Thr308 and Ser473 were probed to assess activation of PI3K signalling through PDK1 and
MTORC?2 respectively. Additionally, phospho S6 ribosomal protein (S6RP) at Ser235/236 and
phospho 4EBP1 at Thr37/46 were also o to investigate pathway activation status
downstream of mTORC1. Western blotting and densitometry analysis revealed complete
inhibition of the PI3K and mTOR signalling axis 4 hours after a single dose-BEX¥®5. This

is evidenced through complete daction in the abundance of pAKT at Ser473 and Thr308, as
well as pS6RP and p4EBP1 (Figure 4.3, Table 4.1). Western blotting also revealed this inhibition
is predominantly relieved by 8 hours post NBBZ235 as tumours harvested 8 and 24 hours
post NVPBE235 administration show no obvious reduction in pathway effectors compared to
vehicle controls. Interestingly, densitometry analysis revealed a significant 50% increase in
abundance of pAKT Thr308, 8 hours post treatment (Figure 4.3, Table 4.2) and @ivards
reduced levels of pAEBP1 at 24 hours post treatment. These later changes suggest activation
of a negative feedback loop activated by tumours in response to PI3K/mTOR pathway

inhibition and may reflect a mechanism of rebalancing cell signallibggal levels.
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Figure4.1 NVRBEZ235 does not alter leveté mitosis and apoptosis in ASE Pter small

intestine tumours

Scoring of mitotic figure$A) and apoptotic bodiegB) revealed no significantlirations 4, 8

or 24hrs after a single dose of 35mg/kg N8#Z235 compared to vehicle (0.5% MC) however,
there appears to be a trend towards a reduction in the number of mitotic figures 8 and 24hrs
post NVP. 9 4H o p SELJR adzNB 16ltamdis @ dife, Mann hitngy D tesf). x

Error bars represent standard deviation.
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Figure4.2 NVRBEZ235 reduces the number of cycling cells and induces apoptosis through

cleaved caspase 3 ifpd”" Pter" small intestine tumours (SITs)

IHC against the proliferation marker BrdU and the apoptotic marker cleaved caspase 3 were
carried out and quantified/A) Scoring revealed a significant reduction in the number of BrdU

positive cells 4 and Bours after expoare to NVPBEZ235 idicating less cellgoingthrough

GKS OStt OeodtsS oL FFtdzS X nodonnam F2NI nKNE LI ¢
as well as a prapoptotic increase in cleaved caspase 3 stainihguts after exposuréB) (p
value=01nnHX Yy x o alyy 2 KA-{prglifestive effeitSgpéassdto ¢ KS A
return to baseline levels between 8 and Bdurs post exposure whereas cleaved caspase 3

levels appear to further decrease 8 and BdUNB L2 4G SELR &adzNB 1% L) G f c

tumours, 4 miceMann Whitney U test). Error bars indicate standard deviation.
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Figure4.3 NVRBEZ235 reduces PI3K and mTOR signalliipii’ Pter”" small intestine

tumours (SITs) 4 hours poskposure

(A) 6 SITlysates pooled from n=3 mice exposed to NB#EZ235 for varying time points were
subjected to western blot analysis. Effectors of the PI3K and nsigdRllingpathways were
probed and this revealed marked reduction of PI3SK and m¥@QRdling 4 hours post
exposure. Signallingmostly appeared to return to basal levels byh8urs post exposure.
Additionally, te MAPK pathway effector FRK was probed to assess activation of this
pathway, no significant alterations were present heig.+ ¢Densitometry was carried out to
qguantify differences observed from immunoblotting. These are normalised-&stin as
loading control and represented as relative to vehicle controls (*p value = 0.0404, n=3, Mann
Whitney U test).
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Vehicle 4 hours postNVRBEZ235 (p value)
pAKT473 | 6804 +1921.9 131.7 + 224.6 (0.0404)
pPAKT308 | 4770.1 +790.3 13.0 £ 22.5 (0.0404)
pS6RP 12287.0+92.6 863.6 + 110.0 (0.0404)
pAEBP1 | 1317.4 +1059.3 5.2 + 1.3 (0.0404)
PERK 10821.0 + 3706.3 9873 £984.9 (0.5)

Table4-1 Raw densitometry values from western blot analysis of poolagd™ Pterf” SITs 4
hours post exposure to NVBEZ235, n=3, Or@iled Mann Whitney U test was used for

statistical analysis

Vehicle 8 hourspost NVPBEZ235 24 hours post NVP
(p value) BEZ235 (p value)
pAKT473 | 9273.1 + 1866.7 9826.7 + 400.2 (0.3313) | 8416.0 £ 963.9 (0.5)
pAKT308 | 2933.2 +407.8 4526.0 + 605.9 (0.0404) | 2188.3 £417.4 (0.095)
PS6RP 10963.3 + 696.8 10430.6 + 922.9 (0.1914)| 11640.6 + 112.4 (0.5)
pAEBP1 | 10904.6 + 4570.9 10944.3 + 922.9 (0.5) 11640.6 + 112.4 (0.095)
pPERK 12500.5 + 908.6 10972 £ 822.4 (0.095) 10483.2 £ 2599.4 (0.5)

Table4-2 Raw densitometry values from western blot analysis of poolagd™ Pter” SITs 8
and 24 hours post exposure to NMBEZ235, n=3, Ortailed Mann Whitney U test was used

for statistical analysis

Additionally to investigating the effect of N\BEZ235 on PK3and mTOR signalling, activation

of the MAPK pathway through pERK was also assessed. Both pathways are known to converge
at a number of downstream effectors and AKT is also known to lead to activation of MAPK
signalling through RAFXZimmermann and Moelling, 1999)upstream of MEK and
downstream of RAS in the MAPK signalling cascade. Immunoblotting and subsequent
densitometry analysis fqgERK at Thr202/Tyr204 revealed no significant changes at either 4, 8
or 24 hours after exposure to NMBFEZ235 in comparison to vehicle treatehours (Figure

4.3, Table 4.1 and table 4.2), indicating no effect on MAPK sign#irough phospho ERK in

response to PIBK/mTOR inhibition by N®PZ235.
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In summary, acute NVBEZ235 exposure in Pten deficient SITs lead to effective inhibition of
downstream pathway effectorgFigure 4.4)As PI3K signalling is known to be crucial for
survival and apoptosis, theeduction in signalling may be responsible for the reduced

proliferation and increased apoptosis in tumours as detected by BrdU and cleaved caspase 3

quantification.
4 hour time point 24 hour time point
PN PN
PIP, <—>PIP, PIP, <—>PIP,
Ras''P110a . Akt,, Ras!'P110a ,;,Akt, .
mTORC2 : | TmTORC2 !

PDK1 PDK1

Raf \vp.gezass TSC2 Raf \vp.gezass TSC2

Mek Mek

' __NVP- NVP-
& mTORC1— V7. oA HTORCL=T
Rsk - pS6RP p4EBP1 Rsk 'pS6RP p4EBP1

Figure4.4 Schematic showing theffects of NVPFBEZ235 on PISK/mMTOR and MAPK path
components as detected through western blot analysis (Green denotes a reduction in

protein levels).
At 4 hours post exposure, N\BEZ235 leads to a reduction in levels of pAKT at Ser473 and

Thr308, pS6R&nd p4EBP1 whereas at 24 hours post exposure;BBZA235 has no significant
effect on PI3BK/mTOR or MABIgnalling
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4.2.2 Long term PI3K/mTOR inhibition through N\BEZ235 leads to a significant increase

in survival of Apt" Pten™ mice

To investigte the therapeutic potential of PI3K/mTOR inhibition in this Pten deficient tumour

model, a chronic treatment experiment was conducted to determine the effect firstly upon
longevity of mice, but also intestinal tumour burden (section 4.2.7). For thisyek old

Apd”* Pterd" mice were induced and allowed to establish disease over an 11 week period (77

days). Given that the majority of these mice become symptomatic of disease immediately

after 11 weeks, a 77 days post induction (dpi) time point was ch@se an appropriate
AYGSNIBSyGA2y adGFNI LR2AYyGd aAOS o6yxmp LISNI O2K?2
(Vehicle) or 35mg/kg NVBEZ235 twice daily (weekdays only) by oral gavage until a survival

SYR LRAYG O0FYyIFISYAlLT of®GAYy3aT x mrE: f2aa 2F 0o

Continuous twice daily treatment of N\BEZ235 i\pd”* Pterl mice was well tolerated and

led to a significant increase in survival of mice (median survivalB\BZ235 mice = 266 dpi,
YSRAILY &dz2NBAGLEE +£SKAOfS YA OdgRank adudwilcBxbditest) LI @I f
(Figure 4.5indicating this as a beneficial therapeutic strategy Apd* Pten™ mice. Analysis

of tumour burden at death following chronic NNBEZ235 treatment was also conducted

(section 4.2.7) to further evaluate the effis of treatment.
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Figure4.5 KaplanMeier survival analysis of ASE Pter" mice on NVFBEZ235 compared t
vehicle controls
Apd” Pter” mice were induced and aged to 77 days post induction, at which point mice were
randomised to receive either 0.5% Methyl cellulose (Vehicle control) or 35mg/keBE¥Y 235
twice-daily by oral gavage until a survival end point. Continuous-BE/Z235 tratment was
found toincrease survival of mice from 99 days (vehicle controls) to a median of 266 days post

AYRdAzOGA2Y o0LI @It dzS X n-Remkandwilopxgmigst). Y A OS LISNJ 02 K
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4.2.3 Acute MEK inhibition through MEK162 reduc@dAPK signaling andcellular
proliferation in Apd* Pten ™ tumours, but reduces apoptosis and increaséd3K

signalling

Similarly to section 4.2, mice for short term experiments were induced and aged to allow for
development of intestinal tumours. Mice symptomatic of disease wsthsequently

administered with a single dose of 30mg/kg MEK162 and harvested either 4 or 24 hours later
as described previously (section 2.4.2). Mice were also administered BrdU 2 hours prior to

culling. Vehicle controls for this experiment are identtoathose used in section 4.2.

To investigate the immediate artimour activity of MEK162 iApd™ Pter" tumours, mitotic

figures and apoptotic bodies were scored in SITs from H&E stained slides (FigiieB4.6
Quantification of mitotic figuresevealed no significant alterations at either 4 or 24 hours post

exposure to MEK162 (4hr MEK162 = 0.372 + 0.137, 24hr MEK162 = 0.417 + 0.271, veh = 0.407

p ndomys LI @ltdzS I' nodyyn F2NI nKNJ a9YmcH | yR L
4 mice, Mam Whitney U test). However, scoring of apoptosis revealed a significant reduction

in the number apoptotic bodies at both 4 and 24 hours following MEK162 exposure (4hr
MEK162 = 0.645 £ 0.546, 24hr MEK162 = 0.8 £ 0.675, veh = 1.802 + 1.123, p valuefer0.0036

NKNJ a9YmcH FYR LI @FtdzS ' nodnntH F2NJ HnKNJ a9 Y
test)

Furthermore, IHC for BrdU and cleaved caspase 3 was carried out and scored to further
evaluate the anttumour effects of MEK162 (Figure 44/B. Scoring reveatl a significant

reduction in BrdU positive cells at both 4 and 24 hour time points post MEK162 exposure (4hr
MEK162 = 17.65 * 4.82, 24hr MEK162 = 15.614 + 8.64, veh = 30.7 £ 9.761, p value = 0.0003 for
NKN) a9YmMcH YR ndannm F2N migeKMdnnaWhitneyc W gst) y x M p
indicating an antproliferative reduction in cells undergoing S phase of the cell cycle.
Quantification of cleaved caspase 3 bodies revealed no significant changes at both 4 and 24
hours post MEK162 (4hr MEK = 2.76 + 1.68, RAIBK = 4.036 + 2.81, Veh = 3.046 £ 2.29, p

Gl tdzZS x nonpI yxmp GdzY2dzNAZ n YAOSI alyy 2KAUG
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Figure4.6 MEK162 resulted in a reduction of apoptotic bodiesApd™ Pterf small ntestine

tumours (SITs)

Scoring of mitotic figuregA) and apoptotic bodieqB) by H& examination revealed no
significant alterations in the numbef mitotic figures present, however revealedsignificant

reduction in the numberapoptotic bodies 4 and £hours after a single dose of 30mg/kg
a9YmMcH O0L) @FftdzS§ ' ndnnoc F2 NIS5tuidids, 4 yhideMadn J 1 £ dzS

Whitney U test). Error bars represent standard deviation.
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Figure4.7 MEK162 lead to a reduction in the number of BrdU positive cells however, no

alterations in cleaved caspase 3 were detecteddpd” Pter" small intestine tumours (SITs)

Quantification of IHC against the proliferation marker Br@gl) and the apoptotic meker

cleaved caspase (B) revealed a significant reduction in BrdU positive cells 4 antidz#s

after a single dose of 30mg/kg MEK168@icating less celisndergoing the cell cycle (p value =
ndnnno F2NJ nKNB FyR LI @t f dzSney U tasth however, i@ NJ H n K
It GSNI GA2ya 6SNB 204aSNWVSR 6AGK NBIFNRI G2 Of ¢

tumours, 4 miceMann Whitney U test). Error bars indicate standard deviation.
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Mutations of the PI3K pathway have previously proved torrtkeerently impervious to MEK
inhibition in other models of human cancalmanno et al., 2009, Chen et al., 2012b, Dry et
al., 2010) To evaluate the immedte pharmacodynamic effects of MEK162 in this Pten
deficient and hence PI3K activated intestinal tumour setting, protein extracted from 6 SITs
(from n=3 mice per cohort) were pooled and subjected to western blot analysis.
Immunoblotting for pERK (Thr 20&/r204) revealed a marked reduction at 4 and 24 hours
post MEK162 exposure, indicating prolonged target inhibition in the Pten deficient tumour

setting (Figure 4.8-C, Table 4.3, Table 4.4

Vehicle 4 hours post MEK162 (p value
PERK 10821.0 + 3706.3 2961.3 £ 1120.1 (0.0404)
pPAKT473 6804.6 £ 192.9 6393.7 £ 545.1 (0.3313)
pAKT308 4770.1 £790.3 2907.8 £ 982.2 (0.0404)
pS6RP 12287.0 + 942.6 9954 + 1462 (0.0404)

p4EBP1 13174 + 1059.3

15543 + 2254.5 (0.0952)

Table4-3 Outline of raw densitometry values from western blot analysis of pooled Apc
Pter" SITs 4 hours post exposure to MEK162, n=3, @iled Mann Whitney U test was

used for statistical analysis

Vehicle 24 hours post MEK162 yalue)
pERK 15657.0 + 805.8 1451.5 £ 197.1 (0.0404)
pAKT473 5420.1 + 385.9 8678.3 £ 596.0 (0.0404)
PAKT308 2754.0 £ 105.9 5483.5 £ 371.9 (0.0404)
pS6RP 15479.0 + 1066.3 7776.3 £2165.8 (0.0404)

p4EBP1 7954.1+ 618.5

43.3 + 75.0 (0.0404)

p110 818.8 +246.8

4399.2 * 560.1 (0.0404)

Table4-4 Outline of raw densitometry values from western blot analysis of pooled Apc
Pter" SITs 24 hours post exposure to MEK162, n=3,-@iled Mann Whitney U test was

used for statistical analysis
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Given the extensive crogalk between both pathways, the immediate effect of MEK inhibition

on PI3K and mTOR signalling was explored through western blot analysis of antibodies against
pAKT, pS6RP and p4EBP1 were probed. Suéseglensitometry analysis revealed no
significant difference in pAKT473 or p4EBP1 abundance, but did show a significant reduction in
pPAKT308 and pS6RP abundance 4 hours post MEK inhibition, indicating partial inhibition of
PI13K and mTOR signalling (Figu& Table 4.3)Together, these changes to PI3K signalling are
surprising but highlight immediate modulation of the closely associated signalling cascades.
Furthermore, western blotting of tumour samples from mice harvesteti@4#s after MEK162

exposure reveakd additional modulation of PI3ksignalling Here, densitometry analysis

revealed a significant increase in both pAKT 473 and 308 abundance but a significant reduction

in levels of pS6RP and p4EBP1 (FigureTé&Ble 4.4)The changes in PI3K sidimg triggered

through acute MEK inhibition may be attributable to convergence of both signalling cascades

at mTOR or alternatively, activation of receptor tyrosine kinases through a feedback
mechanism downstream of pERK may be responsible for activafidfl3X signalling. To

TAdINLI KSN) S@Ffdzk S gKSGKSNI GKAa ¢la GKS OFass
LYydaSNSadAy3ates ¢gSaitSNyYy of2G0Ay3 NBGSIHESR | &’
post MEK162 administration, correlating the increase WKp 473 and 308 abundance
observed at this time point (Figure 41ble 4.4).
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pERK (44,42 kDa)
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Figure4.8 MEK162 leads to inhibition of MAPK signalling through pERKgd* Pterf" small
intestine tumours(SITs), however leads to differential modulation of PI3K and mTOR

signalling

(A) 6 SITyooled from n=3 mice exposed to MEK162 for either 4 or@4swere subjected to
western blot analysis. Immunoblotting revealed a reduction in pERK abundance compared to
vehicle controls indicating inhibition of MARIgnalling Effectors of PI3K and mT®ignalling

were also probed to investigate cretgk of pahways. PI3K/mTO8gnallingwas found to be
predominantly reduced at 4 hours, however Pignalling(through pAKT) was found to be
increased after 24 hours but mTGR)nalling(through pS6RP angdEBP) wasfound to be
reduced. B + ¢ Densitometry wascarried out to quantify differences observed from
immunoblotting. These are normalised bsactin as loading control and represented relative

to vehicle controls (*p value = 0.0404, n=3, Mann Whitney U test).
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Pter" small intestine tumours (SITs)

(A) Pooled SH from miceculled 24 hours after exposure to MEK162 were subjected to
western blotting and probed for p11D Immunoblotting and subsequent densitometry
analysis, B) revealed a significant increase in pilbundance. For densitometry, p1d0
bands were normalised td-actin as loading control and represented relative to ehi

controls (*p value = 0.0404, n=3, Mann Whitney U test).
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In summary, the immediate consequences of MEK16®pidi* Pterl” SITsnvolved prolonged

inhibition of MAPK signalling through pERK which may be responsible for thar@iferative

effects observed by BrdU scoring. Interestingly however, MEK162 also led to modulation of

PI3K and mTOR signalling further evidencing emlksbetween the two pathways. Here, an

initial reduction in PI3K and mTOR signalling was observed at 4 hours p&ta?l exposure
K2gSOSNI G Hn K2dzZNBZ a9YmcH fSIFIRa G2 | OQGAQIGA
reduction in levels of the mMTORC1 effectors pS6RP and p4EBP1.

4 hourtime point 24 hour time point
PTIEN
‘ ’ PIP P'Dé r\gw PIP, - i PIP,
Ras!lP110a ,,,Akt,,, Ras Pljggcz a7sAkt e
: mIoRE2 PDK1 Réf A PDK1
iy TSC2 TSC2
- MEK ~ \
';’éEzK Mek 16> Mek |
Bsk P pa hak -PSERP p4EBP1
. pS6RP p4EBP1

Figure4.10 Schematic showing th effects of MEK162 on PI3K/mTOR and MAPK pathw
components as detected by western blot analysis (Green denotes a reduction and red

denotes an increase in protein levels).

At 4 hours post exposure, MEK162 leads to a reduction in levels of pERK, pAiK30&tand
pPS6RP. At 24 hours post exposure, MEK162 reduced levels of pERK, pS6RP and p4EBP1 but led
G2 AYONBIFaSR tS@gSfta 2F Lwmmnanh yR LN Y¢e |G {SNnh

4.2.4 Chronic Mek162 treatment has no effect on longevity of ApBten” mice

Similarly to sectin 4.2.2, 10 week oldpd* Pten™ mice were induced and aged to 77 dpi for
long term treatment with MEK162. A cohort of 13 mice received 30mg/kg twice daily
(weekdays only) bg NI £ 3+ @F 38 dzydAt | AdNBASEE SYyR LRA

body weight). Vehicle controls for this experiment are identical to those used in section 4.2.2.

Chronic twice daily treatment of MEK162 although well tolerated (determined by body weight)
in Apd* Pten™ mice, had no advantageous effect on median sunéfahice (median survival

2F a9YmMcH YAOS I' MamMRLIAZ @GSKAOES YAOS I' dppRLIA
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value = 0.529) (Figure 4.11). Therefore, despite the immediate reduction in MAPK signalling,
Apd* Pter" mice are unresponsive to lorigrm MEK inhibition potentially due to immediate

compensatory modulation of the PI3K signalling cascade.

1.0 :
I 1Vehicle

~IMEK162
L ’|\ Treatment

0.8 —‘ start

0.6 L

0.2 L
K

L] 1 1 L | U | |
0.00 20.00 40.00 60.00 /P0.00 100.00 12000 140.00

days post induction

Figure4.11 KaplanMeier survival analysis of ASEPter”" mice on MEK162 compared to

vehicle controls

Apd”* Pterf” mice were induced and aged to 77 days post induction, at which point mice were
randomised to receive either 0.5% Methyl cellulose (Vehicle control) or 30mg/kg MEK162
twice-daily by oral gavage until a survival end point. Continuous MEK162 treatment wak fo

to have no benefit on survival of mice (p value = 0.224Ragk, p value = 0.529 Wilcoxon

iSadz y xmo YAOS LISNI O2K2NI 0 @

4.25 The gquence of NVBBEZ235 and MEK16&ministration is crucial for combined
inhibition of PI3K and MAPKignallingin Apd* Pten " mice

Given the effectiveness of long term PI3K/mTOR inhibition in this Pten deficient tumour

model, and the lack of response to chronic MEK inhibition, combined PI3K and MEK inhibition
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was then investigated to determine whether the effects of cheosingle agent NVBEZ235
could be improved upon. First however, it was crucial to determine the most effective manner
of administering the combination therapy. Three differing dosing strategies were chosen (as
outlined below, Table 4.5) and investigateda short term setting to help identify the most
SFFSOGAGDGS aidNIGS3Ie F2NI FRYAYAAGSNRAY3I (GKS 02Y0
mice were administered with each strategy and harvested 4 hours after the final dose. The
dosing strategies cleen differ in the order of inhibitoradministered. Combination strategy 1
(Combo 1) involved administration of MEK162 1 hour prior to -BEB235 whereas
combination strategy 2 (Combo 2) involved administration of MEK162 1 hour following NVP
BEZ235 treatmen The 1 hour time gap in between treatments was initially chosen to reduce
the stress of oral gavage however to eliminate any effect this may have had on tumours, both
inhibitors were also administered simultaneously in combination strategy 3 (Comboi&. M
were also administered with a dose of BrdU 2 hours prior to culling and were dissected as
previously described in section 4.2. Vehicle controls for short term combination experiments

are identical to those described previously in section 4.2.

Strategy Dosing schedule

Combo 1 30mg/kg MEK162 followed by 35mg/kg NBBZ235 1hr later
Combo 2 35mg/kg NVBEZ235 followed by 30mg/kg MEK162 1hr later
Combo 3 35mg/kg NVBEZ235 and 30mg/kg MEK162 at the same time

Table4-5 Outline of combination dosing strategies utilised for short term pharmacodynamic

and antirtumour evaluations

To elucidate the immediate amtumour effect of each combination strategy, histological

mitosis and apoptosis was seal from H&E stained slides (Figure 4.a2d also, IHC for brdU

and cleaved caspase 3 was carried and quantified (Figure 4.13). Scoring of mitotic figures

in the Pten deficient SITs revealed no significant alterations following exposure to any of the

three combinations in comparison to vehicle controls (4hr veh = 0.407 + 0.318, combo 1 =

0.347 = 0.16, combo 2 = 0.138 £ 0.239, combo 3 = 0.393 £ 0.417, combo 1 p value = 0.897,

O2Y02 H LI @LtdzS I nomnn: 02Y062 o LligeyUdzS ' n

test). Quantification of apoptotic bodies revealed a significant increase in histological

apoptosis only after exposure to combo 2 (4hr veh = 1.802 + 1.123,combo 1 = 1.85 + 1.141,

combo 2 = 4.77 £ 0.406, combo 3 =2.365 + 1.102, combo 1 p val827% €ombo 2 p value =

nonnpys 02Y062 o LI @LfdzS ' noumyI yxy G(dzy2dz2NES
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IHC for BrdU and cleaved caspase 3 was carried out and quantified to further evaluate the
immediate antitumour activity of the three combettion strategies. Scoring of BrdU positive

cells showed a significant reduction in positive cells following combo 1 and 2 but not with

combo 3 (Veh =30.7 £ 9.76 combo 1 = 13.65 + 6.18, combo 2 = 10.45 + 3.32, combo 3 = 26.93
+502020K L) OlrkgzS GdgyadeNBEZ n YAOSI alyy 2KAGySe
cleaved caspase 3 revealed a significant increase in staining in SITs exposed to all three
combination strategies (4hr veh = 3.046 + 2.297, combo 1 = 4.06 + 1.38, combo 2 = 4.4 +
1.702, combo 3 9.567 + 2.351, combo 1 p value = 0.0305, comipovalue = 0.033, combo

o LI @LfdzS I nonnndX yxy GdzY2dzNBZI n YAOSI al yy
tumours, although the levels of cleaved caspase 3 was higher in combo 3 treated tumours

than combo 1 and 2 (Figure 4.13).

As described previously, exposuceNVRBEZ235 led to inhibition of a number of components
along the PISK/mTOR signalling cascade and similarly, exposure to MEK162 led to a reduction
in MAPK signalling evidenced through a reduction in pERK. To determine whether combinatio
of NVRBEZ23%nd MEK162 letb simultaneous inhibition of PI3BK/mTOR and MAPK signalling

in Apd™ Pter" tumours, SITs harvested from mice exposed to the three combination
strategies (Table 4.5) were subjected to protein extraction. For western blot analysis, 6 SITs
per cohortwere pooled and probed for components of the PISK/mTOR and MAPK signalling

pathways to build pharmacodynamic profiles of the three combination strategies.

Surprisingly, immunoblotting for pathway components revealed notable differences between
the three combination strategies with regards to pathway inhibition. Administration of
MEK162 1 hour prior to NMPEZ235 (Combo 1) led to a reduction in levels of pERK, but
differential modulation of PI3BK/mTOR signalling, evidenced by partial inhibitigpAKIT at
Ser473 and Thr308 and p4EBBWt completereduction of pS6RP (Figure 4.14, Tablg.4.6
Interestingly, administration of NVBEZ235 1hr prior to MEK162 (Combo 2), led to potent
inhibition of pERK and a number of PI3K pathway components includikg &&r473 and
Thr38 and pS6RP (Figure 4.T4ble 4.7)suggesting that MEK inhibition prior to PISK/mTOR
inhibition may rendeApd* Pten™ tumours insensitive to PI3K/mTOR inhibition whereas MEK
inhibition post PISK/mTOR inhibition resultsarcoopeative effect to inhibit both pathways.

To evaluate whether the differences observed between combo 1 and combo 2 with regards to
pathway inhibition were due to the order of which inhibitors were administered or whether
this perhaps was due to the 1 houm in between doses, both inhibitors were administered

at the same time (combo 3) and tumours were similarly evaluated for differences in pathway

output. Western blotting of these tumours revealed that administration of NBEZ235 and
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MEK162 at the samentie lead to inhibition of MAPK signalling through reduced levels of
pPERK, but differential inhibition of PI3K/mTOR signalling. Here, a partial reduction in pAKT
Ser473 levels, no difference in levels of pAEBP1 however, a considerable reduction in pAKT
Thr3®B and pS6RP was detected (Figure 4.Tdble 4.y. This later finding suggests that
tumours exposed to combo 3 are no longer sensitive to potent PI3BK/mTOR inhibition as
observed by NWBEZ235 alone 4 hours after a single dose and that perhaps when

administred at the same time, the effects of one agengate the effects of the other.

Vehicle Combo 1 (p value)
pERK 10280 + 276 1852 +390 (0.0404)
pAKT473 | 8417 + 798 5855 +460 (0.0404)
pAKT308 3461 + 1562 2350 + 743 (0.0404)
pS6RP 5344 + 1022 65 + 39(0.0404)
p4EBP1 6614 + 2694 2261 £671.9 (0.0404)

Table4-6 Outline of raw densitometry values from western blot analysis of poolaégd*
Pter" SITs 4 hours post exposure to combo 1, n=3, @iked Mann Whitney U test was

used for statistical analysis

Vehicle Combo 2 (p value) Combo 3 (p value)

PERK 12689 + 1257 1221 + 352 (0.0404) 2683 + 954 (0.0404)

pAKT473 | 11861 + 197 713 £ 280 (0.0404) 9521 + 1283 (0.0404)

pPAKT308 | 5308 =574 No bands detected 2165 + 423 (0.0404)

PS6RP 16685 + 854 386 + 114 (0.0404) 1818 + 814 (0.0404)

p4EBP1 9452.9 + 2308.1 13063.9 £ 1602.6 (0.0404, 11543.4 + 2089.7 (0.1914

Table4-7 Outline of raw densitometry values from western blot analysis of poolagd*
Pter" SITs 4 hours post exposure to combo 2 and combo 3, n=3;t@itel Mann Whitney

U test was used for statistical analysis
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In summary, wester blotting of the three combination strategies chosen show tApi*
Pter" tumours are highly sensitive to the order of which inhibitor is administered, in order to

achieve simultaneous inhibition of both pathways.
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Figure4.12 Sequencing of combination is important for antiimour effects inApd”™ Pter!"

small intestine tumours (SITS)

Scoring of mitotic figuregA) and apoptotic bodiegB) revealed a trend towards reduced
mitotic figures only after combo 2 administration, but a significant increase in apoptosis 4

hours after combo 5 E LJ2 & dzZNB 6 LJ @I f dz§ X MamwmVphEneyyUxgst). i dzY 2 dzN

Error bars represent standard deviation.
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Figure4.13 Sequencing of combination is importarfior anti-tumour effects in Ap&" Pter"

small intestine tumours

Quantification of IHC against the proliferation marker Brgl) and the apoptotic méter

cleaved caspase @) revealed a significant reduction in BrdU positive cells 4 after combo 1

and 2, and increase in cleaved caspase 3 only after combo 3 administi@tid @ £ dzS XX n ®rs
Yy xy 0 dzY 2 dzZManiz WhitneyyUit€3$ A trend towards arciease in cleaved caspase 3

after combo 2 was also observed, however this was not significantly altered. Error bars

indicate standard deviation.
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Figure4.14 Sequencing of combination is crucial for combinghibition of PISK/mTOR and

MAPK signalling it\pd” Pterf small intestine tumours

(A)6 small intestine tumours pooled from n=3 mice exposed to the differing combination
strategies were subjected to western blot analysis and probed for effectors of PI3K/mTOR and
MAPKsignalling Immunoblotting revealed complete inhibition of PI3BK/mTOR &APK
signallingonly with combo 2. Combo 1 and 3 led to substantial inhibition of MAPK signalling
through pERK, but differential modulation of PI3K/mTsijRalling (B + § Densitometry was

also carried out to quantify differences observed from immunadinigt These are normalised

to b-actin as loading control and represented relative to vehicle controls (*p value = 0.0404,

n=3, Mann Whitney U test).
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4.2.6 Combination strategy 2 results in prolonged inhibition of the PI3BK/mTOR and MAPK

signallingcascades

The preferred combination strategy identified from short term 4 hour treatments (section
4.2.5) was combo 2, given the increased amthour effects and the favourable immediate
pharmacodynamic effects. To investigate whether this was still the case ath@@4time

point after a single dose of the combination, a cohort of n=4 tumour beapd)’ Pten” mice

were administered with combo 2 and culled 24 hours following the last dose. Mice were also
administered a 2 hour pulse of BrdU to label cells im&sp of the cell cycle prior to culling.
Mice were harvested as previously described and controls for this experiment are those used

in section 4.2.

H&E stained sections of the small intestine were used to assess histological mitosis and
apoptosis in tumars, and IHC for BrdU and cleaved caspase 3 were also carried out to
determine the biological effects of combo 2 24 hours after exposure (Figure 4.15).
Quantification of mitotic figures here revealed no significant alterations (vehicle = 0.407 %
0.318,24NJ O02Y062 H I ndénmy B NnPHTMI LI @LtdzS I nond
test) (Figure 4.15 A) however histological apoptosis was significantly reduced (vehicle = 1.802

b M®MHOI HNKNJ O2Y62 H ' ndynn p 1 aemWhithey LI @I £ d:
U test) (Figure 4.15 B) indicating activation of a compensatory mechanism which results in
reduced apoptosis following the-fld increase in apoptosis observed at 4 hours following

combo 2 (section 4.2.5). The levels of BrdU positive cellaisassignificantly reduced (vehicle

' on®tr p GdPTcMI HNKNI O2Y62 H I HodyyT F pdnmw
Whitney U test) indicating less S phase cells are present 24 hours post combo 2 treatment
(Figure 4.15 C). Scoring of cleavedpzsse 3 staining revealed no significant alterations (24hr
BSKAOES I' odnnc B HOHPTI O2Y02 H I HDPHNO B N
Mann Whitney U test) (Figure 4.15 D) consistent with levels 4 hours after combo 2 exposure

(Figure 4.13 B).
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Figure4.15 Biological effects of combo 2, 24 hours folling NVPBEZ235 exposure in AfdPter” small intestine tumours (SITs)Quantification of
histological mitotic figures (A), apoptotic bodies (B), the proliferation marker BrdU (C) and the apoptotic marker clepasd 84D) revealed a significant
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standard deviation.
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Given that PI3BK/mTOR signalling was not reduced 24 hours after exposure to single agent NVP
BEZ235 and MEK162 caused significargiied modulation of PI3K/mTOR signalling 24 hours
after administration, it was important to examine the pharmacodynamic effects of combo 2 24
hours post exposure. For this, tumours harvested from mice were subjected to whole cell
protein extraction and &ITs were pooled for western blot analysis of downstream signalling
components. Western blotting and subsequent densitometry analysis revealed a significant
reduction of all components of the PI3BK/mTOR signalling cascade probed including, pAKT at
Ser473 ad Thr308, pS6RP and p4EBP1 as well as the MAPK pathway component pERK,
indicating efficient and prolonged inhibition of both pathways (Figure 4.16, Table 4.8).

Vehicle 24 hours post Combo 2 (p value
PERK 5296 + 457.97 393.20 £ 64.03 (0.0404)
pPAKT473 3730.6 £ 303.1 134.69 £ 26.48 (0.0404)
pPAKT308 1491.01 + 254.09 No bands detected
pS6RP 4893.369 + 428.92 No bands detected
p4EBP1 2031.21 + 125.08, No bands detected

Table4-8 Outline of raw densitometry values from western blot analysis of poolagd’™
Pter" SITs 24 hours post exposure to combo 2, n=3, @iled Mann Whitney U test was

used for statistical analysis

These results reveal combo 2 effectively delivers prolongeduction of MAPK and
PI3K/mTOR signalling in Pten deficient tumours and suggests this may be more advantageous

in a long term treatment setting, as explored next.
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(A) 6 SITswere pooled from n=3 mice exposed to combo 2 forhddrs were subjected to
western blot analysis andprobed for effectors of PI3K/mMTOR and MARIgnalling
Immunoblotting revealed substantial inhibition of both PI3K/mMTOR and MsiBialling
cascades.B) Densitometry analysis was carried out to quantify differences observed from
immunoblotting. These araormalised tob-actin as loading control and represented relative

to vehicle controls (*p value = 0.0404, n=3, Mann Whitney U test).
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4.2.7 Combined PI3K/mTORnd MEKinhibition increases longevity oApd™ Pter" mice
however it does not provide anyadditional benefit compared to dualPI3K/mTOR
inhibition by NVPBEZ235

Given the importance of scheduling when administering the combination of PI3K/mTOR and
MEK inhibitors irApd* Pter” micein the short term setting, combination strategy 2 (combo

2) was chosen for the chronic treatment regimen to achieve concomitant pathway inhibition.
For all single agent long term treatments, inhibitors were administered as a twice daily
regimen and so to be comparative, the combination would also require twicg dagding of

both inhibitors (despite effectivénhibition of pathways for 24 hours after a single dose of
combo 2¢ section 4.2.5 and 4.2.6). However, it was not known whether administering combo
2 twice-daily would be well tolerated by mice. To test ttas;ohort of n=4 wild type mice were
subjected to daily treatment of twice daily combo 2 treatment from 12 weeks of age for a 2
month (8 week) period. Mice were monitored daily and overall body weight was recorded
throughout the treatment period. As showon figure 4.17, the combo twiedaily regimen
proved toxic to wiletype mice as overall body weight was shown to be dramatically reduced
(approximately 20% reduced) after only 4 days of treatment. Therefdtieough this regimen
was initiated as an 8 weakkperiment, as Home Office guidelines prohibit weight loss of more
than 20%, mice had to be culled prior to the experimental end point. Of the 4 mice in this
cohort, 2 were culled before the experimental end point due to excess weight loss and
therefore due to toxicity. Despite reaching the experiment end point, the 2 remaining mice did
demonstrate fluctuations in weighg usually weight loss during weekdays whilst on treatment
after which weight would increase during the weekend whilst not receiving ineat. This

was a clear indication of treatment induced toxicity. Additionally, when compared to relative
weights ofApd”* Pter” mice on twice daily 35mg/kg NVBEZ235 treatment, the combo twice

daily regimen was more variable and therefore a less delgrehronic treatment option.

In light of this toxicity issue, | next investigated a reduced combination doseBHYP35 at
35mg/kg twice daily previously demonstrated efficacyApr’* Pter mice (Figure 4.3and so

to be comparable, this dose waspteconstant. MEK162 at 30mg/kg twice daily showed no
survival benefit (Figure 4.11) and so this dose was reduced to once daily administration 1 hour
after the first NVFBEZ235 dose. This reduced combination dose was administered to a cohort
of 13Apd* Pten™ mice aged to 77 days post induction, as a chronic treatment experiment, to

a survival end point. During the experiment, mice were closely monitored and body weights

recorded. As depicted in figure 4.17, mice still showed some fluctuations in boidhtyve
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however this was not as extreme as in the combo 2 tvda#y cohort and was well tolerated

by the majority of mice.

Chronic administration of 35mg/kg N\BEZ235 twice daily plus 30mg/kg MEK162 once daily 1

hour after the first NVEBEZ235 dose by @lrgavage, significantly increased median survival of

Apd* Pter!" mice from 99 dpi to 270 dpi (Figure 4.18) (median survival combination mice =

HTn RLIAXY YSRALFY adz2NBAGIE +SKAOGRankdid@ifoxdn cdodp RL
test). Interestngly however, this treatment showed no significant additional benefit compared

to single agent NVBEZ235 and in fact the two treatments resulted in comparable median
survivals (median survival combination mice = 270dpi, median survivaBE¥YP35 mice =
20cRLIAS yxmpX LI @ltdzS ' ndunm [23 whty]l GdSad
indicates a lack of additional synergy from the combination therapy with regards to the
survival of animals, despite the favourable short term pharmacodynamic effBetspite this, |

next investigated whether the combination therapy may have had more subtle effects on

tumour burden of mice at point of culling as described in section 4.2.8.
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Figure4.17 Twice-daily combo 2 administration resulted in significant weight loss in wild
type mice and so a reduced combination dose, which was better tolerated, was chosen for

long term treatmentfor the Apd* Pterf” tumour model

To investigate whether administration of comB twicedaily would be well toleratethy mice

n=4 wild type mice were dosed the regimen from 12 weeks of age for an 8 week peiood

to usage of this combination regimen in tumour modemrhis led to significant fluctuations in
body weight and n=2 ime were sacrificed due to severe weight loss prior to the 8 week
experimental end pointTherefore, areduced combination dose of 35mg/kg NBEZ235
twice-daily plus 30mg/kg MEK162 once dailyhéLr after first NVPBE235dose)was utilised.
Thisappearal to be better tolerated compared to twice daily combination. Single agent NVP

/f

BEZ235 twice daily was well tolerated in AficPten " mice and so was chosen as a

comparison.
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Figure4.18 KaplanMeier survival analysis ofpd”* Pter!” mice on combination therapy

compared to vehicle and single agent controls

Apd”* Pterf” mice were induced and aged to 77 days post induction, at which point mice were
randomised to receive either 0.5% Mgltcellulose (Vehicle control) or combination (35mg/kg
NVRBEZ235 twice daily plus 30mg/kg MEK162 once dalpud after the first NVABEZ235

dose) by oral gavage until a survival end point. Continugosnbination (combo)
administration significantly increased longevity of mice from 99 days (Vehicle) to 270 days
Ll2ad AYyRdZOGAZ2Yy WHY |G\ 2 tn@enkavy [Fa G y xmp Y
also significantly better than single agent MEK162 administrationqzSal XX n ®ankand [ 2 3

2 At O2E2y (Sad y xmo YA boSwadiiNsigndicantly Nifferent k62 6 S TS|
comparison tosingle agent NVBEZ235 treatment (p value = 0.201 {Rank, p value = 0.514

2 Af O02E2y (8adx y xmp YAOS LISNI O2K2NI0 @
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4.2.8 Tumour burderanalysis of Apt" Pter" mice on long term treatments

Long term treatment with single agent N\BEZ235 and combined NBEZ235 plus MEK162
significantly increased longevity @fpd* Pter!" mice compared to vehicle treated mice,
whereas MEK162 failed tshow any efficacy in this setting. To establish the effects of these
chronic treatment strategies on tumour burden at the end of treatment, tumours were
counted, measured for size and staged according to severity (methods section 2.7.4).
Additionally, asntervention with the various treatment regimens was started at a chosen time
point, the parameters of tumour burden outlined above were also scored in a cohort of mice
culled at day 77 post induction (treatment start time) as a measure of basal levdis.
number of tumours present at death for all cohorts was scored on 3 H&E stained slides of

small intestine rolls per sample.

At 77dpi (start of treatment) Ap¢ Pter” mice possessed a median of 3 tumours per mouse
whereas vehicle treated mice at déahad a median of 6 lesionBigure4.19 A). Importantly,

this shows that tumours are present at the start of treatment and although new lesions
develop during the course of vehicle treatment, the number of tumours between the two
cohorts was not signifigai f @ RAFFSNBY (G oL L tdzS ' nmmonsz
Pter” mice on NVFBEZ235 treatment possessed a median of 2 tumours at time of death
which is significantly reduced compared to vehicle but not to the start of treatment (p value =
0.0291 compared to vehicle, p value = 0.2857 compared start cohort), suggesting that NVP
BEZ235 may function by halting initiation of further lesions (Figure A)1Scoring of lesions

in MEK162 treated mice reveal a median of 5 lesions and as expected, tluisdignificantly

altered from the vehicle or start of treatment cohorts (p value = 0.287 for vehicle, p value =
ndoup F2NJ AdGFINILZ yxmm F2N) S OK O2K2BEIR3I5 al yy
treated cohort, long term combo 2 treated mice possed significantly reduced tumours at

death in comparison to vehicle treated mice and not in comparison to the start cohort
(median number of lesions at death combo = 4, vehicle = 6, start cohon wa&8ue = 0.0362

for vehicle, p value = 0.584 for start y xmmI alyy 2KAGySeg | d

(7))
Q)¢
c:
cC

treatment has an effect on further tumour initiation (Figure 4 AP Interestingly, there is no
significant difference between NMWBEZ235 treated and combination treated mice with
regards to tumour numbeat death, further suggesting lack of cooperation or synergy in the
context of Pten deficient tumours (hnumber of lesions at death: f8#2235 = 2, combo =4 p

G tdzS I' nymyoX yxmmI alyy 2KAGySe ! {GSaidovo

143



To address whether the size of lesions was affectettdatment, macroscopic tumours were
measured from methacarn fixed small intestines and the total tumour area (irf) mas
calculated per mouse in each cohort (Figure B)9pd* Pterd” mice on vehicle treatment
trended to possess larger tumours atatk compared to the start cohort, however this was
not significantly different (start = 37.8 + 39.38 n=13, vehicle = 53.21 + 32.48 n = 4, p value =
0.174, Mann Whitney U test). Similarly, a trend for larger small intestinal tumours at death
was observed iNVRBEZ235 and combination treated mice compared to vehicle and the start
cohort, butagainthis was not significant (vehicle = 53.21 + 32.48 n = 4;BBA235 = 81.57 +
44.76 n = 7 and p value = 0.508, combo = 108.23 + 81.28 n = 5 and p value =MB2A07
Whitney U test), due to large variation within the cohorts. As expected, tumours in mice on
long term MEK162 treatment were not significantly altered in size compared to vehicle treated
or the start cohort (vehicle = 53.21 + 32.48 n = 4, mek162 = 664612 n=4, p value = 0.665
Mann Whitney U test) (Figure 4.8).

Lastly, for tumour burden analysis, tumours on H&E stained sections of the small intestine
were staged according to severity and invasive characteristics as described in section 2.7.4.
The® stages refer to microadenomas (mAd) or single crypt lesions, benign adenomas (Ad)
with no signs of invasion, early invasive adenocarcinomas (EIA) identified by submucosal
invasion, and advanced invasive adenocarcinomas (AIA) characterised by invasitimeint
muscle wall and the underlying serosa. The average number of these per cohort were
calculated and displayed ifigure 4.17 Cas a proportion of the total number of tumours
scored. This was due to a difference in the total number of tumours obseretdebn the

various treatment cohorts, as described previously (figure 4B)9 The proportion of
microadenomas observed was found to be unchanged between all groups: 17.4% in the start
cohort (n=11), 19.3% in the vehicle cohort (n=15), 14.3% inBBA235reated mice (n=14),

17.6% in MEK162 treated mice (n=11) and 25% in combination treated mice (3149 (¢  dzS x
0.05 for all comparisons(Figure 4.19C). The proportion of adenomas was found to be
significantly reduced in all treated cohorts in comparison with the start cohort (start = 60%,
vehicle = 44% p value = 0.027, NBEZ235 = 33% p value = 0.008EK162 = 41% p value =
0.0086,combo = 125% pwitS ' nodénnnuI yYxyX alyy 2KAGySe
GNBFGISR YAOSZE O2YLI NBR (G2 GKS @OSKAOfS O2K2NJI
The proportion of ElAs is statistically unaltered in all cohorts however, a trend towards
increased propoiibn of EIAs was notable in vehicle and MEK162 cohorts compared to the
start cohort (Start cohort = 22%, vehicle = 28% p value = 0.162BN¥P35 = 20% p value =
0.954 for start cohort and p value = 0.249 for vehicle cohort, MEK162 = 31% p value = 0.158
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for start cohort and p value = 0.795 for vehicle cohort, combo = 23% p value = 0.743 for start
O2K2NIi FYR LI GFftdzS I' nomuHc TFT2N) OSKAOES O2K2N
significant increase in the proportions of AlAs was observed inrBBZB5 and combination

treated cohorts, suggesting that a larger proportion of tumours were more invasive and that

the Apd* Pter” mice were able to tolerate such an increase in severity of tumours
(proportions of AlAs: start = 0, vehicle = 8%, #HZ235 33% p value = 0.0121, MEK162 =

ME: LI GFEtdzS I noypcecz 02Y62 ' nrg: LI @ltdsS I' nc
C).

Interestingly at dissection, ApcPterd" mice on NVABEZ235 were noted to have abnormal
livers compared to vehicle treated amals, in which large macroscopic lesions were clearly
identifiable. Closer pathological analysis of H&E stained sections of the liver identified the
large white lesions as well differentiated hepatocellular tumours with trabecula soatusis,

mild to maderate nuclear pleomorphisms and no definite invasion of adjacent parenchyma or
of intra hepatic blood vessels however, occasional tumours showed focal nécrasither
comparisons of whole cohorts identified tumours to be present in 50% of animals exkpos
chronic NVHABEZ235 compared to none of the vehicle treated mice. Additionally,
hepatocellular tumours were not identified in MEK162 mice however interestingly, only 7% of
Apd* Pter” mice on combo treatment were identified to present with thesenmurs (Figure
4.20).

% pathological description of hepatocellular tumours was provided by Professor Geraint Williams, Cardiff
University, School of Medicine
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Figure4.19 Analysis of tumour burden i|7!3\p<:”+ Pter’” mice

(A) Apd”* Pterl” mice on NVABEZ235 and combo had significantly less tumours at death compared

to vehicle controls (p value = 0.0291 for NVP 2o p YR LI @l fdz8 ' nodnocH F
Whitney U test).(B) No significant alterations were observed when comparing tumour area,
however NVABEZ235 and combo treated mice trended to have larger tusatideath, compared

G2 GKS adGFNI FyR @SKAOfS (GNBFGISR O2CKaNGADSG LI G f
¢ microadenoma, Ad, adenoma, EIA early invasive adenocaricinoma, AdAadvanced invasive
adenocarcinoma. Staging of tumours at deateveals no alterations inhe proportions of
microadenomas across the cohorts, a significant reduction in adenomas in all treated cohorts, in
comparison with the start cohort but also the proportion of adenomas was reduced in combination

treated mice, c LI NER (2 GKS @SKAOf S Whank2UNdst). Additidnaily;, f dzS X
although no significant differences were detected in the proportions of EIAs, the proportion of AlAs

was significantly increased in RBEZ235 and combo treated mice.
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Incidence of hepatocellular tumours

% of mice
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.

Vehicle = NVP-VEZ235 MEK162 Combo

Figure4.20 Incidence of liver tumours ipd™* Pterf™ mice on long term treatment

(A) Analysis of liver tissue indicated 50% of mice on -B¥R235 developed hepatocellular
tumours, approximately 7% of mice on Combo had liver lesions whereas none of the mice on
Vehicle or MEK162 developed HCC (B) H&E image of hepatocellular tumour (dzesthesed

to highlight an example of lasion)
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4.3 Discussion

4.3.1 NVRBEZ235 leads to inhibition of PI3K and mT&é&nalling whilst imposing anti
proliferative and proapoptotic effects in Pten deficient small intestinal tumours and

long term, substantially increasing longevity of mice

The therapeutic potential of targeting the PI3K pathway in the context of PI3K activated CRC

was assessed in the AhCreER"ABter’” mouse mode(Marsh et al., 2008)sing the potent

dual PIBK/mTOR inhibitor N\BEZ235. The muse model used in this chapter is a robust and

relatively quick model of invasive adenocarcinoma driven by activation of AKT and mice
usually succumb to disease by 100 days post induction. Therefore, the main aim of this
chapter was to inhibit the primarpathway driving tumourigenesis in this model. For all
experiments described in this chapter, 10 week old mice were induced via i.p. injections of

¢ Y2EATSY YR ibC FYyR 3SR SAGKSNI dzyAat ae
treatment start point. Mce which presented with symptoms of tumour burden were also
administered short term doses of N\BEZ235 to investigate astimour and

pharmacodynamic effects.

NVRBEZ235 resulted in complete inhibition of PI3K and mTOR signalling, as observed by the
reduction in levels of pAKT at Ser473 and Thr308, pS6RP and p4EBP1 4 hours after exposure
(Figure 4.3)As described previously, the serittedeonine kinase AKT is a major effector of

PI13K signalling and has well established roles in mediating cellular gaothurvival. AKT is

known to bind to accumulated RJBt the plasma membrane which in turn allows PDK1 into
GKS WFHOGADIGAZ2Y t22L1Q 2F ! Y¢ 6KSNB Al A& Fof é
(Alessi et al., 1997)This, in turn, is sufficient to activate a number of proteinsluding
MTORCL1 (complex 1) which mediates activation of S6RP and 4EBP1, important for a number of
cellular processes including, translatioh mMRNAs that encode cell cycle regulators such as
MYC and cyclin D{Rini, 2008) For full activation of AKT, péghorylation at Ser473 in the
carboxyterminal hydrophobic motif by mTORC2 is required and is thought to lead to a
number of substratespecific phosphorylation events including phosphorylation of-pro
apoptotic FOXO protein&uertin et al., 2006)As well as inhibition of signalling, NBBEZ235

in Pten deficient tumouralso induced potent artiumour effects, evidenced by a reduction in

BrdU positive cells and an increase in cleaved caspase 3 4 hours after administration (Figure
4.2). This is in accordance with previous studies which have reported the cytotoxic effects o
NVRBEZ235 in a number of cell lingtaagensen et al., 2012, Blaseakf 2012) and also that

Pten null cell lines are particularly sensitive to the compo(ivdira et al., 2008)The later
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observations were further corraiyated by Mueller et al., in a study which found PI3K mutated
cells to be more sensitive to the effects of NBBZ235 than wiltype cells(Mueller et al.,
2012) These anttumour effects may be attributable to inhibition of signalling given the role

of the PI3K cascade in promoting cellular growth and inhibition of apopGaistiey, 2002)

Given that pathway inhibition and artimour effects of NVIBEZ235 were only detected 4
hours after exposure, and that the majority tifese had reached basal levels by 8 and 24
hours (Figure 4.3), a twiedaily administration regimen was anticipated to lead to potent anti
tumour effects long term. Mice were randomised at 77 days post induction to receive 0.5%
Methyl cellulose (MC, Veh&)l or 35mg/kg NVIBEZ235 by oral gavage to firstly evaluate the
long term therapeutic potential of PISBK/mTOR inhibition by MBEZ235 and secondly to
determine its effect on tumour burden. Chronic administration of MBEZ235 led to a
significant increasén survival of mice from a median of 99 days to 266 days post induction,
clearly indicating the benefits of PI3K and mTOR inhibition in this Pten deficient tumour setting
(Figure 4.5 Additionally, at death, mice possessed fewer tumours than vehicle ddeatice
indicating treatment prevented growth of further tumours. Despite the fact that mice bore
fewer tumours, these tumours trended to be larger than vehicle treated mice and
proportionally, more invasive lesions were detected. This suggests that theofaumour
growth is reduced, however as mice survived longer, tumours at death are larger as they have
had a longer period in which to grow and become invasive (Figu®).4siven the trend
towards increased tumour area following long term NBEZ235the component of stromal
tissue within the tumoursvas also evaluated to investigate whether treatment influenced the
stromal component of tumours (data not shown). This included scoringtalf stromal tissue
versus epithelial tissue and evaluation ofsealarisation through scoring of CD31 positive
vessels. Although no significant difference was detected between eehindl NVABEZ235
treated tumoursin this casethe importance of drug treatment on tumour stroma is well
documented within the literature.Cancer cells are known to alter their stroma and supportive
environment to allow tumour progressioor regressiorby modulating production of stroma
modulating factors such as basic FGF, VEGF, PDGR, EGFR, interleukins, colony stimulating
factors, etc (Mueller and Fusenig, 20Q4)These factors are known to disrupt tissue
homeostasis in a paracrine manner and can lead to stromal reactions such as angiogenesis and

inflammatory responsd8ergers and Benjamin, 2003, Coussens and Werb, .2002)

Alterations of tle PI3K pathway have been implicated in tumour development and progression
of human cancer for some time now, and this has rightfully led to a surge in develomient

inhibitors which target multiple components of the pathway. However, the evaluation & PI3
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inhibitors for PI3K mutant cancers is limited, primarily as these mutations tend-éaisbwith

those activating MAPK signalling for example Ras arad. BIVRBEZ235 has previously been
assessedn the autochtonousLJMmnh | mnan T w oflandzakcer Wik Sidutely,
treatment led to reduced PI3K/mTO$tgnallingthrough pAKT, pS6RP and p4EBP1 and long
term, NVPBEZ235 led to reduced 18FDG avidity measured by PET imaging, as well as reduced
tumour sizgEngelman et al., 2008 he evidence presented in this chapter is the first study in

an aitochtonous model that establishes activity against PI3K activated intestinal cancer.
Together, these studies provide rationale for stratification of PI3K mutant tumours in clinical

trials.

4.3.2 MEK inhibition through MEK162 reduces MAPK signalling in Pteficeeft tumours,
however does not increase survival of mice potentially through increased PI3K

signalling

Having established that targeting PI3K signalling using the dual PISK/mMTOR inhibitor NVP
BEZ235 is beneficial in this Pten deficient mouse model afrexihl cancer, concomitant
inhibition of MAPK signalling was next investigated. Prior to that however, the effects of single
agent MEK inhibition was established in this model. This involved short term experiments with
MEK162, to investigate pharmacodynanmand antitumour effects, as well as a long term

therapeutic intervention study to investigate the effect on survival and tumour burden.

Interestingly, a single dose of MEK162 led to prolonged reduction in cellular proliferation
observed by a reductioim BrdU positive cells, and prolonged pathway inhibition evidenced by
reduction of pERK abundance in this Pten deficient setfigufe 4.74.8. This is contrary to

a number of previous reports which have found mutations activating the PI3K pathway to b
intrinsically resistant to MEK inhibitigi8almanno et al., 2009, Chen et al., 2012b, Dry et al.,
2010) Interestingly, MEK162 initially lead to a reduction in PI3K and mTORC1 signalling
evidenced through reduced pAKT308 and pS6RP at 4 hours after exposure. However, MEK162
then lead b an increase in PI3K signalling through pAKT at Ser473 and Thr308 but a reduction
in MTORCL1 signalling through pS6RP and p4EBP1 at 24 hours post MEK162 exposure (Figure
4.8). There are a number of mechanisms reported in the literature, by which ERKtesgula
PI3K/AKT signalling. Reduction of pERK through inhibition of MEK has previously shown to lead
to an increase in EGF stimulated association of GAB1 which in turn was shown to increase PI3K
activity and AKT signallin@ru et al., 2002)Also, MEK inhibition has previously led to
downregulation of mTORC1 signalling, therefore relieving feedback inhibition of PI3K signalling

through IGFRR/IRS and subsequently leading to activation of PI3K sign@&lmngt al., 2011)
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Additionally, pERK has been shown to directly regulate tyrosine phosphorylation of EGFR in

the context of a Ras mutation and subsequently increase signalling downstream the receptor
(Wong et al., 2002)Although it remains unclear as to the mechanism through which PI3K
signalling is increased nesponse to MEK inhibition 24 hours post exposure, the observation

GKFG Limmnh g1 a F2dzyR G2 0SS AyONBIFaSR:I (23SiGK

suggests the mechanism may be any one of those highlighted above (Figure 4.9

Additionally, the mebanism by which MEK162 administration reduces PI3K and mTOR
signalling (observed at 4 hours following MEK162 exposure) is also unknown. Both pERK and
one of its substrates pP9ORSK have been shown to phosphorylate and inhibit activity of Gsk3
(Cohen and Frame, 2001(psk3 functions as a negative regulator of Pten and has previously
been shown to alleiate Pten inhibition and decreasing PI3K signa(lixigKhouri et al., 2005)

Despite this, complete deletion of Pten in these tumours suggests Gsk3 may not be
responsible for the reduced PI3K signalling. Interestingly, similar effects were observed in
Apd* colon tumours following acute MEK162 exposure, in section 3.2.2. It wasopséyv
suggested this could be due to the alternative effects of the p9ORSK downstream pERK, as was
described previously in chapter 3.3.1, and may be responsible for the similar effects observed

in the Pten deficient tumours in this chapter.

Neverthelessdespite the initial inhibition of MAPK signalling, long term MEK inhibition proved
to be ineffective in Pten deficient tumouri accordance with previous repor(Balmanno et

al., 2009, Chen et al., 2012b, Dry et al., 20T0js is at least, with respect to survival (Figure
4.9), the end number of tumours, tumour areamdatumour severity profiles (Figure 4.17).
However, given a number of studies have reported synergistic effects with simultaneous
PI13K/Akt and MEK/ERK inhibititaagensen et al., 2012, Martinelli et al., 2Q1Bjs was next

investigated in the context of Pten deficient intestinal tumours.

4.3.3 Sequencing of PIBK/mTOR and MEK inhibitors is crucial for concomitant irdmibxt

signalling cascades

The hypothesis for combined targeting of PI3K/AKT and RAS/MEK/ERK signalling is well
documented, given the close association and convergence of the two pathi{i&kyamitiene

et al., 2012) Anumber of studies have assessed this hypothesis in cell(if&sgensen et al.,

2012, Liu and Xing, 2008, Yu et al., 2008, Martinelli et@L3Yand murine models of human
cancer including a Pten null and Kras activated ovarian cancer niiditebss et al., 201]1)
PIK3CA and KRAS mutant lung cancer m@dejelman et al., 200&8nd in PIK3CA and KRAS

activated colon, pancreatic and lung cancer xenogréfalilovic et al., 2010)However,
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evaluation of the combination therapy has been less well characterised for only Pten deficient

and hence PI3K activated only tumour settings.

To evaluate combination therapy in our Pten deficient mouse model, | first performed short
term pharmacodynamic and artimour experiments to identify the most desirable dosing
strategy. Interestingly, western blotting revealed that Apdterd” SITs e particularly
sensitive to the scheduling of both inhibitors (Figure 4.28ministration of NVIBEZ235 1

hour prior to MEK162 completely inhibited PISBK/mTOR and MAPK signalling for 24 hours
(Figure 4.14, 4.16), whereas MEK162 administered 1 hourtprimr at the same time as NVP
BEZ235 resulted in less effective pathway inhibition. This was surprising, particularly given
modulation of PI3K and mTOR signalling observed immediately following MEK inhibition. The
reasons for this are currently unclear hever it may be possible that PI3K signalling was
efficiently reduced within the first hour following administration of NBBZ235 and so
therefore, MEK inhibition simply added to this inhibition of signalling given that reduction in
pPAKT Thr308 and pS6RRswobserved following single agent MEK inhibition 4 hours after

administration (Figure 4.8).

Previous studies investigating the acute effects of combined PI3K/mTOR and MEK inhibition in
CRC have predominantly evaluated effects on signalling in cancdmesliwhich differ in
mutation status of the PI3K pathway. Martinelli et al. reported effective inhibition of pERK and
pPAKT, reduced pS6RP and p4EBP1 levels, reduced cell cycle progression and increased
apoptosis with combinations of the MEK inhibitor Bsertib and PI13K inhibitor MSC 2208382,
MTOR inhibitor everolimus and mukinase inhibitors Sorafenib and regorafenib in HT15
cancer cells (Kras and PIBKCA muté@virtinelli et al., 2013)Interestingly, Haagensen et al

found moderate inhibition of pAKT and pERK with combinations ofdid PI3K/mTOR
inhibitor NVPBEZ235 and MEK inhibitor PD0325901 in HCT116 (Kras and PIK3CA mutant) and
HT29 (Braf and PIK3CA mutant) cell lines. The effects of this combination in comparison with
combination of PI3K inhibitor GBI®41 and MEK inhibitor PB25901 was markedly reduced
suggesting a role for additional mTOR inhibition in reducing the synergy between PI3K and
MEK inhibitors. Addition of the mTOR inhibitor KU0063794 to the later combination (PI3K and
MEK) provided further evidence of compromisgghergy suggesting that mTOR dependent
inhibition of p4EBP1 may be responsible for preventing synthesis of proteins that negatively
regulate cell cycle progression, causing synergy between PI3K and MEK inhibitors to be
compromised(Haagensen et al., 2012Despite this, the authors provide no indication of
which proteins may be responsgbfor this. The observati@from acute combination studies

in this chapter have not previously been reported. This may be due to differences in
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compounds or experimental systemsed, for examplén vivometabolism of the compounds

in combination may affect their target inhibitioability in comparison within vitro culture
systems in which compounds are administered to cells much quicker. Although further
evaluation of PI3K and MAPK signalling components is required to determine the distinct
mechanism behind the differential effectof combined NVIBEZ235 and MEK162 in Apc
Pter" tumours, the modulation of signalling observed here is novel and highlights the

necessity of such experiments, especially when the pathways targeted are closely associated.

Despite this, when taken farard for the long term survival experiment, combination therapy
failed to provide any additional benefit compared to single agent -BER235 treatment
(Figure 4.18, 4.19 Mice on long term NWBEZ235 and combination had similar median
survivals (NVIBEZ28 = 266 days vs combo = 270 days post induction) and the number of
tumours at death were not significantly altered (NBEZ235 = 2 vs combo = 4 tumours).
Similarly, although there was a trend towards an increase in total tumour area, this was not
significantly different (median tumour size: NMBEZ235 = 81.6nfrs combo = 108.2nm?)

and finally, assessment of tumours revealed the profiles did not differ with regards to

invasiveness (Figure 4.19).

One stark difference observed at dissection and subsegaealysis was that the incidence of
HCC was dramatically reduced in mice which received long term combo compared to those of
long term NVFBEZ235 (Figure 4.20). Although the AhCreER transgene is predominantly used
to drive recombination in the small intesal epithelium, it is also known to drive
recombination in a number of other tissues including the lifere stomach gall bladder and
prostate (Ireland et al., 2004)In the liver, AhCreER driven Pten loss has previously been
shown to result in liverteatosis and hepatomegaly (Marsh et al, unpublished observations)
and in one case, this lead to HCC. These findings corroborate previous phenotypes reported in
the literature from hepatocyte spefic deletion of Ptenusing a cre recombinase transgene
driven by the Albumin gendHorie et al., 2004, Stiles et al., 200Mterestingly, the Wnt
signalling pathway is also known to have a major role in development of HCC. Here, abnormal
NB3dzZ F GAz2y 27F UK ScatehiNhppea® wibeJa magoy eadyle@atAnNNICC
development (de La Coste et al., 1998Additionally, mutations in Axinl and promoter
methylation of Apc which lead to gene inactivation are also implicated in(FR&@uchi et al.,

2002, Yang et al., 2008pwever importantly, these are not sufficient to cause HCC. The lack
of HCC in compound APcPter" mice is most likely due to the sere intestinal tumour
phenotype, therefore it is hypothesised that mice with increased survival due teBYfZR35

treatment had a longer period in which to allow development of HCC phenotypes. It was
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surprising however to find that although mice on NBEZ235 and combination treatments

had a comparable median survivals, combination treated mice had a subdfarteler
incidence of HCC (7% @dmbo treded mice compared to 50% &fVRBEZ235 treated mice)
(Figure 4.20). These findings suggest perhaps Nibition in liver cells prevented growth of
tumours. Although RAS and RAF mutations are rare in HCC, the importance of MAPK signalling
in HCC has previously been highlighted by preclinical studies showing that the MEK inhibitor
AZD6244 displayed signifidaanti-tumour activity in primary HCC cells and xenogréfisyrh

et al., 2007b, Huynh et al., 2007a)

4.3.4 Summary

In summary, the work described in this chapter higjhtis the benefits of targeting PI3K and
MTOR signalling through N\BEZ235 for Pten deficient intestinal tumours. Furthermore, |
provide evidence corroborating previous findings that mutations activating the PI3K pathway
predict nonresponse to MEK inhifion. Finally, although combinatorial MEK and PI3K
inhibition failed to provide any additional benefit for Pten deficient tumours with respect to
survival of mice, work in this chapter describes novel sensitivities of Pten deficient tumours to
the sequenceof combination drug administration to achieve concomitant inhibition of both
PI3K/mTOR and MAPK signalling pathways.

4.4  Further work
4.4.1 Mechanisms of resistance to chronic single agent NRfEZ235

The findings in this chapter highlight PI3K and mTOR targetdihg & beneficial therapeutic
strategy for Pten deficient and hence PI3K activated intestinal tumours. Despite this,
resistance to targeted agents is a common obstacle in the success of these agents and so
further characterisation of A¢ Pter” tumoursexposed to long term NVBEZ235 treatment

may provide insightful observations. IHC for PI3K pathway effects together with scoring of
proliferation and apoptosis could identify whether tumours were still responding to-NVP
BEZ235 at death. Furthermore, thisuld be correlated to tumour severity to determine

whether tumour progression is associated with a@sponse of tumours to NVIBEZ235.
4.4.2 Further evaluation of the differential sensitivities to acute combination treatment

Investigation of the threecombination strategies in APt Pter” tumours revealed that
administration of MEK162 1 hour prior to, or at the same time as-REFE235 prevented

effective inhibition of both PI3K and MAPK signalling pathways 4 hours following the final
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dose. Investigadvn of signalling components and potential mechanisms of eta@ksat 4 hours
and further time points for example 1, 2, 3, 8 or 12 hours following exposure may help identify

the mechanism behind these observations.

155



5 InvestigatingMEK inhibitionand PI3K/mTOR inhibition in the ApcKrad=""

colorectal cancemouse model

5.1 Introduction

In chapter 3, | described work indicating that MEK inhibition leads to a significant survival
benefit in the absence of hyperctivated MAPK signalling through the RASFMEKERK
kinase cascade. This pathway is known to be crucial for mediating sigmdlsetulate
proliferation, differentiation, apoptosis and cellular growth, and is often found to be
deregulated in a number of human cancers, including pancreatic, lung and ovarian cancer
(Downward, 2003) The oncogene KRAS is frequently altered in cancer and in particular, is
found to be mutationally activatd in approximately 50% of human CHBDs et al., 1987)
Oncogenic Kras has been implicated in the activation of PI3K signalling through direct
interaction with the p110 catalytic subunit of PI8Kodaki et al., 19949nd MAPK signalling
through subsequent phosphorylations of RAF, MEK and ERK. Thus, the notion (and
confirmation of this in Kras mutardolon tumours, as observed in chapter 3) that aberrant
FOGAGIGA2Y 2F YNI & NBa&dzZ ( aboth PI3KlandWRRKdgimrialing K A G Q
in cancer cells, has led to the investigation of MAPK and PI3K inhibitors as rational therapeutic

strategies for Kras mutant cancers.

Several studies have evaluated inhibition of MAPK and PI3K signalling independently and
concurrently in Kras mutant tumour models. Perturbation of MAPK signalling through potent
MEK1/2 inhibitors, has been well characterised in the Kras driven genetically engineered
mouse model for lung cancef(Engelman et al., 2008, Holt et al., 2012, Chen et al., 2012b,
Simmons et al., 2012, Corcoran et al., 20E8)rthermore, these studies have also investigated
combined PI3K or mTOR inhibition. The study by IErage et al. found that addition of dual
PISBK/mTOR inhibitor NMPEZ235 enhanced activity of the MEK inhibitor AZD6244 in this
setting and similarly, Simmons et al. highlighted that addition of the dual PISK/mTOR PF
04691502 to MEK inhibitor P@B25901 inceased target inhibition and further reduced
tumour burden in the same tumour modéEngelman et al., 2008, Simmons et al., 2022)
recent study by Holt et al. found & combination of MEK inhibitor AZD6244 and mTOR
inhibitor AZD0855 was well tolerated and increased-&umour efficacy in NSCLC xenograft
models(Holt et al., 2012)Interestingly, a Kras driven GEMM for pancreatic cancer was found

to be more sensitive to MEK inhibition (through AZD6244) than PI3K inhibthioough
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GDCO0941), but that the combination of inhibition resulted in an enhanced dfffaftnann et

al., 2012) Furthermore, Williams et al. found that the radiosensitising activity of MEK inhibitor
PD0325901 wapotentiated by the AKT inhibitor ARZLin Kras mutant pancreatic xenografts
(Williams et al., 2012¥For CRC however, the evaluations of MEK and PI3K inhibitorsknethe
mutant setting is mostly limited to studies in cancer cell lines and xenograft models. A recent
study by Jing J et al. profiled sensitivity to the MEK inhibitor GSK1120212 in over 200 cancer
cell lines and identified that RAS/RAF mutations werengtrpredictors of sensitivity whereas
PI3K/PTEN mutations conferred cytostatic responses in CRC cel(Jingset al., 2012)
Additionally, Tentler et al. found that Kras mutant colon cancer cell lines, xenografts and
patient derived xenografts were most likely to respond te MEK inhibitor AZD624Z entler

et al., 2010) Furthermore, Yeh et al. evaluated Kras as a biomarker for MEK inhibition and
found mutations in Kras tend to predict response to MEK inhibition in cancer cell lines.
Although the observations from studies outlined dallude to the benefits of MEK inhibition

in the Kras mutant setting, the proof of principle experiment in an autochtonous mouse model
has yet to be reported. Additionally, the therapeutic potential of PI3K signalling alone and
concurrently with MAPK inhition has yet to be evaluated in the Kras mutant intestinal cancer

setting.

In light of these observations, in this chapter, | aimed to evaluate MEK inhibition and
PI3K/mTOR inhibition as monotherapies and in combination in a clinically valid mousé mode
of intestinal cancer mutant for Kras. Here, the activation of the endogenously expressed G12V
(glycine to valine at codon 12) mutant Kras allele and heterozygous deletion of Apc within the
intestinal epithelium driven by the VillinCrelERnsgene leadsa a reduced lifespan and
progression of both colonic and small intestinal lesiGfenssen et al., 2006)herefore, | first
evaluated acute MEK inhibition by MEK16 in the resulting Kras mutant colon and small
intestinal tumours (SITs) to investigate the amtmour and pharmacodynamic effects,
followed by a long term dosing experiment to deduce the therapeutic potential of MEK
inhibition for Kras mutant cancer using this autochtonous genetically engineered mouse

model (GEMM).

Given the role of mutant Kras inta@ating PI3K signalling, | next evaluated targeting this
pathway utilising the dual PIS3K and mTOR inhibitor B#R235 (Novartis Pharmaceuticals)
alone and in combination with MEK162. Similarly, acute and chronic administration methods
were utilised to iwvestigate the potentiain vivoanti-tumour and pharmacodynamic effects,

and survival benefit respectively.
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Similarly to chapters 3 and 4, two main strategies were employed for these investigations.
Firstly, tumour bearing VilinCreE&pd" Krag'**"*mice (hereon in referred to aspd*
Kra$*“mice) were administered a single dose of MEK162,-BEP235 or a combination of
both and harvested at 4 or 24 hour time points to investigate the immediatetantour and
pharmacodynamic effects. To evaludtee effect of treatment on survival, tumour bearing
Apd* Kra$*“iice were started on daily treatment at a chosen time point either until a
survival end point (when mice were symptomatic of disease defined by pale feet, anal
bleeding, bloating, weight loss) or until an experimental end point of 500 days post induction.
Similarly in chapter 3, a 500 days post induction time point was chosen due to the increased
latency Apd* Kra$®"* mice have for tumour development and subsequent death, in
comparison toApd”* Pter” mice. Therefore, it was hypothesised that a 500 aepdow

following induction was sufficient time to observe any significant survival benefit.
5.2 Results

5.2.1 MEK162 results in a prapoptotic effect inApd” Kras*“tumours and reduces MAPK
signalling through reduced phosphorylated ERK

For all short termexperiments described in this chapter, 10 week A’ Kra$*“'mice were

induced using tamoxifen (methods 2.2.2) and aged until symptomatic of disease (pale feet,

of 2l GAy3aT o0ft22R Ay TFISO0Sauved ! O2K2NI BF Yy xo
and culled 4 hours after, or 30mg/kg MEK162 and harvested at either 4 or 24 hour time points.
Additionally, a dose of BrdU was administered to mice 2 hours prior to culling. At dissection,

colon and SITs were quickly snap frozen in liquid nitrogen hadwthole colon and small
AYGiSalAy NRPEHSRPAGNERLE FAESR Ay F2NNIEEAY Ay LINB

outlined insection 2.4.

To evaluate the aniumour activity of MEK162 iApd* Kras®-colon and SITs, mitotic figures

and apoptotc bodies were scored from H&E stained slides. Interestingly, quantification of

mitotic figures revealed a trend towards an immediate increase in mitosis in colon polyps (4hr
a9YMcH LRfteLla I ndoc 5 nodmMTcI GSKADhoBrs, B2t & LJa
mice, Mann Whitney U test) (Figure 5.1 A) however no significant alteration in proliferation in

SITs was observed 4 hours post MEK162 exposure (4hr MEK162 SIT = 0.193 + 0.113, vehicle SIT

' ndupy p ndmpnI LI @I f dz&nn Whitnep U test) IFigyfexsol AJi ArY 2 dzNE&
24 hours post exposure, no significant alteration in mitotic figures were observed in colon

polyps (24hr MEK162 polyps = 0.316 + 0.265, vehicle polyps = 0.199 * 0.169, p value = 0.508,
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Yoy G(dzY2dzNBEZ o YU 659,50 im $IH6 y(24h MEKG6Z SIT = 0.329 + 0.222,
GSKAOES {L¢ I ndupy B nodmpnI LI @FfdzS ¥ ndpHo
(Figure 5.1 A)

Scoring of apoptotic bodies in colon polyps and SITs following MEK162 exposure indicated an
increase in apoptosis at the 4 hour time point but a reduction at 24 hours, suggesting tumours

return to normal physiological levels by 24 hours following MEK162 administration (4hr
MEK162 polyps = 2.67 + 1.153, 24hr MEK162 polyps = 0.768 + 0.424, velgjzse= 0.508 +

0.49, p value = 0.0014 for 4 hrs MEK162 and p value = 0.129 for 24hr MEK162; 4hr MEK162 SIT
=2.606 £ 1.723, 24hr MEK162 SIT = 0.932 £ 0.607, vehicle SIT = 0.522 + 0.333, p value = 0.001

for 4hr MEK162 and p value = 0.201 for 24 hour MEKI6 y xp (GdzY2dzZNARZ o YA OS>
U test)(Figure 5.1B).

In order to further characterise amtimour effects following MEK162 exposure in Apc

KraéSL/+

lesions, IHC against BrdU and cleaved caspase 3 were carried out and scored.
Quantification ofBrdU positive cells revealed no significant difference in the number of BrdU
positive cells in colon polyps 4 and 24 hours after MEK162 exposure (4hr MEK162 polyps =
13.45 + 4.07, 24hr MEK162 polyps = 13.914 + 10.35, vehicle polyps = 10.686 + 7.0%9=p valu
ndomc F2NI nKNE L) @FfdzS I' nodcpm T2 N(FgwkdE yxy
A), corroborating previous scoring of mitosis. BrdU scoring in SITs revealed no significant
alteration in staining 4 hours post exposure to MEK162 but aifignt increase in BrdU

positive cells in SITs 24 hours after MEK162 (4hr MEK162 SIT = 8.848 + 3.066, 24hr MEK162 SIT
= 24.743 + 7.863,vehicle SIT = 10.188 + 5.617, p value = 0.589 for 4hr, p value = 0.0298 for
HNnKNE yxp GdzY2 dzNB X ost) (Figu@S®), indicafiyg ad ietdaseyndhe | G S

number of cells in S phase of the cell cycle.

For further characterisation of astumour effects, cleaved caspase 3 scoring was performed.

This revealed an increase in staining at 4 hours post MEK16kbimmolyps, but no significant

difference in SITs (4hr MEK162 polyps = 8.002 + 4.83, vehicle polyps = 0.977 £ 0.609, p value =
ndnammT nKNJ) a9YmcH {L¢ I' HdodT B ndyyps @BSKA
tumours, 3 mice, Mann Whitney U teg§igure 5.2). This was also the case at 24 hours post

MEK162 exposure, whereby a significant increase in cleaved caspase 3 staining was observed

in colon polyps but no difference was detected in SITs (24hr MEK162 polyps = 2.875 + 1.722,
vehicle polyps €.977 £ 0.609, p value = 0.0138; 24hr MEK162 SIT = 2.656 + 1.654, vehicle SIT

' MO®THH 5 MOPAHPE LI S fdzS ' ndpHn FigyesmB).i dzY 2 dzNI

For the colon polyps exposed to MEK162, these observations indicate that the inttial p
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apoptotic effect observed at 4 hours post exposure may be returning to basal physiological
levels by 24 hours. However, as apoptosis is still significantly increased compared to vehicle
treated tumours, it can be concluded that MEK162 induces a protbpgeapoptotic effect in

Kras mutant colon polyps. For the SITs, it is possible that a significant increase in cleaved
caspase 3 staining may be observed at a time point between 4 and 24 hours as an increase in

histological apoptosis was previously obsstv
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Figure5.1 MEK162 had no effect on mitosiut increased apoptosis in APt Kras="*colon

polyps and small intestinal tumours (SITs)

Scoring of mitotic figuregA) and apoptotic bodiegB) in colon polyps and SITs by H&E
examination revealed no significant alterations in the number of mitotic figures present,
however revealed a significant increase in the number of apoptotic bodiesurs after a
single dose 080mg/kg MEK162 (p value = 0.0014 for 4hr polyps @mrdlue = 0.001 for 4hr

{ L¢Z Vx,3micaMavire\dakiky U test). Error bars represent standard deviation.
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Figure5.2 MEK162also increased BrdU positive cells in small intestinal tumours (SITS)

cleaved caspase 3 staining in colon polyps

Scoring of IHC against Brdd)) and cleaved caspase(B)in Apd* Kras$®**colon polyps and
SITs revealed a significant increase inWBnabsitive cells in SIT 2dburs after MEK162
exposure. A significant increase in cleaved caspase 3 was observed 4hrs after MEK162 in colon

polyps. (p value = 0.0298 for 24hr SIT BrdU and p value = 0.0011 for 4hr polyp cleaved caspase

(, @zviigedkMdn Whitney U test). The levels of cleaved caspase 3 appears to

have been reduced 2Aours after exposure, however the trend towards an increase

compaed to vehicle controls remaing&rror bars represent standard deviation.

162



To investigate whethethe antitumour effects described above correspond with pathway
inhibition, colon polyps and SIT lysates were subjected to western blot analysis. Protein
extracted from individual colon polyps and SITs from n=3 mice harvested 4 or 24 hours after
exposureto MEK162 were compared to corresponding tumours harvested 4 hours post
vehicle treatment. Activation status of the MAPK pathway was assessed utilising an antibody
against the phosphorylated form (and hence activated form) of the MAPK KikRd¢ at
Thr2@/Tyr204. Immunoblotting and subsequent densitometry analysis revealed a significant
reduction in the levels of pERK in colon polyps 4 and 24hrs indicating prolonged inhibition
(Figure 5.3, Table 5.1, Table 5.2). Here, levels of pERK were difficult ¢b atedehours post
exposure andvas still reduced t@pproximately 50% at the 24 hour time point, indicative of
prolonged but reduced inhibition of MAPK signalling. A significant reduction in levels of pERK
was detected at 4 hours post exposure in SITsdwaw no difference was observed 24 hours
post exposure indicating return to basal levels by this time point (Figure 5.4, Table 5.3, Table
5.4). These observations confirm target inhibition by MEK162 in Kras mutant tumours but
suggest that colon polyps mdg more sensitive to the effects of MEK162 than SITs, perhaps

due to increased signalling through pERK, as observed in chapter 3 section 3.2.8.

Given the convergence of MAPK and PI3K signalling at a number of downstream nodes and the
role of Kras in actation of PI3K signalling, it was hypothesised that inhibition of MAPK
signalling in the context of activated Kras may lead to increased activation of PI3K signalling as
a compensatory mechanism. To investigate this, status of PI3K pathway signalling was
assessed by western blotting. Antibodies described previously in section 4.2.1 were used to
investigate complete activation of pAKT and signalling downstream of mTOR. Immunoblotting
revealed an increasing trend, although not significant, in RigKallingthrough pAKT473,
pPAKT308 and pS6RP in colon polyps 4 hours after MEK162 exposure (Figure 5.3, Table 5.1).
Interestingly, further modulation of PI3K signalling was observed at 24hrs post MEK162
exposure. Here, levels of pAKT308 were increased approxima@®ly, however all other
downstream effectors of PI3K signalling probed appeared reduced (Figure 5.3, Table 5.2) and

may simply reflect a mechanism of rebalancing cell signalling to basal levels.

The initial effect of MEK inhibition on PI3K signalling ia §bpears to be contrasting to colon
polyps. Overall, a trend towards reduced PI3K signalling at 4 hour$A&i€162 was observed
however a significant reduction was only detected in levels of pAKT473 (Figure 5.4, Table 5.3).
No significant alteration inIBK signalling was observed at 24 hours post exposure with the

exception of pS6RP which was found to be significantly reduced (Figure 5.4, Table 5.4).
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Figure5.3 MEK162 reduces MK signalling iApd” Kras"*colon polyps , however leads to modulation of PI3K and mTOR signalling.
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(A)ndividual colon tumours lysates from n=3 mice exposed to 30mg/kg MEK162 for 4 or 24 hours were subjected to westerlysiktiammaunoblottig

with the MAPK effector pERK revealed significant reduction in abundance at 4 and 24 hours after exposure. Additionalfg, dfflet3K and mTOR
signallingprobed revealed a trend towards increassijnallingat 4 hours but a trend towards reducesignallingat 24 hours, with the exception of
significantly increased pAKT308 at 24 hours post expo¢Bre. CDensitometry was carried out to quantify differences observed from western blotting.

These are normalised feactin as loading control andpeesented as relative to vehicle controls (*p values = 0.0404, n=3, Mann Whitney U test).
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Figure5.4 reduces MAPK signalling ipd™ Kras®*small intestine tumours (SITs) and partiahibition of PI3K and mTOR signalling.

(A) Individual SIT lysates from n=3 mice exposed to 30mg/kg MEK162 for 4 or 24 hours were subjected to western blot anadysitldtery for the
MAPK effector pERK revealed significant reduction in abundain¢éours post exposure. Immunoblotting of PI3K and mTOR pathway effectors probed to
investigate crossalk of pathways revealed a significameduction in pAKT473 4 hours post exposure and pS6RP 24 hours post exgBsurel)
Densitometry was carried ouo quantify differences observed from western blotting. These are normalisédaittin as loading control and represented

as relative to vehicle controls (*p value = 0.0404, n=3, Mann Whitney U test).
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Colon polyps | Vehicle 4 hourMEK162 (p value)
pPERK 4126 + 2113 211.5 £ 184.8 (0.0404)
PAKT473 1062.2 + 138 1362 + 596.9 (0.3313)
pAKT308 716.9 + 230 1496.2 £ 1217.1 (0.3313)
PS6RP 1407.2 + 655.6 2043.4 + 1680.8 (0.3313)
p4EBP1 3128.4 + 630.2 2132.6 + 177.4 (0.3313)

Table5-1 Outline of raw densitometry values from western blot analysis Apd™ Krags-*

colonpolpys4 hours post exposure to MEK162, n=3, Giaded Mann Whitney U test was

used for statistical analysis

Colon polps Vehicle 24 hour MEK162 (p value)
pPERK 4988 + 452.4 2751.5 + 736.9 (0.0404)
pPAKT473 4421.3 £ 268.7 4314.7 £ 748.9 (0.1914)
PAKT308 1523.1+114.1 2619.7 £ 593.5 (0.0404)
pS6RP 3511+ 333.1 1634 + 2253.4 (0.3313)
p4EBP1 6881 + 1037 5399 + 1942.30.0952)

Table5-2 Outline of raw densitometry values from western blot analysis Apd™ Krags-*

colon polyps 4 hours post exposure to MEK162, n=3, Qaked Mann Whitney U test was

used for statisticalnalysis
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Small intestinal tumours | Vehicle 4 hour MEK162 (p value)
PERK 4101.8 + 748 42.5 + 14.7 (0.0404)
pPAKT473 2160.7 + 185.9 1686 + 612.7 (0.0404)
pAKT308 525.4 + 131.9 566.6 + 212.7 (0.1914)
pS6RP 4015.2 + 602.4 3221.8 + 1407.7 (0.0952)
p4EBP1 5671.9 + 284.7 4759 + 2357 (0.0952)

Table5-3 Outline of raw densitometry values from western blot analysis Apd™ KrasS*
SITs 4 hours post exposure to MEK162, n=3,-@iled Mann Whitney U tesiwas used for

statistical analysis

Small intestinal tumours| Vehicle 24 hour MEK162 (p value
pPERK 4923.5 +195.8 4200.6 + 2513.8 (0.0404)
pPAKT473 3763 £ 212.9 3929 £ 844.9 (0.1914)
pPAKT308 916.2 + 268.7 991.8 £ 684.8 (0.1914)
pS6RP 4199 +445.1 1082.3+ 370.7 (0.0404)
p4EBP1 5286 + 828.7 5702.2 + 1899.6 (0.0952)

Table5-4 Outline of raw densitometry values from western blot analysis Apd” KrasS"*
colon polyps 24 hours post exposure to MEK16%;3, Onetailed Mann Whitney U test was

used for statistical analysis

In summary, the observations above highlight favourable-amtiour activity of MEK162 in
the Kras mutant setting, however also identify as hypothesised, activation of closelydrelate
PI3K signalling (summarised in Figure 5.5, 5.6). Nevertheless, the long term therapeutic

efficacy of MEK162 in Kras mutant tumours was further probed below in section 5.2.2.
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Figure5.5 Schematic Bowing the effects of MEK162 on MAPK and PISK/mMTOR patt

components inApcd”* Kras®*colon polyps detected through western blot analysis

(Green denotes a reduction whereas red indicates an increase)

MEK162 leads to a reduction in levels of pERK a@nd 24 hours post exposure and

significantly increases levels of pAKT at Thr308 24 hours post exposure.
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Figure5.6 Schematic showing the effects of MEK162 on MAPK and PI3K/mTOR pa
components inApd™* Kra$®"* SITs detected through western blotting (Green denote

reduction whereas red indicates an increase).

MEK162 leads to a reduction in levels of pERK@ki€dT473 at 4 hours post exposure and

reduces levels of pS6RP 24 hours post exposure.
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5.2.2 MEK162 increases survival of Ap&rasS-"mice

To investigate the therapeutic potential of MEK inhibition as a rational therapeutic strategy for

Kras mutant tumoursa chronic treatment experiment was conducted to elucidate the effect

of MEK162 upon survival and also to determine the effect on intestinal tumour burden. 10

week old Apd* Kras®"" mice were induced and allowed to develop disease over
approximately 14wveeks. Given that the tumour latency period of untreated mice (Davies EJ,
unpublished) is between 80 and 250 days post induction, 100 days post induction was chosen

as an appropriate intervention start point. Presence of tumours at this point was corfiime

a cohort of mice culled at 100 days post induction (section 5.2.8). Subsequently, mice (n=12

per cohort) were randomised to receive either 0.5% MC (vehicle) or 30mg/kg MEK162 twice

daily (weekdays only) by oral gavage, until a survival end pointYakde > o6t 2 GAYy 3T X\

of body weight) or the experimental end point of 500 days post induction.

Continuous twice daily administration of MEK162Apd™ Kra$®*mice was well tolerated

(defined by weight during treatment) and led to a significamréase in survival of mice with

2/12 mice culled at the experimental end point of 500 days (median survival MEK162 mice =

HyT RIFIedad @ga @GSKAOES I' mpo Rl &3a -Raikani WicgxéndzO G A 2 y
test) (Figure 57), indicating this as a beneficial therapeutic strategy. To further the
investigations of chronic MEK162 treatment, the effect on tumour burden was assessed as

described in section 5.2.8.
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Figure5.7 KaplanMeier survival analysis ofpd* KrasS"*mice receiving MEK162 compar

to vehicle controls

Apd* Kra$®“"mice were induced and aged to 100 days post induction, at which point mice

were randomised to receive eith 0.5% Methyl cellulose (Vehicle control) or 30mg/kg
MEK162 twiceadaily by oral gavage until a survival end point or the experimental end point of

500 days post induction. Continuous MEK162 treatment was found to significantly increase
survival of mice 8Y mMpo Rl @& G2 wHyT RI&3& LJ}2Rank ardy RdzO{ A
2 Af O2E2y (S8adx y xmuH YAOS LISNI O2K2NI0 @

5.2.3 NVRBEZ235 increases apoptosis in Kras mutant tumours and significantly reduces

signallingdownstream PI3K and mTOR

Given that oncogenic Kras alsopinges on the PI3K signalling cascade, | next investigated the
short term effects of pathway inhibition through the dual PISBK/mTOR inhibitor to ascertain
whether this results in any favourable attimour effects. Similarly to section 5.2.1, the initial
effects of NVEBEZ235 were assessed through short term exposure experiments. Mice were

induced and aged to allow for symptoms of intestinal tumour burden. Subsequently, mice
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were administered a single dose of 35mg/kg NBEZ235 and culled either 4 or 24uin® post
SELR&dINBE a4 RSAONAOGSR LINBOA2dzat e o0602K2NI 2F vy
hours prior to killing. Vehicle treated controls for this experiment are identical to those used in

section 5.2.1.

To investigate the immediate artimour activity of NVFBEZ235 ifApd” Kras®*tumours,

the levels of mitosis and apoptosis were quantified by examination of H&E stained slides and

IHC for BrdU and cleaved caspase 3. Quantification of mitotic figures revealed no significant
alterations ateither 4 or 24 hours post exposure to NBEZ235 ieither colon polyps or SITs

(Colon polyps: 4hr veh = 0.198 +0.169, 4hr {8¥#Z235 = 0.213 + 0.193, 24hr NBEZ235 =

0.432 £ 0.284, p value = 0.973 for 4hr NBEZ235, p value = 0.059 for 24hr NVP Y2H O p Z Y X @
tumours, 4 mice, Mann Whitney U test) (SITs: 4hr veh = 0.258 + 0.154\WBEZ235 =

0.346 + 0.239, 24hr NMBEZ235 = 0.345 + 0.416, p value = 0.672 for 4hrBYBZR235, p value

=0.289 for 24hr N\VP 9 bHop X Y x ¢ (UdzY2dz2NBR X n(Figik 68E al yy
However, a trend towards an increase in mitotic figures waseoled 24 hours post exposure

in colon polyps. Scoring of apoptotic bodies here revealed a significant increase 4 hours post
exposure in both colon polyps and SITs (Colon polyps: 4hr veh =0.508 + 0.490, HEZP3B

=1.84 +1.823, p value = 0.0103, Sihs veh = 0.522 + 0.33, 4hr NBEZ235 = 1.75 + 0.679,

L) @1 f£dzS ' ndnnoX yx c¢ (dzYgFidgNEsB BTite iMtalih&easea | yy 2
at 4 hours was reduced by 24 hours, indicating a transient effect on apoptosis (Colon polyps:

4hr veh=0.508 £ 0.490, 24hr NMBEZ235 = 0.558 + 0.362, p value = 0.693, SITs: 4hr veh =
0.522+0.33,24hrNVP9 %Hop I ndymn 5 noénmc LI @GFtdzS I n
Whitney U test).

Additionally, the anttumour properties of NVIBEZ235 were funer characterised through

BrdU and cleaved caspase 3 scoring. Consistent with the histological characterisation of
mitosis, the number of BrdU positive cells was unaltered in both colon polyps and SITs at 4 and

24 hour time points post exposure (Colon gady4hr veh = 10.686 * 7.059, 4hr NREZ235 =

6.757 + 2.316, 24hr NMBEZ235 = 12.896 + 4.716, p value = 0.374 for 4nB¥8ZR 35, p value
=0.339for 24hr NVP 9 YbHop X Y x ¢ GdzY2dzZNAEZ n YAOS:E alyy
10.19 + 5.62, 4hr NVBEZ35 = 17.71 £ 7.29, 24hr N\BEZ235 = 12.31 + 3.32, p value =

0.1939 for 4hr NVIBEZ235, p value = 0.713 for 24hrNVB %2H o p X Y X ¢ (0 dzY 2 dzNA =
Whitney U test) Fgure 5.9 A Quantification of active caspase in Kras mutant tumours
conducted throud) cleaved caspase 3 scoring revealed a significant increase in staining 4 and

24 hours post NVIBEZ235 exposure in colon polyps and a significant increase in staining at 24
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hours post exposure in SITs (Colon polyps: 4hr veh = 0.977 + 0.609, 4BEXR®ES 1.927 +

1.059, 24hr NVIBEZ235 = 2.00 + 1.37, p value = 0.0433 for 4heBBA235, p value = 0.0485

for 24hr NVP. 9 hHop S yYx ¢ Gdzy2dzNBS n YAOSST alyy 2 KA
1.028, 4hr NVIBEZ235 = 3.05 £ 1.69, 24hr NBEZ235 = 2.99 + 0.B0p value = 0.1599 for

4hr NVPBEZ235, p value = 0.0472 for 24hr N\VB 2H o p X Yy X ¢ GdzY2dzNBRZ n Y.
U test) (Hgure 5.9 B. Theselater findings corroborate previous analysis of histological

apoptosis and highlight prolonged pepoptotic effects of NVFBEZ235.
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Figure5.8 NVRBEZ235 significantly increases apoptosidind* Kras*"*colon polyps and

small intestine tumours (SITs), but elicits no significamtti-proliferative effects.

(A) Quantification of mitotic figures and apoptotic bodi@®)in colon polyps and SITs of mice
exposed to a single dose of 35mg/kg NB#EZ235. Scoring revealed a trend towards an
increase in mitosis 4 and 24 hours after exyr@sand a significant increase in apoptotic bodies

in both polyps and SITs, 4 hours post administration (p value = 0.0103 for 4hr polyps
apoptosis, p value = 0.003 for 4hr SIT apoptgsig, ¢ ( dzY 2 dzdida Whitney Y tesD).S >
The initial apoptotic décts appear reduced to baseline levels between 4 and 24 hours after

exposure to NVIBEZ235. Error bars represent standard deviation
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Figure5.9 Further antitumour evaluation of NVFBEZ235 revealed an increased pro

apoptotic effect inApd”* KrasS“*colon polyps and small intestine tumours (SITs)

To further evaluate the artumour properties of NVIBEZ235 in APt Kras®“* intestinal

lesions IHC against Brd{&) and cleaved caspase(B)were carried out and scored. Scoring of
BrdU positive cells revealed no significant alterations at either 4 or 24 hours in colon polyps or
SITs following exposure to N\BEZ235. Cleaved caspase 3 scoring im@gased in colon
polyps at both 4 and 24 hour time points, and at 24 hours in SITs (colon polyps: p value =
0.0433 for 4hr, and p value = 0.0485 for 24hr; SITs: p value = 0.159 for 4hr, p value = 0.0472 for
24hr,y % ¢ (0 dzY 2 dehhB Whitmey WYt&3OBE3rar bars represent standard deviation
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To explore the immediate effects of NNBEZ235 on PI3K and mTOR signallidgdi Krass"*
tumours, proteins extracted from individual colon polyps and SITs harvested from mice (n=3)
at 4 and 24 hour time g@nts post exposure to NVIBEZ235, were subjected to western blot
analysis. Immunoblotting and subsequent densitometry analysis of colon polyp samples with
antibodies against the downstream PI3K targets, revealed a significant reduction in levels of
pAKT43, pS6RP and p4EBP1 and a trend towards reduced pAKT308, 4 hours following
exposure to NVIBEZ235Kigure 5.10, Table 5.5). A trend towards reduced PI3K signalling was
still evident at 24 hours post exposure with a significant reduction in pAKT473, indicat

prolonged inhibition of PI3K signalling (Figure 5.10, Table 5.6).

Colon polyps | Vehicle 4 hour NVFBEZ235 (p value)
pPAKT473 1062.2 + 137.8 460.8 = 204.6 (0.0404)
PAKT308 716.9 + 230 443.6 = 400.1 (0.3313)
pS6RP 1407.2 + 655.6 91.4 + 66.1 (0.0404)
p4EBP1 3128.4 + 630.2 3128.4 + 630 (0.0404)
PERK 4125.7 £ 2118 4113 +£1139.2 (0.5)

Table5-5 Outline of raw densitometry values from western blot analysis Apd™ KrasS"*
colon polyps 4 hours postxposure to NVEBEZ235, n=3, Orailed Mann Whitney U test

was used for statistical analysis

Colon polyps | Vehicle 24 hour NVRBEZ235 (p value
PAKTA473 4421.3 + 268.7 3992.1 + 494.8 (0.0404)
pAKT308 1523.1+114.1 1162.9 £ 477.4 (0.0952)
pS6RP 3511+ 3331 3358.7 + 1858.7 (0.5)
p4EBP1 6881 + 1037 6831 + 984.7 (0.3313)

pPERK 4988 + 452.4 6133.8 £ 588.7 (0.1914)

Table5-6 Outline of raw densitometry values from western blot analysis Apd™ KragS*
colonpolyps 24 hours post exposure to NMBEZ235, n=3, Oriled Mann Whitney U test

was used for statistical analysis
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In SITs, analysis of PI3K and mTOR downstream effectors also revealed prolonged inhibition of
PI3K and mTOR signalling evidenced through reduced levels of pAKT308, pS6RP and p4EBP1 4
hours postexposure and significantly reduced levels of pAKT473 and p86RPhours post
exposure (Figure 5.11, Table 5.7, Table 5.8). Togethese observations confirm target
inhibition and indicate that NVBEZ235 induced prolonged inhibition of PI3K signalling in this

Kras mutant tumour setting similar to effects of MiEHKibition.

Small intestinal tumours | Vehicle 4 hour NVFBEZ235 (p value)
PAKT473 525.4 + 131.9 601.6 + 478.3 (0.3313)
pAKT308 2160.7 + 185.9 915.6 = 407.4 (0.0404)
pS6RP 4015.2 £ 602.4 1033.3 £ 224.1 (0.0404)
p4EBP1 5671.9 + 284.7 267.4 + 863.30.0404)

PERK 4101.8 £ 748 4847.7 £ 621.5 (0.5)

Table5-7 Outline of raw densitometry values from western blot analysis Apd™ Krag="*
SITs 4 hours post exposure to NBEZ235, n=3, Ortailed Mann Whitney U test was used

for statistical analysis

Small intestinal tumours| Vehicle 24 hour NVEBEZ235 (f
value)

PAKTA473 3763 +212.9 3290.6 + 1176.7 (0.0404)

pAKT308 916.2 + 268.7 1214 £ 925.9 (0.5)

pS6RP 4199 +445.1 2398.4 + 1383.7 (0.0404)

p4EBP1 5286 +828.7 6104.9 + 3321.3 (0.5)

pPERK 4923.5 +195.8 6203.8 £ 738.7 (0.3313)

Table5-8 Outline of raw densitometry values from western blot analysis Apd™ Kras®*SITs
24 hours post exposure tdlVRBEZ235, n=3, Orailed Mann Whitney U test was used for

statistical analysis
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Given previous observations of cresdk between MAPK and PI3K signalling in this study and
elsewhere(Ma et al., 2005, Ma et al., 2007, Turke et al., 2012, Zimmermann and Moelling,
1999) activation status of MAPK signalling was also interrogated in samples expos&dRto
BEZ235 through western blot analysis. Immunoblotting and subsequent densitometry analysis
for pERK revealed no significant alterations in either colon polyps or SITs, 4 or 24 hours after
exposure to NVIBEZ235, indicating PI3K inhibition does not afféaPK signalling in the Kras
mutant setting Figure 5.10, Figure Bl, table 5.55.8). Overall, these investigations reflect
favourable anttumour and pharmacodynamic effects of NBEZ235 in the Kras mutant
setting (summarised in Figure 5.12) and watrturther investigation to determine whether

continuous NVIBEZ235 treatment can increase survival of tumour bearing mice.
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Figure5.10 NVRBEZ235 significantly reduces signalling downstream PI3K and mT@gihKras®*colon polyps

(A) Individual colon polyp lysates from n=3 mice exposed to 35mg/kgBBZA235 for 4 or 24 hours were analysed by western blotting. A significant
reduction in PI3K and mTQiRynallingthrough pAKT473, pS6RP and p4EBP1 was observed 4 hours after exposweratdeaotrend towards reduced
signallingat 24 hours with only a significant reduction of pAKT473. Additionally, MAPK pathway status was probed using pERK bt stit@nagtbns at

4 or 24 hours following NVBEZ235 exposuréB + CDensitometry wasarried out to quantify differences observed from western blotting. These are

normalised tob-actin as loading control and represented as relative to vehicle controls (*p value = 0.0404, n=3, Mann Whitney U test).
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Figure5.11 Figure 5.9 NVIBEZ235 significantly reduces signalling downstream PI3K and mT@gdihKrag®"* small intestine tumours (SITs)

(A) Analysis of individual SIT lysates from n=3 mice exposed to 35mg/kBERA35 for 4 or 24 hours by western blotting. Immunoblotting for effectors of
PI3K and mTO8gnallingrevealed a significant reduction in pAKT308, pS6RP and p4EBP1 4 hours aiereespo pAKT473 and pS6RP 24 hours after
exposure to NVIBEZ235. To investigate the effect of N8EZ235 on MAP3gnalling antibody against pERK was probed. No significant alterations in the
levels of pERK were observed either 4 or 24 hours after expodd + CPDensitometry was carried out to quantify differences observed from western

blotting. These are normalised fpactin as loading control and represented as relative to vehicle controls (*p valud@401®=3, Mann Whitney U test).
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Figure5.12 Schematic showing the effects of NMBEZ235 on PI3K/mTOR and MAPK

pathway components in Ag¢ Kras=“*colon polyps and SITs detected through western

blotting (Green denotes a reduction).

NVRBEZ235 leads to a reduction in levels of PI3K pathway components and does not have any

effect on MAPK signalling
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5.2.4 NVRBEZ235 significantly increasimgevity of Apé* Krad="*mice

To investigate the therapeutic potential of N\BEZ235 in Aft Kras®“*mice, 10 week old

micewere induced and aged to 100 days post induction at which point they started long term
treatment with NVPBEZ235A cohortof n=12 mice received 35mg/kg N\BEZ235 twice daily
66SSTRIea 2yfeuv o6& 2N}t 3AFGF3AS dzy GAt I+ &adzNDAD
weight) or the experimental end point of 500 days post induction. Vehicle controls are

identical to thoseused in section 5.2.2.

As with MEK162 treatment, chronic twidaily treatment of NVBBEZ235 was well tolerated

by Apd”* Kras®“*miceand significantly increased survival of mice with 2/12 mice reaching the
experimental end point of 500 days (median\dual of NVFEBEZ235 mice = 343 days vs vehicle

' mMmpo RIFI&&a LlRaid AYyRdOGA2Yy I YT mHRank &m0 HilceddnNI O2 K 2
test) indicating a therapeutic benefit (Figure 5 18omparison of both chronic treatments

revealed no significantifference between the two, suggestingEK162 and NVBEZ235 are

equipotent with regards to survival benefit, Apd* Kras®"*

mice (median survival of MEK162
mice = 287 days vs N\BHEZ235 mice = 343 days post induction, n=12 per cohort, p value =

0.523for LogRank and p value = 0.818 for Wilcoxon test).

181



1.0 I 1Vehicle
b TINVP-BEZ235
/P Treatment
0.8 i start
> ‘ﬁ.]—‘
-
|
8 06
o
E
o
©
2
: i |
t 04 L
) | 5
0.2
0.0 ‘
L L ] L] ] ]
0.00 100.00 200.00 300.00 400.00 500.00

/N\ days post induction

Figure5.13 KaplanMeier survival analysis oApd” Kras*“*mice receiving chronic NV:P

BEZ235 treatment compared to vehiab®ntrols

Apd* Kra$®“*mice were induced and aged to 100 days post induction, at which point mice

were randomised to receive either 0.5% Methyl cellulose (Vehicle control) or 35mg/kg NVP
BEZ235 twicelaily by oral gavage until a survival end point or the experimental endpoint of

500 days. Continuous NABEZ235 treatment was found to significantly increase survival of
YAO0S FTNBY mMpo RIFIeé&a (2 ono RI-Raak ahdAildoxohtgsRuzOG A 2 v
XMH YAOS LISNJ O2K2 NI 0 @
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5.2.5 Investigating the varied combination strategs in Kras mutant colon polyps and

small intestinal tumours

Given the effectiveness of both MEK162 and MB#EZ235 as single agentsApd* Kras®"*

mice, it was anticipated that combined inhibition of MAPK and PI3K signalling may result in an
additive benefit in this tumour model. First however, given that Ap@ter!" mice were

particularly sensitive to the scheduling of the combinatigeection 4.2.5), the three
combination strategies were also investigated in a short term setting to determine wheth

Kras mutant tumours were similarly sensitive to the sequence of drug delivery. The three
RAFFSNAY3I R2aAy3a a&aidNriS3IAsSa 2dzif AYyYSR Ay (Gl of
administered with each strategy, and culled 4 hours following the final dds= were also
administered with a dose of BrdU 2 hours prior to killing, and were dissected a®uyslsvi

described in section 2.4/ehicle treated controls for this experiment are identical to those

described in section 5.2.1.

Firstly, to determine theanti-tumour effects of each combination strategy in Kras mutant

lesions, histological mitosis and apoptosis were scored from H&E stained slides. Scoring of
mitotic figures in both colon polyps and SITs revealed no significant differences between any of

the combination strategies compared to vehicle controls (colon polyp samples: 4hr veh =0.199

+ 0.169, combo 1 = 0.405+ 0.361, combo 2 = 0.281 £ 0.165, combo 3 = 0.201 + 0.222, p value =
0.291 for combo 1, p value = 0.329 for combo 2, p value = 0.753 forxomb> yx y Gdzy2d
mice; SIT samples: 4hr veh = 0.258 + 0.154, combo 1 = 0.283 + 0.279, combo 2 = 0.252 £ 0.174,
combo 3 =0.299 + 0.115, p value = 0.862 for combo 1, p walu®r combo 2, p value = 0.721

F2NJ O2Y02 o3 yxc OdzYy2 doNtsh (Figure 5.8 ORiantificatioy of 2 KA Gy
histological apoptosis however revealed significantly increased levels of apoptosis 4 hours
following exposure to all three combination strategies, in both colon polyps and SITs indicating

potent pro-apoptotic effects (colon polyp samples: 4hr veh = 0.508 + 0.49, combo 1 = 10.63 +

5.51, combo 2 = 6.53 + 4.58, combo 3 = 9.73 = 5.68, p value = 0.0011 for combo 1, p value =
ndonnu F2N) 02Y02 HI LI @HtdzS ' nonnnn F2N 02Ya
vehicle =0.52 + 0.33, combo 1 = 6.57 + 2.44, combo 2 = 6.94 + 1.45, combo 3 =7.09 + 459, p
GLtdzS I' nonnmp F2N) 02Y62 wmX LI @FtdzS I nonnpy
tumours, 4 mice, Mann Whitney U test) (Figure4).1

IHC for BrdU and cleaved caspa3 were quantified to further characterise the immediate

anti-tumour activity of each combination strategy. Scoring of BrdU positive cells ifi Apc

éSL/+

Kra colon polyps revealed no significant alterations (4hr veh = 10.69 = 7.06, combo 1 =
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12.58 £+ 2.8, combo 2 =14.92 £ 1.78 , combo 3 =12.52 + 4.23, p value = 0.377 for combo 1, p

value = 0.337 forcomboR) @I £ dzS8 I ndoom T 24NdicENainonhitneyd) y xy
test) similar to mitosis scoring. Additionallg SITs, no significant effect wdstected with

combo 1 however a significant increase in BrdU positive cells was detected following combo 2

and 3, indicating a prproliferative increase in the number of cells in S phase of the cell cycle

(4hr veh = 10.19 + 5.62, combo 1 = 13.45 + &bfbo 2 = 18.96 + 2.18, combo 3 = 27.28 +

7.45, p value = 0.3502 for combo 1, p value = 0.0304 for combo 2dpSvalll' nodnnamp =
tumours, 4 mice,Mann Whitney U test)Rigure 5.5).

Further to scoring of histological apoptosisjamtification of cleavedaspase 3 staininglso
revealed a significant increase in both colon polyps and SITs, in response to all three
combination strategies (Colon polyps: 4hr veh = 0.978 + 0.609, combo 1 = 17.876 + 5.99, p
value = 0.0014, combo 2 = 6.22 + 1.91, p value = 0deidbo 3 =16.53 + 6.47, p value =
0.000& Y x vy ,Almizy,MadzNEhitney U test) (SIT: 4hr veh = 1.79 + 1.029, combo 1 =
24.14 + 11.33, p value = 0.0015, combo 2 = 15.73 + 4.74, p value = 0.0107, combo63+= 14.1
bPccI LI @It dzS T , 4 dicepMapniWhithey U dest)Ridzve25di3Bhese
surprisingly high levels of cleaved caspase 3 suggest long term combination treatment may be

highly beneficial in killing tumour cells effectively.
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Figure5.14 Anti-tumour effects of different combination strategies iApd”* KrasS“*colon polyps and small intestinal tumours (SITs)

Scoring of mitotic figureA + C)and apoptotic bodie¢B + D)n colon polypsand SITs by H&E examination revealed no significant alterations in the levels
of mitotic figures, however did reveal increased apoptosis in colon polyps and SITs following all three combinationsstrategield @I £ dzS XX ndnp

tumours, 4 mice,Mann Whitney U test). Error bars represent standard deviation.
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Figure5.15BrdU and cleaved caspase 3 scoring of three combination strategidpdi” Kras>“*colon polyps and small intestinalimours (SITs)

IHC for BrdU and cleaved caspase 3 was carried out and scored in colon polyps and SITs from mice following exposuee tdiffieeetit combination

strategies. Scoring of Brd{(A + C)revealed no significant alterations in colon polyps but increased BrdU staining in SITs following combo 2 and 3.
Quantification of cleaved caspasetaining(B + Dyevealed increased levels following all three combination strateigieslon polyps andi$sp o0 f LJ @I £ dzS
nonp T2 N | £ 4niceMagn WhitrieydviestizEEor bars represent standard deviation.
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To investigate whether the antumour effects of the combination strategies described above
correlate with pathwayinhibition, both colon polyps and SITs samples from mice exposed to
the different combinations were interrogated by western blot analysis for MAPK and PI3K
pathway status. Immunoblotting and subsequent densitometry analysis of individual polyp
lysates (fron n=3 mice) revealed a marked reduction in the levels of pERK with all three
combinations, however no significant alteration in levels of either pAKT473 or pAKT308 (Figure
5.16 Table 5.9, Table 5.10).sfgnificant reduction in levels of pS6RP was alsented with

all three combinations but levels of p4EBP1 were found to be reduced only in response to
combo 2 and 3 (Figure 5.1®able 5.9, Table 5.10hterestingly, the trends observed here with

all three combination strategies suggest that additiorMEK162 to NVIBEZ235, irrelevant of

the order, eliminates the ability of NMBEZ235 to reduce levels of pAKT in colon polyps. The
reason for this is currently unclear but may be attributable to an additive effect on levels of
pAKT, whereby the increasinffexts of MEK162 are negated by the reducing effects of-NVP
BEZ235, as previously observed.

Colon Vehicle Combo 1 (p valug Vehicle Combo 2 (p value)
polyps
pERK 5903.6 + 308.6 | 355.42 * 91.97 4264 +1238.9 | 20.8 * 18.9
(0.0404) (0.0404)
pPAKT473| 2405.1 £+ 947.8 | 1677.1 + 901.4 2453.5+69.6 |30249 + 256.5
(0.1914) (1.0)
pAKT308 | 1844.9 + 254.9 | 2780.7 £ 96.1 (0.0404| 1663.8 £ 277.7 | 16949 + 598.8
(0.6625)
pS6RP | 2152.4 £1693.2| 87.7 £ 59.3 (0.0404) | 3570.9 + 1445.1) 1153.5 =+ 4725
(0.0404)
p4EBP1 | 4168.9+ 1565.3 | 3268.7 +  1218.9 4189.9 + 1565.3 1226.1 + 682.¢

(0.3313) (0.0404)

Table5-9 Outline of raw densitometry values from western blot analysis Apd™ Krag=""*
colon polyps 4 hours post exposure tmmbo 1 and combo 2, n=3, O#tailed Mann Whitney

U test was used for statistical analysis
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Colon Vehicle Combo 3 (p value)

polyps

pERK 5876.9 +184.2 | 1216.1 + 916 (0.0404)

PAKT473| 4178.5 +702.5 | 3351.9 + 195.4 (0.0952)

PAKT308| 1661.1 + 748.2 | 1790.1 + 490.7 (1.0)

pS6RP 1453.9 £ 813.8 | 16.2 + 20.4 (0.0404)

p4EBP1 | 5153.9 + 765.2 | 3651.3 + 320.9 (0.0404)

Table5-10 Outline of raw densitometry values from western blot analysis Apd’" Krass-*
colon polyps 4 hours post exposure to combo 3, n=3, @aieed Mann Whitney U test was

used for statistical analysis

Western blot analysis of SITs from mice exposed to the varying combinations revealed a similar
trend to that observed in colon polyps, Witegards to pathway inhibition. A marked reduction

in the levels of pERK was observed with all three combinations but no significant alterations in
levels of pAKT473 or pAKT308 were observed (Figure Bable 5.11 and Table 5.12). Similarly

to colon poyps, levels of pS6RP were found to be reduced with all three combinations
whereas, p4EBP1 was found to be reduced with both combo 1 and corgiiguze 5.17Table

5.11 and Table 5.12). OverallSITs, the addition of MEK162 has also diminished theyadilit
NVRBEZ235 to reduce PI3K signalling through pAKT (mainly pAKT308) however in this case,
the observations cannot be attributed to an additive effect because MEi&# did not

increase levels of pAKT308 but in fact led to a significant reductienefs of pAKT308.
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SITs Vehicle Combo 1 (p value) | Vehicle Combo 2 (p value)

pERK 3546.9 + 1033.7| 297.4 £ 35.9 (0.0404 6274.9 £+ 564.4 | 1054.7 =+ 273.6
(0.0404)

pAKT473| 1794.2 + 340.2 | 1327.8 +452.6 3235.7 +470.2 | 3123.6 + 647.§
(0.0952) (0.0952)

pPAKT308 | 1993.2 +406.9 | 1459.1 + 567.4 1019.7+333.9 |2067.2 + 913.3
(0.0952) (0.1914)

pS6RP 1544.0 £+ 886.9 | 578.3 147.9 1544.0+886.9 | 1349 + 125.¢
(0.0404) (0.0404)

p4EBP1 | 5972.1 £ 1966.8 3827.0 + 864.15972.1+1966.8 | 17959 £ 90.8
(0.0404) (0.0404)

Table5-11 Raw densitometry values from western blot analysis &pd* Kras®*SITs 4 hours

post exposure to combo 1 and combo 2, n=3, Ga#ed Mann Whitney U test was used for

statistical analysis

SITs Vehicle Combo 3 (p value)

PERK 5158.9 +416.2 | 271.1 +£ 159.2 (0.0404)
pAKT473| 2829.9 £ 681.7 | 2124.4 + 1833.9 (0.3313)
PAKT308| 1711.9 + 490.1 | 1249.8 £ 1061.7 (0.1914)
pS6RP 5702.2 £ 884.9 | 1379.4 £ 842.5 (0.0404)
p4EBP1 | 6585.9 £ 1256.2| 4897.2 + 3318.20.1914)

Table5-12 Raw densitometry values from western blot analysis Apd’™ Kras®"* SITs 4

hours post exposure to combo 3, n=3, Otadled Mann Whitney U test was used for

statistical analysis

Giventhe above observations, analysis of the three chosen combination strategies in Kras

mutant colon and SITs revealed that all three were similar in terms of thextuamour and

pharmacodynamics effects. In light of this, combination strategy 2 which watfidd as the

most effective in ApE Pted" tumours in chapter 4, was chosen for all further experiments to

remain consistent across the different genotypes of mice evaluated in this study.
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Figure5.16 sequencing of combination has no differential effect on signalling in Apisras®>-*colon polyps.(A) Individual colon polyp lysates from n=3 mice exposed to
the different combination strategies were analysed by westbtatting for effectors of MAPK and PI3K/mTOR signalling. Significant reduction of pERK but no
alterations in pAKT308 or pAKT473 was observed with all three combination strategies. Significant reduction of pS6RBratowfisteam of mTOR was also
obsewed with all three combinations however, a significant reduction in p4AEBP1 was only observed with combo Z2BasrdCPensitometry analysis was carried out

to quantify differences observed from western blotting. These are normaliséeaiziin as loadig control and represented as relative to vehicle controls (*p values =

0.0404, n=3, Mann Whitney U test).
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Figure5.17 sequencing of combination has no differential effect on signalling in Apiras>-*small intestinal tumours (SITs§A) To investigate the effects of the three
combination sequences on downstream pathway signalling, individual tumour lysates from n=3 mice were analysed by immgndbiatiiarly to colon polyps, a
significant reduction in levels of pERK were observed with all three combinations and no significant reduction of pAKT308 or péid bbsgmwed. Additionally,
significant reduction of pS6RP was observed with all three combination strategies, but significatioredtip4EBP1 only with combo 1 andR .+ CPensitometry
analysis was carried out to quantify differences observed from western blotting. These are normabisactitoas loading control and represented as relative to

vehicle controls (*p values =@04, n=3, Mann Whitney U test).
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5.2.6 Long term combination results in an additive increase in survival in "Ag¢erassS*

mice

As described previously, investigation of twitaily NVPBEZ235 and MEK162 treatment in a
short pilot ex@riment identified this regimen to be toxic (determined by weight loss) for-wild
type mice (Figure 4.16). Therefore, the combination dose was reduced and administered as
twice-daily NVFBEZ235 but only onedaily MEK162, which was found to be well tolechia

Apd” Pter" mice and increased lifespan ofice (Figure 4.18 Given these observations, the
later combination regimen was chosen for long term treatment in "Aparas®”* mice. A
cohort of 13 mice were induced and aged to 100 days post induati@vhich point they were
administered with 35mg/kg NVBEZ235 twicelaily plus 30mg/kg MEK162 once daily (1 hour
after the initial dose) and monitored closely until a survival end point. Shortly after the

&Y mice as

experiment began it became apparent that this regh was toxic for AJ¢ Kra
8/13 were culled due to substantial weight loss (weights of mice are stmwfigure 5.18
survival of mice on figure 5.19Despite this, 5/13 mice appeardd tolerate the treatment
after some timeand displayed marginal survival benefit comparéa vehicle controls (figure

5.19), indicating the potential benefits of combination in the absence of toxic effects.

In light of these additional toxicity issues, a second further reduced combination regimen of
35mg/kg NVPBEZ235 once daily plus 30mg/kg MEK162 once daily (1 hour after the first dose)
¢ combo R2, was conducted, in an effort to elucidate the potential of long term combination
treatment in the Kras mutant tumour setting. For this, a cohort of 12 mice \eteced and

aged to 100 days post induction at which point they were administered with the further
reduced combination treatment (as above) until a survival end point, or until the experimental
end point of 500 days post induction. Additionally, controis35mg/kg NVABEZ235 as once
daily and 30mg/kg MEK162 as once daily treatments were also conducted. Interestingly,
reduced once daily MEK162 treatment significantly increased surviveddf Kras*"*micein
comparison with vehicle controls, but noh icomparison to twice daily administration of
MEK162 (median survivals: MEXD T 287 days vs MEKDOD= 286 vs veh = 153 days post
AYRdAzOGA2Yy I L) @-Rdnkizhd Wikdoxon tes(fFigare 3.2)) in@icating that the
maximal benefit with respect to survival benefit was reached with the alaily regimen.
Similarly, reduced NVBEZ235 to a onegaily regimen also significantly increased survival of
Apd* Kras®“*micein comparison with vehicleréated mice however, in this case, the effect

on survival was found to be dose dependent as the higher dose was found to increase survival
further (median survivals: NMBPEZ235 -D = 343 days, NMBEZ235 @D = 267 days, veh = 153
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days post induction, p e = 0.019, n=12 mice per cohort, LRgnk test) (Figure 5.20).
Importantly, the reduced combination treatment Apd”* Kras®“*micewas found to be better
tolerated than the first combination regimen (figure 5.18) and significantly increased longevity
of Apd* Kra$>"*micefrom a median of 153 days to 389 days post inducffigure 5.20)The
combination treatment here was found to be significantly better than single agent NVP
BEZ235 oncdaily treatment (combo median survival = 389 vs NBEZ235 mdian survival =

267 days post induction, p value = 0.029 for-Ragnk and p value = 0.042 for Wilcoxon test)
however, not significantly better in comparison with single agent MEK162 regardless of the
100 days increase in median survival on combinatioatirent (MEK162 median survival =
286 days vs combo = 389 days post induction, p value = 0.374 f&dmbgand p value = 0.279

for Wilcoxon test) (Figure 5.20). This was likely to be due to convergence of the two survival
curves at 400 days post inductiovith both cohorts having 2/12 mice reach the experimental
end point of 500 days. Nevertheless, the combination treatment resulted in an additive

éSL/+

increase in median survival fapd* Kras®“*mice, potentially indicating increased therapeutic

benefits hee.
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Figure5.18 Combination treatment was found to induce toxicity iApd™ KrasS* mice.

Previously in figure 4.15, administration of 35mg/kg NBEZ235 twicelaily plus 30mg/kg
MEK162nce daily was shown to be well tolerated in Aeterd” mice. Administration of this
combination strategy in ABt Kras®* mice however, led to notable fluctuations in body
weight, n=8/13 mice were culled due to weight loss of approximately 20@0tecoriginal body
weight. A further reduced combination of 35mg/kg NBBZ235 once daily plus 30mg/kg
MEK162 once daily (1 hour later) was then conducted and was found to be better tolerated.
Single agent NVBEZ235 twice daily was well tolerated in Kp¢ras“*mice and so was

chosen as a comparison. Error bars represent relative standard deviation
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Figure5.19 KaplanMeier survival analysis oApcd* Kras*""mice receiving longerm

combination treatment (Combo R1) compared to single agent NB#EZ235, MEK162 and

vehicle controls

Apd* Kra$®“*mice were induced and aged to 100 days post induction, at which point mice

were randomised to receive either 0.5% Methyl cellulose {letcontrol) or 35mg/kg NVP

BEZ235 twice daily plus 30mg/kg MEK162 once daily, 1 hour after the first dose, by oral
gavage, until a survival end point or the experimental endpoint of 500 days. Continuous
combination treatment (Combo R1) was shown to hagesignificant effect on median survival

of mice in comparison to vehicle controls and approximately only 40% of mice appeared to
have had some survival advantage. (Median survival: combo R1 = 150 days vs vehicle = 153
days post induction, p values: LByl ' noénm | yR 2AfO02E2y GSa&ai
cohort). Interestingly, single agent MEK162 and #2235 are equipotent in terms of

survival benefit for AgE Kras®“*mice ( Median survival: MEK162 = 287 days vsBEZ235 =

343 days post inductig p values: Loyl Y1 ' n®prHo | yR 2AfO2E2y (Sa

cohort).
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Figure5.20 KaplanMeier survival analysis oApd” Kras
combination treatment(Combo R2) long term compared to reduced single agent NVP

BEZ235 and MEK162, and vehicle controls

Inducedand aged to 100 days post induction, Ap€ras*“*mice were randomised to receive

either 0.5% Methyl cellulose (Vehicle control), 30mg/kg MEKI&2 alaily, 35hg/kg NVP

BEZ235 once daily &mg/kg NVBEZ235 once daily plus 30mg/kg MEK162 once daily (1

hour after) by oral gavage, until a survival end point or the experimental endpoint of 500 days.
Combo R2 treatment significantly increased survisfamice to a median of 389 days post

induction, compared 153 days with vehicle controls (p valueswbgy{ YR 2 Af O2E2Y
nonnanamsE Y ¥xMH YAOS LISNJ O2K2NIivod LYGSNBadGAy3If &
single agent NVBEZ235, but not itomparison to reduced single agent MEK162 (median

survival Combo R2 = 389 days vs 8¥Z235 = 267 days vs MEK162 = 286 days, p values for
Combo R2 vs NMBEZ235: LeRank = 0.029 and Wilcoxon = 0.042, p values for Combo R2 vs
MEK162: LogRank = 0.374 and/ilcoxon = 0.279).

196



5.2.7 Analysis of tumour burden following treatment in ApcKrag="*mice

As well as the effect of treatment on survival of mice, the effect on tumour burden was also
assessed following long term treatment. For this, tumours were ajnheasured and staged
according to severityal described immethods section 2.7.3. As insection 4.2.8, these
parameters of tumour burden were also assessed in a cohort of mice harvested at the

treatment start point which in this case was 100 days padtiction.
5.2.7.1 Analysis of tumour number following treatment in ApcKrass"*mice

The total number of tumours present at death was scored from H&E stained slides of colon

YR avlrtt AyiSadAyS wagiraa NRBffaQooreddlind SI OK 2
the average calculated per mouse and subsequently averaged per cohort. At 100 days post
induction, Ap&" Kras®-mice bore a median of 16 colon lesions and 33 SITs per mouse (n=4

mice). Vehicle treated ApcKras®"

mice had a median of8Bcolon lesions and 34 SITs (n=12
mice) at death indicating that although the number of colon polyps significantly increased
between the start and vehicle cohorts, tumours were present at the start of treatment
confirming treatment was not in a prophylactsetting (start = 15.5 tumours vs vehicle = 30.3
GdzY2dzNBZ LI T ndnHHoOZI (Bigye 221,85193THe medakh tiynbet of ! (i
colon polyps at death was significantly reduced in both MEK162 treatment cohedtsuid O

D) compared to vehicle controls (vehicle = 30.3 vs MEKI®B2 7.7, p value = 0.0064, MEK162

O5 I' mMoX LI @FfdzS T n desth(piguE 5.3)however,STs/were folnd (i y S @

w»
Q¢

to be reduced in MEK162 twiakaily treated mice (and not onegaily) in comparison with the

start and vehicle treated cohorts (start = 32.5 veh = 34, MEK1B2=T12, p value = 0.050

compared to start and p vak = 0.026 compared to vehicle, MEK16D @ 14, p value = 0.058

O2YLI NBR G2 &adGINI YR LI @ttdzS I nonpt O2YLI N
test) (Figure 5.22

Analysis of tumours present at death following long term NBEZ235 treatment readed that

the median number of colon tumours at death was significantly increased with thedaitye

(O-D) treatment, in comparison to with the start cohort but not in comparison with vehicle

treated mice (Colon polyps: start = 15.5, vehicle = 30.3;BBZA235 D = 39, p value = 0.037

FT2NJ AGFNIG FyR LI GFfdzS ' nondpp FT2NI gSKAOE S O2Y
The number of SITs with ondaily NVFBEZ235 treatment however, was found to be
increased compared to vehicle but not in comipan with the start cohort (SITstart = 32.5,

vehicle = 34, NVBEZ235 & = 74, p value = 0.076 for start and p value = 0.023 for vehicle
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O2YLI NR&2YS yxcz alyy 2KAGySe ! (G8adG0 o6CA3dz
number of colon polyps oiSITs was found with NMVBEZ235 twice daily treatment in
comparison with either the start or vehicle treated cohorts. (Colon polyps: start = 15.5, vehicle

= 30.3, NVIBEZ235 -D = 26, p value = 0.089 for start and p value = 0.526 for vehicle cohort

Y x ¢ Z n WHitney U test) (SITstart = 32.5, vehicle = 34, N\BEZ235 -D = 63, p value =

0.289 for start and p value = 0.067 for vehicle comparigomc = al Yy 2 KRigirg S& !
5.21, 5.22). These observations indicate that whilst tvdady NVPBEZ235 #atment had no

effect on total tumour numberpncedaily treatment resulted in increased tumour number

which may reflect increased tumour burden with the increase in longevity.

The median number of colon polyps was found to be significantly reduced lvath

combination strategies (R1 and R2) in comparison with vehicle treated mice but not in
comparison with the start cohorts, suggesting tumour growth stasis (median number of colon
polyps: start = 15.5, vehicle = 30.3, combo R1 = 17.5, p value = 0.75tarfaand p value =

0.026 for vehicle comparisgprrombo R2 = 5, p value = 0.396 for start and p value = 0.0086 for
vehicle comparisony xc = al yy 2 KA Gy Se@). Additianallg, i frénd towaklss dzNB  p
reduced SITs was observed with both combo R1R&a@lthough not found to be significant in
comparison with either start or vehicle cohorts (start = 32.5, vehicle = 34, combo R1 = 25.8, p

value = 0.808 for start and p value = 0.926 for vehicle comparison, combo R2 = 18.3, p value =
0.299forstartand @I £ dzS I' ndndt F2N] GSKAOE S OFyusI NAazy
5.22). Overall, these observations are more relevant for the combo R2 treatmentadties

significant increase in survival, however together they display the favourable effects of

combination treatment in terms of reduced tumour numbers in Kp€ras® mice.
5.2.7.2 Analysis of total tumour area following treatment in ABt Kras®""mice

To determine the effect of various long term treatments on total tumour area, macroscopic
tumourswere measured from methacarn fixed colon and small intestine tissues and the total

$SY* mice on vehicle

tumour area (mm) was calculated per mouse, per cohort. ApKra
treatment trended to have larger colon and SITs at death compared to the startrtcoho
however, this was not significantly altered due to large variation within the cohorts (colon start

=12.8 £ 10.1, colon vehicle = 55.2 + 44.7, p value = 0.194, SIT start = 43.8 £ 51.7, SIT vehicle =
MMT®n 5 pMPTI LI Gt dzS I tynFgurm B.71). Anslysis of adlioy y 2 K A
tumour area in all treatment cohorts revealed no significant alterations in comparison to the

start cohort (start =12.8 + 10.1, MEK16DF 21.5 £ 21.7 p value = 0.817, MEK142 ©68.2

+ 90.6 p value = 0.269, N\BE235 TD = 48.2 + 59 p value = 0.508, N8fZ235 O.D = 134.8 +
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105.6 p value = 0.126, combo R1 = 2.98 + 6.3 p value = 0.123, combo R2 = 40.8 + 58.9 p value =
M®PnI yxc3I al yyFigar&K5i2Ql yhs dvas alsolth® &a$edin comparison to vehicle
cohotts, with the exception of combo R1 treatment, after which mice presented with
significantly reduced total tumour area (start = 12.8 + 10.1, MEKAB2ZP1.5 + 21.7 p value =

0.28, MEK162 @ = 68.2 + 90.6 p value = 0.932, NBEZ235-D = 48.2 + 59 p vadu= 0.777,
NVRBEZ235 O.D = 134.8 + 105.6 p value = 0.35, combo R1 = 2.98 + 6.3 p value = 0.0168,
O2Y02 wH T nndy p pyodd LI @ t dzfigufe 52 PThepe > Y X C !
observations suggest all long term treatment regimens resulted in tungoawth stasis as no
reduction in tumour area was detected in comparison with the start cohort. An Interesting
observation was that mice on all reduced treatments (ocdedy) trended to have larger
tumour areas than mice on their corresponding twi&ly treatment regimens and may

indicate a dosalependent effect.

Analysis of SIT area in all long term treated cohorts revealed no significant differences in
comparison to the start cohort (start = 43.8 £ 51.7, MEK162=T58.3 + 34.1 p value = 0.699,
MEK®B2 OD =46.1 + 55.9 p value = 0.671, N\BEZ235-D = 9.2 £ 10.9 p value = 0.637, NVP
BEZ235 @ =20.7 + 31.1 p value = 0.799, combo R1 = 1.18 + 2.13 p value = 0.396, combo R2 =
Mn®T B Hcdm LI @It dzS T 5 oiRgye 5.2¢ iergdingy) ally 2 KA
treatments except for MEK162 -D, resulted in significantly reduced total SIT area in
comparison with vehicle treated cohorts, suggesting tumour growth stasis, as tumour area was
comparable in most cases with the start cohort (vehicle = 117228.2, MEK162-D = 58.3 *

34.1 p value = 0.037, MEK16DO- 46.1 + 55.9 p value = 0.107, NBEZ235-D = 9.2+ 109 p

value = 0.011, NVBEZ235 @ =20.7 + 31.1 p value = 0.0085, combo R1 = 1.18 + 2.13 p value
=0.0069, combo R2=14.7+26.1pvalleEn nc g Yy xo X al(figireS.RAGYySe !

5.2.7.3 Analysis of tumour severity following treatment in ApcKras“*mice

To further characterise the effect of treatment on tumour burden in Ap€ras®™* mice,
tumours on H& stained colon and small intestine sections were staged according to severity
and invasive features to ascertain whether treatment had an effect on tumour progression.
The criteria for scoring were described previouslyniethods section 2.7.4nd sectiord.2.8.

The average number of each tumour type was calculated and is displayed as a proportion of

the total number of tumours, due to differences in total tumour numbers observed.

For colon tumours, the general observations indicated a significant redudin the

percentage of microadenomas and a significant increase in the percentage of adenomas

199



compared to the start cohort. This was the case for all siagknt long term treatments, in
comparison with the start cohort but not for combination treatedhoots. Furthermore, no

significant differences were detected in tumour severity profiles of mice on any of the long

term treated cohorts in comparison with vehicle treated mice (microadenomas: start = 93%,
vehicle = 56% p value =0.005, MEK142T58% palue = 0.019, MEK162= 59% p value =

0.005, NVREBEZ235 -D = 72% p value = 0.0339, NBPPZ235 @ = 58% p value = 0.0069;
adenomas: start = 7%, vehicle = 41% p value = 0.005, MEKD.62 36% p value = 0.0188,

MEK162 @ = 36% p value = 0.0188, NBB235 FD = 26% p value = 0.0339, NBPZ235 O

5 I nm: LI @FftdzS ' ndnnc §FhureysRt Thereforey aithodgiK A Gy S @

differences in total tumour number and area were observed as described previously, tumours

in mice at deth were of comparale severity indicating treatment had no effect on tumour

severity.

With long term combo R1 treatment, mice displayed no differences in the proportion of
microadenomas and adenomas present at death in comparison with the start cohort however,

mice did preent with significantly fewer adenomas and more microadenomas in comparison

with vehicle treated miceindicating that treatment here halted progression of colon tumours

even though no difference in survival was observed (microadenomas: start = 93%, wehicle

56%, combo R1 = 86% p value = 0.525 for start and p value = 0.0043 for vehicle comparison;
adenomas: start = 7%, vehicle = 41%, combo R1 = 12%, p value = 0.832 for start and p value =
nonntp F2N) GSKAOE S O2YLI NA a2y D). Sgornghe seadrity y 2 KA
of tumours following combo R2 treatment showed no statistical alterations in comparison with

both start and vehicle treated cohorts providing further evidence for tumour growth stasis
(microadenomas: start = 93%, vehicle = 56%, aRB = 70% p value = 0.299 for start and p

value = 0.651 for vehicle comparison; adenomas: start = 7%, vehicle = 41%, combo R2 = 29%, p
GLtdzS I ndtnc F2NJ AGFNI FyR L) @Ltdz2S I' nodocp ¥
(Figure 5.2}

Interestingly, grading of early invasive adenocarcinomas (EIAs) (characterised by submucosal
invasion) identified a small proportion of these to be present in vehicle treated mice but not in

the start cohort, indicating tumour progression (3% of tumoueravEIAs in vehicle treated

mice). A similar proportion of EIAs was observed irdialp treated cohorts (vehicle = 3%,

MEK162 ID = 5.5% p value = 0.358, MEK16R © 4.9% p value = 0.325, NBPPZ235 = 1.5% p

value = 0.13, NVBEZ235 @ = 1.6% p value 6.111, combo R1 = 2.3% p value = 0.149,
02Y62 wH [ mMom: L) @FtdzS I' nodnptI yxcX alyy 2.
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differences in tumour number and area as described previously, overall tumours at death were

of comparable severity.

Scoring 6tumour severity in the small intestine revealed that the vehicle cohort at death had
more invasive lesions than the start cohort indicating tumour progression between the two
points. This was characterised by the presence of significantly less microadsramd more
adenomas and a trend towards increased advanced invasive (AlAs) lesions, compared to the
start cohort (start mAd = 94%, vehicle mAd = 85% p value = 0.0223, start Ad = 3.4%, vehicle Ad
=12.7% p value = 0.0109, start EIA = 2%, vehicle = M&Mep= 1.00, start AIA = 0%, vehicle =
Noy2 Y yxcX al yFgueBRr2iySe | GSaido

Furthermore in the small intestine, MEK162 treated cohorts (both ataily and twicedaily
cohorts) had significantly less microadenomas compared to the start cohdrtranded to

have more adenomas and invasive lesion, however this was not statistically significant
(microadenomas: start = 94%, vehicle = 85% MEKI52 B4% p value = 0.0265 for start and

p value = 0.539 for vehicle, MEK162DG 83% p value = 0.031# ftart and p value = 0.569;
adenomas: start = 3.4%, vehicle = 12.6% MEKAB2=TL1.2% p value =0.0583 for start and p
value = 0.4727 for vehicle, MEK162D&13% p value = 0.078 for start and p value = 0.361 for
GSKAOf ST yxc 3 al(Fgye 52K k doyhBasison withlivBhiclé treated mice,
both MEK162 treatments had no statistically significant effect on tumour severity, although
the proportion of invasive lesions (EIAs and AlAs) trended to be increased with botdailyce

and twicedaily reatments (ElAs; start = 2%, vehicle = 1.5% p value = 1, MEK162112% p
value = 0.648 for start and p value = 0.393 for vehicle, MEKAB2-@3.1% p value = 0.845 for
0N YR LI @FtdzS I' noydec F2N) OSKAOE S O2 YLI NA

Convesely to the observations above, mice on NBEZ235 (onedaily and twicedaily
treatments) and both combination regimens (combo R1 and R2) possessed less adenomas and
more microadenomas in the small intestine. This was statistically significant in coamparis
with vehicle cohorts but not in comparison with the start cohort indicating stasis of tumour
growth and progression with these treatments (microadenomas: start = 94%, vehicle = 85%,
NVRBEZ235-D = 90% p value = 0.289 for start p value = 0.0054 fdchkeetomparison, N\(P
BEZ235 @ = 95% p value = 0.396 for start and p value = 0.003 for vehicle comparison, combo
R1 = 99% p value = 0.856 for start and p value = 0.0002 for vehicle comparison, combo R2 =
90% P value = 0.508 for start and p value = 0.0&@B%ehicle comparison; adenomas: start =
3.4%, vehicle = 12.7%, NBEZ235-D = 7.9% p value = 0.104 for start and p value = 0.0317
for vehicle comparison, NVBEZ235 @ = 5% p value = 0.143 for start and p value = 0.0098
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for vehicle comparison, combolR= 0.8% p value = 0.762 for start and p value = 0.0002 for
vehicle comparison, combo R2 = 7.9% p value = 0.508 for start and p value = 0.0185 for vehicle
O2YLI NRa2yZX yxcX alyy 2KAGySe ' G4S&ad0 oCA3IdzNB

Finally, the proportion of EIAs and AlAs wasoabot significantly altered with either NVP

BEZ235 or combination treatments providing further evidence for stasis of tumour progression

with treatment (EIAs: start = 2%, vehicle = 1.5%,-BER235-D = 0.13% p value = 0.734 for

start and p value = 0.5906r vehicle comparison, NVMBEZ235 @ = 0.4% p value = 0.508 for

start and p value = 0.224 for vehicle comparison; AlAs: vehicle = 0.85%3E¥\?B5 D =

0.4% p value = 0.86, N\BEZ235 @ = 0.3% p value = 0.939, combo R1 = 0.3% p value =
0.601,combovH I mM®e: LI @FtdzS I ndpHy I yxcI alyy 2 K;

In summary, analysis of various parameters of tumour burden here indicate that whilst twice
daily MEK162 treatment significantly reduced the number of small intestinal and colonic
lesionsand reduced total tumour area in the small intestine, treatment had no effect on
progression of tumours. Also, although twidaily NVPBEZ235 treatment in ApcKras®-*

mice had no effect on colon polyps with respect to the parameters of tumour buadalysed

here, treatment did reduce tumour area and halts progression of lesions in the small intestine.
These findings provide some insights into the importance of MAPK and PI3K pathway$ in Apc
Kras®"* tumours highlighting that MAPK signalling mag imore important for growth of
tumours whereas PI3K signalling may be more crucial for progression of tumours.
Furthermore, tumour burden analyses in the combination treated cohorts corroborate these
hypotheses as treatment resulted in fewer colon lesiohiso in the small intestine, reduced
total tumour area was coupled with less invasive lesions in comparison with vehicle treated

cohorts.
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Figure5.21 Colon tumour burden analysis of AfcKras® “mice on all long term treatments.

(A) Apd”* Kra$®"mice onvehicle had significantly more colon tumours at death compared to a cohort

of mice culled at the treatment start point. Mice on MEK16R &nd GD and combo R1 and R2 had
significantly reduced tumours compared to vehicle treated miBgln terms of tumair area, only

Apd* Kra$*“*mice on combination treatment which resulted in toxioigpmbo R1pad significantly

reduced total tumour area at deatiC)Key: mAd; microadenoma, Ad adenoma, EIA4 early invasive
adenocaricinoma, AlAadvanced invasezadenocarcinoma. The proportion of mAds were found to be
significantly reduced and adenomas were found to be significantly increased with allasjegie

treatments in comparisn to the start cohort. The oppositgattern was found with combo R1

treatmentO2 YLJ NBR (2 @OSKAOES O2K2NIa 6 LI @FfdzS X na
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Figure5.22 Small intestinal tumour burden analysis of ApcKras®*mice on all long term treatments

(A) Apd”* Kra$®"mice on MEK162-ID have significantly reduced tumours compared to the start cohort

and vehicle treated mice, whereas mice on NBEZ235 @ had significantly more tumours at death
compared to vehicle treated mic€B) Assessment of tumour asefollowing fixation revealed mice on

all treatment cohorts except those on MEK162DMad significantly reduced tumour area compared to
vehicle cohorts(C)Key: mAd; microadenoma, Ad; adenoma, EIA early invasive adenocaricinoma,

AlA ¢ advanced invase adenocarcinoma. Mice on vehicle and both MEK162 treatments had
significantly less mAds than the start cohort but only vehicle mice had significantly more Ads compared
to the start cohort. Mice on MEK162-@) NVFBEZ235-D and GD, Combo R1 and mice aombo R2

KFR aA3ayATFTAOLydGfte ftGSNBR Y! Ra | yR | RayxomamiJ NBR
Whitney U test)
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5.3 Discussion

5.3.1 MEK inhibition lead to increased PI3{gnallingin Kras mutant tumours, however

still increasessurvival of Apé" Kras*“*mice

The oncogene KRAS is one of the most frequently altered genes in human cancer and leads to
aberrant activation of MAPK and PI3K signalling, both of which are crucial for a myriad of
processes that regulate cancer cell survi(@éboltLeopold and Herrera, 2004, Engelman,
2009) This has subsequently led to a surge in the development of targeted agents for these
signalling pathways, and their investigation in KRAS mutant tumour settings as a stratified
treatment approach. The maiobjective of this chapter was to investigate the therapeutic
potential of targeting MAPK and PI3K signalling using a robust and clinically relevant model of
CRC, driven by activation of oncogenic Kras. Here, concurrent heterozygous deletion of Apc
and adivation of oncogenic Kra@anssen et al., 2008ads to tumour progression driven by
activation of ERK, a downstream effector in the RAFMEK kinase cascade, and AKT, a
downstream effector of PI3K signalling. Activation of these mutations driven by the intestinal
specific VillinCreER recombinase transgene causes mice to succumb to disease hy
approximately 150 days post induction, at which point they present with lesioi®th the

colon and small intestin¢Davies et al.in press,Janssen et al., 2006for all experiments
described in tis chapter, 10 week old mice were induced by i.p. injections of Tamoxifen and
aged. Mice were either aged until the chosen treatment start point of 100 days, or until they
presented with symptoms of disease, at which point they received a single dossathént

and were culled at defined short term time points to investigate the immediatetaniur

and pharmacodynamic effects of treatment.

Firstly, the effects of targeting the MAPK pathway using the MEK1/2 inhibitor MEK162 were
assessed acutely and cmically in the Kras mutant tumour model to ascertain whether this
could be beneficial therapeuticalpgainst Kras mutant CRC, as hypothesised. In colon polyps,
acute MEK162 administration resulted in inhibition of phosphorylated ERK, the MAPK effector
directly downstream MEKZ1/2. Here, levels of pERK were found to be reduced at both 4 and 24
hour time points; however inhibition was less marked at 24 hours indicating reduced pathway
inhibition (Figure 5.3). Western blot analysis also showed that SITs essesénsitive to MEK
inhibition as pERK levels were only found to be reduced at 4 hours post exposure and not at
the 24 hour time point (Figure 5.4As described previously, phosphorylated and hence
activated ERK1/2 acts as a catalyst for one branch d®?#gignalling where it is responsible

for a number of cellular processes including proliferation, differentiation, survival and
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apoptosis(Johnson and Lapadat, @®). These functions are mediated in the cytoplasm or once
translocated to the nucleus through direct interactions with transcriptional repressors or
transcription factors of target genes includifgs, Myc and JufMurphy et al., 2004)As well

as repressing signalling, MEK162 increased apoptosis in both colon polyps and SITs 4 hours
following exposure with no discernable effect on mitosis, suggesting reduced cell number
(Figure 5.1, 5.2). Concordantly, scoring of BrdU positive cells in tumours pBeKiL62
exposure revealed no gross alterations at the 4 hour time point however, an increase in the
number of BrdU positive cells was detected in SITs 24 hours post exposure to MEK162 (Figure
5.2). The reasons for this are unclear, however may be attribetabl a compensatory
mechanism to overcome the initial increase in apoptosis or may reflect cells stuck in S phase of

the cell cycle.

Recently, a number of studies investigating the consequences of MEK inhibition in cancer cell
lines have reported compensaty activation of the closely associated PI3K signalling pathway
(Turke et al., 2012, Yuen et al., 201B)this study, probing of PI3K pathway activity revealed
differential effects in colon polyps and SIT exposed to MEK inhibition. In colon polyps, a trend
towards an increase in PI3K signalling through pAKT473, pAKT308 and pS6RP was observed 4
hours post exposure to MEK162 with a significant increase in pAKT308 at 24 hours post
exposure (Figure 5.3). In contrast, a reduction in PI3K signalling was observed in SITs with
MEK162 exposure, evidenced through reduced levels of pAKT473 and pS6RP 24 hauics

post exposure respectively (Figure 5.4). The mechanisms behind the contrasting response of
tumours to MEK162 are currently unclear, however may be due to differences in basal
pathway activation, as observed in chapter 3, where the MAPK and BiB¥agys were found

to be increasingly activated in Apd<ras®-*colon polyps in comparison to SITs (Figure 3.13).
The mechanism behind the compensatory activation of PI3K signalling is currently unknown
but may be due to divergence of the two signdglicascades at mTOR, through direct
interactions between Kras and plIRBod&i et al., 1994)or negative feedback loops which
directly affect signalling of PI3K cascade at receptor level as identified by Turke et al and Yuen
et al. As suchTurke and colleagues found that MEK inhibition led to increased PI3K signalling
through hyperactivation of ERBB3, which was due to loss of inhibitory threonine
phosphorylation on membrane domains of EGFR and HE®RRe et al., 2012)Yuen et al

show that MEK inhibition lead to activation of pAKT specifically in Kras mutant and net wild
type cancer cell lines. The authors propose that MEK inhibition in Kras mutant cells is not
sufficient to lead to apoptosis and hence leads to incegla®I3K signalling as a feedback

mechanism to protect cells from apoptoqiguen et al., 2012)Subsequently, combinatorial
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inhibition here led to sustained inhibition of MAPK and PI3K siggak well as an enhanced

effect on apoptosig¢Yuen et al., 2012)

Nevertheless, continuous treatment of MEK162 in "Apcras® " mice at a dose of 30mg/kg
twice-daily, led to a significdrincrease in survival, extending lifespan of mice from a median
of 153 days to 287 days post induction (Figure 5.7). The effect on tumour burden was also
favourable, indicated by a reduction in the total number of colon polyps and SITs compared to
vehicle treated mice (Figure 5.21, 5.22). Furthermore, the total SIT area was significantly
reduced with MEK162 treatment. Interestingly, although no significant differences were
detected with regards to tumour severity, a trend towards more advanced invasive
adenocarcinoma, characterised through invasion into the smooth muscle wall, was observed in
SITs exposed to long term MEK162, indicating potential resistant growth (Figure 5.22 C).
Previous studies evaluating MEK inhibitors for Kras mutant CRC have repartktate
effects of aniMEK monotherapy. Migliardi et al showed the MEK inhibitor AZD6244 resulted
in tumour growth stasis in Kras mutant patiet¢rived xenograftgMigliardi et al., 2012gand

Holt et al also reported AZD6244 to result in moderate efficacy in the@adnograft model

(Holt et al., 2012) Both studies however reptd increased efficacy of MEK inhibition in
combination with PI3K or mTOR inhibitors, providing rationale for further evaluation of these

in Apd* Kra$“"mice.

Regardless of the observations from Migliardi et al and Holt et al., the beneficial effiects
chronic MEK162 treatment were also observed in the reduced dose cohort. Her&, Apc
Kra$®“"mice were administered MEK162 at 30mg/kg odedly (OD) as a control single agent
arm for the reduced combination therapy (Figure 5.20). Interestingly, silnvival benefit
observed here was comparable to that of the twitaily treatment cohort (mice on MEK162
oncedaily had a median survival of 286 days post induction compared to 287 ondailge
treatment). Furthermore, in terms of tumour burden, botbtworts presented with similar total
tumour number, tumour area and invasiveness. Although the total tumour area of" Apc
Kra$s“* mice on MEK162 onedaily treatment trended to be increased, fewer advanced
invasive lesions (muscle wall invasion) and meady invasive lesions (submucosal invasion)
were present (Figure 5.22). This later observation either indicates less resistant tumour
growth, or that treatment of the reduced dose did not promote tumour progression. Despite
this, the fact that no doselependent effect was observed with regards to survival with
MEK162 alludes to a maximal effect being achieved which may be a particularly favourable

property of the drug for combinatorial experiments. Similar findings by Simmons et al. where a
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reduced dose bthe MEK inhibitor PID325901 at sulMTD levels of just 1.5mg/kg showed
efficacy in the Kras mutant GEM model of lung car(@mmons et al., 2012Z)orroborate

findings that MEK inhibition is highly efficacious even at reduced doses.

5.3.2 PI3K/mTOR inhibition through NVBEZ235 significantly increases swaii of Apd”

Kras®""mice however, leads to increased tumour burden

Given the promiscuous nature of Kras in activation of PI3K signalling, a number of previous
studies have evaluated the effects of PI3K inhibition in this setting using a multitude-of pr
clinical platforms (Roberts et al., 2012, Hofmann etl., 2012, Simmons et al.,, 2012)
Assessment of this in the Kras driven model of lungcea by Engelman and colleagues
identified that although the PIBK/mTOR inhibitor N8PZ235 did not shrink tumours, levels of
pAKT were found to be reduced indicating that whilst PI3K may be required for Kras induced
tumourigenesis, it is less critical fanaintenance of tumours, in the lung cancer setting
(Engelman et al., 2008For further investigation of this in a CRC context, | examined the
effects of the PIBK/mTOR inhibitor NBEZ235 in an autochtonous mouse model of intedti
cancer driven by activation of oncogenic Kras. In the acute setting;BEYP35 resulted in
minimal and differential inhibition of the PI3K pathway through pAKT at both threonine 308
and serine 473 phosphorylation sites in colon and small intestinenggFigure 5.10, 5.11).

The majority of substantial alterations in signalling from MBEZ235 however, were found to

be downstream of MTOR. Phosphoryla®@8RP was found to be significantly reduced in colon
polyps 4 hours post exposure and in SITs ahldoand 24 hour time points (Figure 5.10, 5.11).
Also downstream of mTOR, p4EBP1 was found to be significantly reduced in colon and small
intestine tumours 4 hours after exposure to NBEZ235 suggesting inhibition pfotein
synthesis(BrachaeValdés et al., 2011)The majority of signalling effectors probed here were
found to be unaltered 24 hours after exposure in colaiyps indicating the initial inhibitory
effects were diminished and signalling was returned to basal levels (Figure 5.10, 5.11). It is
interesting that an increase in MAPK signalling through pERK was not observed in response to
the predominantly mTOR relad inhibition by NVEBEZ235 in this setting (Figure 5.10, 5.11).
This has previously been reported by Carracedo et al and others, where inhibition of mMTORC1
led to activation of MAPK signalling through the S6 kinad®S1 ¢ PI3K feedback loop
(Carracedo et al., 2008b, Chen et al., 2010)
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The favowable pharmacodynamic effects described above correspond with encouraging anti
tumour effects of NVEBEZ235 in Kras mutant tumours. A significant increase itetreds of
apoptosis observed in both colon and SITs 4 hours postB¥EZ235 administration, ¢gether

with no alteration in the levels fomitosis potentially indicateeduced cell numbers (Figure

5.8). These results were further investigated through BrdU and cleaved caspase 3 staining and
tended to corroborate findings (Figure 5.9). Also, a sigmifigncrease in cleaved caspase 3
levels was detected at 24 hours post exposure to IB¥EZ235 indicating a sustained pro
apoptotic effect (Figure 5.9). Together, the immediate effects of-BER235 in APt Kras®"*

mice appear favourable and warrantearther long term investigations.

For further evaluations, the effects of PI3K/mTOR inhibition by-BE¥P235 were evaluated in

a survival setting to determine the potential of single agent as a therapeutic strategy. Here,
Apd”* Kras®“"mice were inducedand aged to 100 days post induction at which point they
were administered with 35mg/kg NMBEZ235 twicelaily until a survival end point or until the
experimental end point of 500 days post induction. Treatment was found to significantly

$*“*mice from a median of 153 days to 343 days post induction

increase survivadf Apd* Kra
demonstrating as described previously, strong dependence of Kras mutant tumours on PI3K
signalling (Figure 5.13). Analysis of tumour burden shomwck-daily NVRBEZ235 treatnmat

had no significant effect on colon tumour number, total tumour area or tumour severity
(Figure 5.21). These observations however, indicate reduced colon tumour growth rate as mice
did have increased survival with drug treatment. With regards to SITsigndicant alteration

in the number of lesions was scored however, the total tumour area measured was found to
be reduced and tumours were characteristically less invasive compared to vehicle cohorts

suggesting treatment halted SITs growth and progressfdumours (Figure 5.22).

In comparison to the MEK162 twickily cohort, NVEBEZ235 treatment was not significantly
more beneficial (in terms of survival) even though the median survival of mice was 76 days
increased (MEK162D had a median survivaf 287 days whereas NMBEZ235 had a median
survival of 343 days post induction), suggesting equipotent effects of long term pathway
inhibition on survival of tumour bearing mice. Despite this, there are notable differences with
regards to tumour burden wdn comparing both cohorts, which could possibly allude to
differing roles of both signalling pathways in the initiation, maintenance and progression of
tumourigenesis. From the above observations, it can be deduced that therapeutic PI3K/mTOR
inhibition elcited effects by delaying the tumour growth in the colon but also by preventing

tumour progression in the small intestine. In this study, MEK inhibition was found to delay

209



tumour growth in the colon and significantly reduce total tumour area in the smigstine
suggesting a role for MAPK signalling predominantly in promoting tumour growth. Colon
tumours here were found to have the same histological profile of invasive tumours but small
intestine tumours trended to be more invasive which could elude &istant tumour growth

given mice survive longer on daily MEK162 treatment. From the literature, the therapeutic
effects of PI3BK/mTOR and MEK inhibition on tumour growth stasis or shrinkage of tumours in
Kras mutant setting, appears to be tissue specificthe Kras mutant lung cancer model,
monotherapy with PI3BK/mMTOR and MEK inhibitors was shown to lead to tumour growth stasis,
but targeting both pathways independently led to tumour shrinkage in mouse models of Kras
mutant melanomgEngelman et al., 2008, Roberts et al., 20E2)rthermore, in the pancreatic
cancer setting, Kras mutant tumours were more responsive to MEK inhibition than PI3K
inhibition (Hofmam et al., 2012)n this case suggesting more dependence on MAPK signalling

rather than PI3K signalling.

Further investigation of NVBEZ235 in Aft Kras®“*mice showed that similarly to reduced
MEK162 administration, onedaily NVPBEZ235 treatment as a control dose for combination
studies, also increased survival. Mice had a median survival of 267 days post induction with
treatment, compared to 153 days po@duction with vehicle treatment (Figure 5.20). In
contrast to the reduced MEK162 treatment however, the survival benefit with-BEF235

was found to be dosdependent in that mice on twice daily treatment had an increased
survival benefit in comparisoto mice on once daily treatment. Interestinglymour burden
analysis of micexposed to chronic NVBEZ235 revealed an increasing trend in colon tumour
number and area however, no difference in the profile of tumour severity was observed,
suggesting thiatreatment resulted in augmented tumour growth rate, in contrast with the
effects of twicedaily dosing (Figure 5.21). Despite this, NBEZ235 treatment in the small
intestine reduced tumour growth and halted tumour progression as evidenced by an iacreas
in the number of less invasive lesions and a reduction in the number of more invasive lesions
(Figure 5.22). These conflicting observations suggest that small intestinal lesions may respond
better to reduced PI3K inhibition and this may be due to theuosdi activation of PI3K
signalling in this tumour setting, in comparison with colon polyps (as observed in chapter 3,
section 3.2.8). In comparison with the reduced MEK162 dose, the effects eBEXE35 were

more favourable for SIT burden however, the opjte was the case for colon tumour burden.
These observations suggest that combined inhibition may provide promising effects in terms of

tumour burden.
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5.3.3 Combination treatment leads to an additive increase in longevity for Apkras®s*

mice

As described previously, the rationale for combination therapy is well documented in the
literature, providing experimental evidence from bdthvitro andin vivostudies(Yuen et al.,
2012, Tuke et al., 2012, Engelman et al., 2008, Balmanno et al., 2008 effort to evaluate

$Y*"mouse model of intestinal cancer, |

the potential of combined inhibition in our ApcKra
first evaluated the three combinatiorstrategies employed previously in chapter 4 to
determine whether Kras mutant tumours are as sensitive to the schedule of drug
administration as Pten deficient tumours were found to be (section 4.2.5). Pharmacodynamic
evaluation of Kras mutant colon polypad SITs exposed to the three combination strategies,

by western blot analysis of effectors of MAPK and PI3K signalling, revealed no stark differences
between the three combination strategies, indicating that Kras mutant tumours are not
sensitive to the sguence of drug administration (Figure 5.16, 5.17). All three combination
strategies resulted in substantial inhibition of MAPK signalling through pERK and inhibition of
PI3K/mTOR signalling through pS6RP (Figure 5.16, 5.17). Combo 2 also resultediam iohibi
p4EBP1 in colon polyps whereas both combo 1 and 2 reduced abundance of p4EBPL1 in SITs
(Figure 5.16, 5.17). No significant alterations in the levels of pAKT were observed in either
colon polypsor SITs, in response to the combination strategies ssifjgg that perhaps, in
combination with MEK162, the ability of N\BEZ235 to reduce levels of pAKT is abrogated
(Figure 5.16, 5.17). To determine the mechanism behind this, further investigation is required
however, it is plausible that the phenotype irolon polyps is due to an additive effect of both
inhibitors. As single agent MEK162 was found to increase PI3K signalling acutely and NVP
BEZ235 was found to inhibit signalling at pAKT, the phenotype resulting from combination
treatment may simply reflecan additive result. Nevertheless, combination therapy does lead

to inhibition of both MAPK and PI3K/mTOR signalling albeit levels of all signalling components
assessedwere not completely reduced. Additionally as described previously, all three
combination strategies significantly increased levels of apoptosis and cleaved caspase 3
staining in both colon and SITs with no detectable effect on the level of mitosis, suggesting
reduced cell number (Figure 5.14, 5.15). Therefore, to remain consistent betweetyges

with regards to the long term combination treatment strategy, combo 2 was chosen as the

method of administering combination therapy for long term survival experiments.

As in Apt Pterf” mice, combination therapy here first involved administratiof NVPBEZ235
twice-daily followed by MEK162 once daily (1 hour following the first dose). This however was
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quickly found to be toxic for ApcKras®“*mice as the majority of mice were culled due to
significant weight loss (Figure 5.18, 5.19). Tiok taf toxicity in ApE Pter!" mice compared to

Apd* Kras®“*mice may be attributable to a number of factors. Firstly, the experimental
systememployed differed between the two mouse models. The AhCreER transgene used in
the Apd* Pter” model resits in lower levels of recombination within the intestine in
comparison to the VillinCreER transgene used in the”Apcas®* model, due to the
requirement of both a xenobiotic and tamoxifé¢al Marjou et al., 2004, Kemp et al., 2004)
Therefore, less intestinal cells undergo recombination resulting in mutations with the AhCreER
transgene in comparison to all testinal cells which undergo recombination with the
VillinCreER transgene. A recent study investigating the effect of heterozygous loss of Apc and
activation of Kras in the normal intestinal epithelium found an increased number of cells per
half villus andreduced enterodendocrine and paneth cells in comparison to controls (Davies
EJ, unpublishedYhis thereforeresults in less absorptive cells witihthe intestinal epithelium
which may lead to subtle metabolic changéSuarner and Malagelada, 2003yhich when
challenged could affect absorption of food and water and subsequently result in weight loss.
Despite this, no grss alteration in the histological architecture of the intestine was observed
with combination therapy, indicating the toxic effect may be due to additional factors. Kras
function has previously been found to be dispensable in a number of adult tissuedirc

the intestine, which was unaffected by loss of Ki\slho and Haigis, 2011Additional studies
investigating genetic inhibition dfIAPK signalling found that although Erknice are fertile

and present with no apparent abnormalities, they do have a reduction in the number of
mature thymocytes, raising concerns of potential toxicity from inhibition of signgfagés et

al., 1999) Despite the later observation, long term MEK inhibition was well tolerated and
Apd” Kra$®”* mice displayed no signs of toxicity (detected by weight loss). Genetic
experiments investigating inhibition of PI3K signalling have previously reported impastaat

of the signalling cascade in insulin signalling and energy sensing mediated through interactions
with IRS1 and mTOR signalling respectivdingelman et al., 2006, Shaw, 20d8)rthermore,
deletion of p110 causes lethality during embryogenesis and although Aktl and Akt2 null mice
are viable, they are smaller in size, have a shorter lifespan and are highly susceptible to
apoptosis (Foukas et al., 2006, Chen et al., 2004gvertheless, single agent PI3K/mTOR
inhibition was found to be well tolerated in Kras mutant mice, indicating the toxic effects may
be due to combined inhibition and the presence oftiras mutation. Previous studies
investigating combined PI3K/mTOR and MEK inhibition have not reported any major toxicity

issues however this may be due to differences in the doses administered and regimens used
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for example, Kinross et al. assessed comtimhibition of PI3K/mTOR and MEK in models of
ovarian cancer with P64691502 and PID325901 respectively. In this case, although the dual
PIBK/mTOR inhibitor displayed some toxicity at higher doses, the combination therapy which
involved reduced dose of.5mg/kg of the PISBK/mTOR inhibitor and 1.5mg/kg of the MEK
inhibitor, was found to be well tolerate(Kinross et al., 2011)Addtionally, Engelman et al
investigating the combination therapy in the Kras mutant lung cancer model reported no toxic
effects. Here, the dual PI3K/mTOR inhibitor NBEZ235 was also used, together with MEK
inhibitor AZD6244, at once daily doses of 35mglkd 25mg/kg respectively.

In light of the previous toxicity issues, a further reduced combination dose was assessed in
Apd* Kra$S" mice which involved once daily N\BEZ235 at 35mg/kg plus MEK162 at
30mg/kg 1 hour following the initial dose. Intetegly, this was well tolerated by mice and no
weight loss was observed indicating the toxic effects were no longer apparent. Reduced
combination therapy (combo R2) increased survival of Aficas®” mice from a median of

153 days to 389 days post induction, which also indicates an additive increase in median
survival compared to single agents MEK162 and-BEE235 when administered once daily
(Figure 5.20). The additive effect in median survival algoports the hypothesis regarding
early pharmacodynamic effects from combination therapy as an additive effect. In terms of
colontumour burden, although the number of lesions scored was significantly reduced, total
tumour area and the invasive characwits of lesions were comparable to vehicle treated
mice (Figure 5.21). Interestingly in the small intestine, fewer lesions were scored and were
found to be reduced in terms of total tumour area as well as proportionally, lesions were less
invasive, perhap indicating reduced tumour burden (Figure 5.22). However, there was also a
trend towards an increase in the number of advanced invasive adenocarcinomas,
characterised by smooth muscle invasion and may potentially reflect resistant tumour growth.
The incrased beneficial effect of combinatorial therapy upon survival and tumour burden has
previously been corroborated in other malignanci@ngelman et al., 2008, Migliardi et al.,
2012, Singh et al., 2010, Simmons et al., 20tR)ever, this study provides the first proof of
principle evidence for combination therapy in an autochtonous mouse model of intestinal

cancer driven by oncogenic Kras.
5.4 Summary

In summary, therapeutic targeting of MAPKsitling using the MEK inhibitor MEK162 in
tumour bearing Apt Kras$®"* mice, significantly prolonged longevity of mice. Acutely

however, tumours respond by compensatomyodulation of PI3K signalling. Subsequently,
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inhibition of signalling here using thlaual PISK/mTOR inhibitor N\BEZ235 was found to be
equally beneficial for APt Kras®“*mice, indicating equivalent dependence of Kras mutant
tumours on both signalling pathways. Together, MEK162 and-BBZ235 resulted in an

éSL/+

additive increase in suiwal for Apé* Kra$*“*mice suggesting this as an effective therapeutic

strategy for Kras mutant colorectal cancer.
5.5 Further work

5.5.1 Further investigation of mechanisms underlying the immediate response of Kras

mutant tumours to combination therapy

As described previously, combined MEK162 and-BEZ235 abrogated the capability of NVP
BEZ235 to reduce PI3K signalling thougKpA have proposed that this may tee to an
additive effect as pAKT was increased immediately after MEK162 but reducedNafie
BEZ235 which additively, results in a null effect as observed with combination therapy. This
was further supported by an additive increase in survival with combination therapy however
this does not identify the mechanism underlying this. It wouldihgightful to investigate
pharmacodynamics at shorter time points after administration, for example at 1,2 and 3 hours
post exposure, to determine whether any differences in signalling can be determined which
could provide the mechanism for this. Additidlya further investigation of intracellular
signalling at convergence points would also provide insight into the additive interactions. This
includes status of TSC2, the BH3 proteins which control apoptoticllsignBAD, BIM as well

as Mctl. Additionally, status of negative regulators of the MAPK pathwiaysp and Sprouty

proteins, and negative regulators of PI3K signaliilgSl and S6K would be informative.

5.5.2 Further investigation to toxic effects of combination in ApcKras®“*mice and not
Apd* Pter" mice

As described previously, administration of PI3BK/mMTOR inhiblidRPBEZ238wice daily plus

MEK inhibitor MEK162 in Kras mutant mice led to substantial toxicity which was not observed
in the Pten deficient setting. To further investigate whethhis was due to detrimental effects

on normal intestinal homeostasis, scoring of proliferation and apoptosis in the crypts (and villi)
of the small intestinal and colonic epithelium could be carried out. Furthermore,
characterisation of the stem cell cgartment and the differentiated cell types within the
epithelium in combination treated cohorts, compared to single agents could identify whether
normal homeostasis was altered and may help to identify the detrimental effecthisf

combination regimenn the Kras mutansetting.
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5.5.3 Mechanisms of resistance to combinatigherapy

Given the prevalence of Kras mutations in human colorectal cancer, the lack of effective
treatment for this subgroup of tumours indicates they still represent an unmet cliniesdch
Although this study has provided evidence for combined MEK and PI3K/mTOR inhibition as a
highly effective therapeutic strategy, it remains imperative to further investigate the effect of
this as a therapy, as tumours tend to evolve and develop rewsistao therapy. Previously, |
have hypothesised that in some cohorts where an increase in the severity of tumours is seen,
this could be indicative of resistant tumour growth. To determine if this indeed is the case,
immunohistochemistry for downstream efttors of both MAPK and PI3K signalling, together
with scoring of proliferation and apoptosis, could be used to determine whether tumours are
still responding to treatment. These two factors could then be correlated with the severity
status of tumours to dtermine whether tumour progression is associated with resistant

tumour growth.
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6 Investigating PIBK/mTOR inhibition and MEK inhibition in the Kpeter!"

Kras>“*colorectal cancer mouse model

6.1 Introduction

Work described in chapters 4 and 5 indicate that whilst inhibition of PISBK/mTOR signalling is an
effective therapeutic strategy for Pten deficient tumours, combined targeting of MEK and
PIBK/mTOR was most beneficial for Kras activated tumours. This istipiyedue to the
WR2 A fi) STFFSOG 2F YNI A VYdzil GA2yas 6KAOK 4 SNI
PI3K/AKT signalling in chapter 3. Despite characterisation of targeted agents in Pten deficient
and Kras mutant independent tumour models, concomitanitations resulting in activation

of PI3K and MAPK signalling have been shown #exi in approximately a third of all CRC
casegNetwork, 2012) Additionally, sequencing analysis has identified that mutationSAg
KRA%nNdPIK3Care the most prevalent mutations in CRC. Furthermore, these mutations are
associated with aggressive disease and a poor prognosis for cancer pdtéodsl et al.,

2007, Ogino et al., 2009, Richman et al., 2008grapetic investigation of targeted agents in
models of cancer with activating mutations of PI3K signalling and concurrent Kras mutations
have indicated beneficial effects in ovarian, lung and thyroid can@érsoss et al., 2011,
Engelman et al., 2008, Miller et al., 2008) light of these observations, | next investigated
therapeutic targeting of PI3K and MAPK signalling in the context of concurrent Pten loss and

Kras activation.

A recent study in the Clarke lab investigg the synergy between Pten and Kras in the context

of tumourigenesis revealed that compound deletion of Pten and activation of mutant Kras
within the intestinal epithelium resulted in metastatic carcinoma. Here, mice had a median
survival of 344 days gt induction and presented with multiple intestinal phenotypes as well

as metastatic lesions in the liver, pancreas, lung and lymph node (Davies EJ, unpublished).
Although this tumour model is attractive for the evaluation of novel and targeted therapeutic
strategies, a number of caveats render the model impractical. These include the long latency
period of tumour development, multiple intestinal phenotypes and the fact that metastasis
was not observed with 100% penetrance. However, Davies et al also symedgy between

Pten loss and activation of Kras in the context of activated Wnt signalling through
KSGSNRT &832dza RStSiA2y aP0IRNDOGA2ENBR2TI & &kydAR

detected by IHC (also confirmed in chapter 3 by western blotyarsd| mice had a significantly
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reduced lifespan of only 41 days post induction and presented with more tumours at death
(Davies EJ, unpublished). Given these later observations, the therapeutic potential of
PIBK/mTOR and MEK inhibition in the mouse maaledant for Apc, Pten and Kras was next

investigated.

In this chapter, the therapeutic potential of PI3K/mTOR and MEK inhibition through NVP
BEZ235 and MEK162 are evaluated independently, as well as in combination, in the Pten
deficient and Kras activatetbmour setting. Similarly to chapters3 two main strategies

were employed for these investigations. For evaluation of immediate-tantour and
pharmacodynamic effects, tumour bearing VillinCreER ‘Mpier" Krag'?-*“mice (hereon in
referred to & Ap&" Pter" Kra$*“*mice) were administered a single dose of NREZ235,
MEK162 or combination and harvested 4 or 24 hours following. Additionally, the effect on
survival was evaluated through daily administration of single agents and combinaémapth

from a chosen start point until a survival end point (when mice were symptomatic of disease

defined by pale feet, anal bleeding, bloating, and weight loss).
6.2 Results

6.2.1 NVPRBEZ235 increases apoptosis in ApBter” KrasS“*tumours, inhibits PI3K and

MTOR signalling, however also reduces MAPK signalling

For all short term experiments described in this chapter, 10 week ol§* Aerd" Kras>""*

mice were induced and monitored for symptoms of tumour burden (paling feet, bloating,

blood in faeces). 2 K2 NI 2F yxo0 YAOS 6SNB GKSYy IRYAYAACL
cellulose (MC, vehicle) and harvested 4 hours later, or a single dose of 35mg/KgBEYYZBS

and harvested 4 or 24 hours later. A dose of BrdU was also administered 2 hours prior to
culling. At dissection, small intestinal tumours (SITs) were immediately snap frozen in liquid
YAGNRISY ANRITINF IVRaIA@KBa oK2tS avirtt AyaSadaysS |
and IHC (section 2.4).

Following exposure to a single dose of NBEZ235, the immediate arttimour effects were
characterised in ASE Pted” Kras®“*SITs through assessment of histological mitosis and
apoptosis from H&E stained slides. Scoring of mitotic figures revealed no significant alterations

4 or 24 hours fabwing NVPBEZ235 compared to vehicle controls (4hr veh = 0.283 + 0.192,

4hr NVPBEZ235 = 0.339 + 0.202, p value = 0.328, 24hrBXBZR235 = 0.357 + 0.15, p value =
noemanI yXmp GdzYy2 dzNB I nFigurd ©®18)>Quantifigayion &f Kpopiagf S& !

bodies from H&E stained slides revealed a significant increase in levels of apoptosis at 4 hours

217



but a significant reduction at 24 hours post exposure in comparison to vehicle treated controls

(4hr veh = 1.00 £ 0.515, 4hr NBEZ235 = 2.281 + 1.301, puwea= 0.0001, 24hr NVBEZ235 =
ndcmy s LI @FfdzS I' nonunI yx wvmp (Rogde¥ 8 BNEE n YA C
observation that an initial wave of apoptosis at 4 hours is followed by a reduction in the levels

of apoptosis at 24ours suggestgansient antitumour effects and subsequentlggctivation of

a compensatory mechanism to restore levels of apoptosis.

In addition to histological mitosis and apoptosis, IHC for BrdU and cleaved caspase 3 were
carried out and quantified to further charamise the anttumour effects. Scoring of the
proliferative marker BrdU revealed no significant difference at 4 hours followingB¥&ZR235

but a significant increase at the 24 hour time point (4hr veh = 13.36 + 4.13, 4RBEX/E35 =

15.9 + 4.42, pvalue®2667, 24hrNVP 9 bHop [ My dyH p ndonx LI Ol f d:
4 mice, Mann Whitney U test) (Figure 62 Scoring of cleaved caspase 3 staining if”*Apc

Pter" Kra$®"*tumours identified a significant increase in staining 4 and 24 hour$ pos
exposure to NVIBEZ235 (4hr veh = 1.22 + 0.56, 4hr M#EZ235 = 2.46 + 1.14, p value =

0.0006, 24hr NVP 9 %Hop I MDPPP B MPAaPpTI LI SFEdzS T ndn
Whitney U test), indicating a prolonged papoptotic effect (Figure 6.B).
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Figure6.1 NVRBEZ235 results in a prapoptotic effect inApd™ Pter" KrasS* small

intestinal tumours (SITs) 4 hours following exposure, but no effect on mitosis

Following exposure ttNVRBEZ235, scoring of mitotic figures) @nd apoptotic bodiesB] in

Apd* Pter” Kras®“*tumours revealed no alterations in the levels of mitosis however, a
AAAYATAOLIYG AYyONBIFasS Ay LRLIi2aAa n K23dzNBE | T
Mann Whitney U test). This immediate papoptotic effect was found to be significantly
NERdAzOSR o6& un K2dzNA L2 & (5 tulneurd2SndesNBannoMhitngy Ut dzS T

test). Error bars represent standard deviation
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Figure6.2 NVRBEZ235 increases the number of cycling cells, but also increases apoptosis

through cleaved caspase 3 Apd™* Pter" Kras*"*lesions

Scoring of IHCs for Brd&) @nd cleaved caspase B) fevealed an an{proliferative increase in
the number of BrdU positive cells 24 hours after exposure to-BEP235, but also a pro
apoptotic increase in cleaved caspase 3 staining 4 and 24 hours after exposure (p value = 0.006
for 24hr BrdU, pvalue=®nnc F2NJ nKNJ OFaLlt asS FyR LI1®F f dzS

tumours, 4 miceMann Whitney U test). Error bars represent standard deviation
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To investigate the effects of NMBEZ235 on PI3K and mTOR signalling i Rter” Krass*
tumours, western blotting was used to analyse SIT lysates. Proteins extracted from 6 SITs were
pooled (per cohort) from n=3 mice exposed to either vehicle or-B¥R235 and harvested
either 4 or 24 hours following. For analysis of PI3K and mTOR signalling, astigaiiest the
phosphorylated (and hence activated forms) of AKT (Serd473 and Thr308) S6RP (Ser235/236)
and 4EBP1 (Thr37/46) were used. Western blotting and subsequent densitometry analysis
revealed subtle, yet significant reductions in the levels of pAKTEAET308, and pS6RP 4
hours post exposure to NVBEZ235Kigure 6.3, Table 6.1). Although not significant, a trend

for reduced p4EBP1 was also notable. Signalling at 24 hours post exposure-BERKRES was
generally augmented, as evidenced though sigaiftly increased levels of pAKT473, pAKT308,
and pS6RP and a trend towards an increase in p4EBP1, and may be responsible for the

reduced levels of apoptosis observed previously (Figure 6.3, Table 6.1).

Vehicle 4hr NVRBEZ235 (p value) | 24hr NVPBEZ235 (palue)

PAKT473 | 4276.9 £ 181.2 | 3539.8 + 128.8 (0.0404) 4960 + 156.9 (0.0404)

PAKT308 | 1791.3 +336.9 | 1003.1 £+ 80.7 (0.0404) 3073.1 +608.6 (0.0404)
pS6RP 1572.9£701.9 | 112.4 + 81.9 (0.0404) 3367.9 + 976.0 (0.0404)
p4EBP1 4260 £ 1633.3 | 3111.2 + 356.70.1914) 4877.6 £569.5 (0.3313)
pPERK 6207.1 +727.9 | 3720.9 £ 647.9 (0.0404) 5805.6 + 454.2 (0.1914)

Table6-1 Outline of raw densitometry values from western blot analysis of poolagd’*
Pter" Kras** SITs 4 and 24 hours post exposure to NBBZ235 , n=3, Ortailed Mann

Whitney U test was used for statistical analysis

Given the activation of mutant Kras in these tumours, activation status of MAPK signalling was
subsequently analysed to investigate vitwer PI3BK/mTOR inhibition led to compensatory
increase in signalling through pERK. Immunoblotting and subsequent densitometry analysis
revealed a surprising reduction in levels of pERK 4 hours post exposure BE¥YZB5 with

levels returning to basal leleeby 24 hours post exposurgigure 63, Table 6.1
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Figure6.3 NVRBEZ235 reduces PI3K and mTOR signalligpii’ Pter" Krass"* tumours 4

hours after exposure, however increases signalling at a 24 hour time point

(A) 6 SIT lysates pooled from n=3 mice exposed to-BEP235 for 4 or 24 hours were
subjected to western blot analysis. Effectors of the PI3K and nsigdRllingpathways were
probed and revealed marked reduction mdithway effectorst hours post exposureSignalling

at 24 hours post exposure was found to be significantly increased through pAKT473, pAKT308
and pS6RP. Additionally, the MAPK pathway effector pkE®Kprobed to assess pathway
activation. This revealed a significant reduction at 4 hours, but no effect at 24 h@)rs
Densitometry was carried out to quantify differences observed from immunoblotting. These
are normalised td-actin as loading contr@nd represented as relative to vehicle controls (*p
value = 0.0404, n=3, Mann Whitney U test).
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In summary, the immediate consequences of NBAZ235 in At Pter!" Kra$“*SITs involve

reduction in PI3K and mTOR signalling (summarised in Figurentl.4)daction of apoptosis.

At 24 hours however, an increase in PI3K and mTOR signalling was observed and given the role

of the pathway in controlling cellular proliferation and apoptosis, this may be attributable to

the increased proliferation and reducegboptosis observed here.
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'pS6RP p4EBP1

Figure6.4 Schematic showing the effects of NVBEZ235 on PISK/mTOR and MAPK path

components as detected by western blot analysis (Green denotes a reduction whereas

indicates an increase).

At 4 hours post exposure, N\BEZ235 leads to a reduction in levels of pERK, pAKT at Ser473

and Thr308 and pS6RP whereas at 24 hours post exposureBBXZB5 results in increased

levels of pAKT at Ser473 and Thr308 and pS6RP.
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6.2.2 Chronic NVIBEZ235 significantly increases longevity of Kpeter” Krass"*mice

To investigate the therapeutic potential of PIS3K and mTOR inhibition usingBN¥P235 in a
compound Pten deficient and Kras activated tumour setting, a long term tredatmen
experiment was conducted to assess the effect on longevity and tumour burden of mice. For
this, a cohort of 13 mice per cohort were induced and aged until the chosen intervention start
point. Given these mice become symptomatic of disease from 3 wedksld@s) following
induction and have a median survival of just 41 days, a time point of 22 days post induction
was chosen as the intervention start point. Mice were randomised to receive either 0.5% MC
(vehicle) or 35mg/kg NVBEZ235 twice daily (weekdagsly) by oral gavage, until a survival
SYR LRAYG O6FYyFSYAlLS o6t2FdAy3zr xmm: f2aa 27

Chronic NVBEZ235 administration in ApcPterd” Kras®"* mice was found to be well
tolerated by mice (determined by body weight) and led to a significant increase in survival of
mice from 40 daysto 10R | @8 & L2 &ad Ay RdzOGA2Y 0Oyx wm®RankJSNJ
and Wilcoxon testfFigure 6.5 Long term NRBEZ235 treatment more than doubled lifespan

of Apd* Pterl" Kras®-“mice indicating this as a beneficial therapeutic strategy.
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Figure6.5 KaplanMeier survival analysis oApd™* Pter'Kras“*mice on NVFBEZ235

compared to vehicle controls

Apd” Pterd" Kras®“*mice were induced and aged to 22 days post induction, at which point

mice were randomised to receive either 0.5% Methyl cellulose (Vehicle control) or 35mg/kg
NVRBEZ235 wice-daily by oral gavage until a survival end point. Continuous-BEZ235

treatment was found to significantly increase survival of mice from 40 days (vehicle controls)

G2 I YSRAFY 2F wmnn RIFé&a LRaild AyRdzORmRaAd 6LI O €

wilcoxon test).
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6.2.3 MEK162 increases cleaved caspase 3 in"Apter Kras*"“*tumours and prolonged
inhibition of MAPK signalling, however also leads to modulation of PIBK/mTOR

signalling

Given that MEK inhibition induced favourataati-tumour and pharmacodynamic effects in
Apd* Kras®"mice, | next investigated the immediate effects of MEK inhibition through
MEK162 in the additional presence of Pten deletion. Similarly to section 6.2.1, for short term
experiments, Apt Pted" Kras®“* mice were induced and aged until presented with
symptoms of tumour burden. Mice were then administered with a single dose of 30mg/kg
MEK162 and harvested either 4 or 24 hours post exposure as described previously in methods
section 2.4. Mice wer also administered a dose of BrdU 2 hours prior to culling. Vehicle

controls used for this experiment were previoudscribedn section 6.2.1.

To explore the immediate antumour activity of MEK162 in ApcPter" Kras$®-*tumours,

mitotic figuresand apoptotic bodies were scored from H&E stained slides. Quantification of

mitosis in Apt Pter" Kra$S“*SITs revealed no significant alterations at either 4 or 24 hours

post exposure (4hr veh = 0.283 £ 0.192, 4hr MEK162 = 0.439 + 0.293, p 0al&65; 24hr

a9YMcH ' nodHyy p nodHcyI LI @GFtdzS ' nondnI y
(Figure 6.6 A). Similarly, no significant alterationapoptosiswere observed at 4 or 24 hours

post exposure to MEK162 (4hr veh = 1.00 + 0.515, 4hr MEK16216 = 0.764, p value =
nontToX HNKNJ) a9YmcH I aAdTH § ndoncnd Whithe@ll f dzS T
test) (Figure 6.6 B

In addition to scoring of histological mitosis and apoptosis, IHC against the proliferative marker

BrdU and the apopttic marker cleaved caspase 3 was carried out and scored. Quantification

of BrdU positive cells revealed a significant increase in staining 4 hours after MEK162 exposure

but no significant alteration at 24 hours (4hr veh = 13.36 + 4.134, 4hr MEK162 =t19.05,

L) @ tdzS I' ndnamtI HNKNJ a9YmMcH [ mMnddc 5 nddn?3
Whitney U test)Figure 6.7 A)This suggests possible compensatory activation of proliferation

in response to MEK162 at 4 hours which is relieved by 24sh@aoring of cleaved caspase 3

staining in these samples revealed a significant increase in staining at both 4 and 24 hour time
LR2AyGa FFGSNI a9YmcH SELR&AINB 6nKN gSK I modumd
0.0001, 24hr MEK162 =4.12 +26&p f dzS T ndnnnmI yxmp GdzYy2 dzNE S

test) (Figure 6.7 B Although cleaved caspase 3 levels were found to be increased at both 4
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and 24 hour time points, caspase 3 levels at the 4 hour time point appeared higher than at 24

hours indicatiig transient antitumour effects(Figure 6.6).

J

A 0.8
0.7

0.6
0.5
0.4
0.3
0.2
0.1
0

IS

%Mitos

Vehicle

MEK162
B 25 -

% Apoptosis

Vehicle

MEK162

Figure6.6 MEK162 has no effect on levels of mitosis or apoptosi&pt’* Pter" Krags"*

small intestine tumours (SITS)

Scoring of mitotic figuregA) and apoptotic bodie¢B) revealed no significant alterations 4 or
Hn K2dz2NE FFAOSNI I aAy3atsS Rz2asS 2F onY3ak13a ag9yYm

n ®n pI5 tugiours, 4 miceMann Whitney U test). Error bars represeatandard deviation.
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Figure6.7 MEK162 significantly increases the number of BrdU positive cells and cleave:

caspase 3 staining iApd” Pter!" KrasS"* small intestine tumourg(SITs)

IHC for BrdUA) and cleaved caspase B) (vas carried out and quantified. Scoring revealed a
significant increase in BrdU positive cells 4 hours post exposure and a significant increase in
cleaved caspase 3 staining at 4 and 24 hours followipgs®xe to a single dose of 30mg/kg
a9YmcH 0L @I 15dadours, 4 mibgMarh Wifitnex U test). Error bars represent

standard deviation.
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As described in studies elsewhdi@&ee et al., 2009and in chapter 4, mutations resulting in
activation of PI3K signalling are inherently resistant to MEK inhibition. Wee et al showed that
activated PI3K signalling renders Krautant tumours (which would normally be sensitive)
unresponsive to MEK inhibitiajwee et al., 2009)To investigate whether this is also the case

in our Ap&* Pter" Kra$*-*model, tumours harvested from mice 4 and 24 hours post MEK162
were analysed for effectors of MAPK and PI3K dligga Proteins extracted from 6 SITs (from
n=3 mice) were pooled per cohort and subjected to western blot analfEgure 6.3
Immunoblotting and subsequent densitometry analysis revealed prolonged inhibition of MAPK
signalling evidenced through reducgdERK abundance at both 4 and 24 hour time points
(Figure 6.8 Table 6.2). Interestingly, investigation of PI3K signalling in response to MEK
inhibition revealed a significant reduction in signalling through pAKT473, pAKT308 and pS6RP
and a trend towardseduced p4EBP1 abundance. Furthermore, analysis of signalling at the 24
hour post exposure time point revealed a trend towards increased PISK/mMTOR signalling
through pAKT473 and pAKT308, with a significant increase in pS6RP and (HgBe16.8

Table 6.2. As described previouslgrosstalk betweenthe MAPK and PI3K signalling cascades
occurs through a number of mechanisms and thdse responsible for the immediate
modulations observed here. Nevertheless, tigservation that acute MEK inhibition leads t
reduced PI3K signalling in this model (summarised in Figure 6.9) warrants further exploration

of MEK inhibition, given the increased benefit in survival following chronic PISK/mTOR

inhibition.

Vehicle 4hr MEK162 (p value) 24hr MEK162 (p value)
pPERK 5922 + 1129 1240.2 £ 479.8 (0.0404) 706.3 +£ 298.1 (0.0404)
PAKTA473 | 4746 +692.6 | 3409.3 +531 (0.0404) 5156.7 + 322 (0.1914)
pPAKT308 | 2234.6 +307.2 | 923.7 +598.6 (0.0404) 2934.2 £ 551.1 (0.1914)
pS6RP 2139.1 + 1349.3| 39.8 + 26.5 (0.0404) 4417 + 271.8 (0.04)
pAEBP1 | 2387.8+494.2 | 832.4+919.5 (0.0952) 3303.9 + 598.5 (0.0404)

Table6-2 Outline of raw densitometry values from western blot analysis of poolagd’*
Pter" KrasS** SITs 4 and 24 hours post exposure to MEK162 , n=3;t@ifel Mann

Whitney U test was used for statistical analysis
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MEK162
Vehicle 4hr 24hr

pERK (44,42 kDa)

Total ERK (44,42 kDa)

pAKT 473 (60 kDa)

pAKT 308 (60 kDa)

PS6RP (32 kDa)

p4EBP1 (15kDa)

B-actin (45 kDa)

(o]

* ok * * * 3k % mVeh

N
:

W MEK162
4hr

m MEK162
24hr

b,
= “n
) .

Densitometry relative to vehicle
=]
«n

(=]
)

pERK  TERK pAKT 472 pAKT 208 pS6RP  p4EEP1

Figure6.8 MEK162 induced prolonged inhibition of MAPK signallingind”* Pter’” KragS+*
tumours and reduced PI3K signalling 4 hours after exposure, but increased levels of

PISK/mTOR signalling at the 24 hour time point

(A)6 SIT lysates pooled from n=3 mice exposed to MEK162 for 4 or 24 hours wenteslitgje
westernblot analysisimmunoblotting for the MAPK effector pERK revealed marked reduction
at both 4 and 24 hour time points. Additionally, effectors of PI3K/mB@Rallingwere
probed to assess pathway cretsdk. This revealed inhibition of PI3#gnalling4d haurs post
exposure, however an increase signalling24 hours post exposureB) Densitometry was
carried out to quantify differences observed from immunoblotting. These are normalised to
actin as loading control and represented as relative to vehiahtrols (*p value = 0.0404, n=3,
Mann Whitney U test).
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