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Anti-Epidermal Growth Factor Receptor (EGFR) Therapy Modelled In The Mouse.
Student ID No. 0163081344
Abstract

Despite advances in response prediction to epidermal growth factor receptor (EGFR)
targeted therapy in colorectal cancer there remain unknown factors determining the clinical
outcome in patients with K-RAS wild type tumours in the absence of mutations activating B-
RAF or PIK3CA/PTEN signalling. In addition, therapeutic agents for K-RAS mutant colorectal
cancer and advances in the treatment of K-RAS wild type tumours are needed. Here the

min/+

Apc mouse has been used to define mRNA transcripts altered in response to Egfr
receptor inhibition based upon the hypothesis that early gene expression changes will
predict response to EGFR targeted therapy in K-RAS wild type colon cancer and thus identify
novel biomarkers of response. In addition, the Apc™* mouse and a model including
endogenous K-ras activated colon tumourigenesis have been used to examine the
consequences of dual Egfr/lgflr signalling inhibition, short term interruption of the
Ras/Raf/Mek/Erk pathway with Mek inhibition and Egfr signalling inhibition combined with

the induction of apoptosis.

Gene expression microarray analysis and qRT-PCR validated 3 genes (/KBKG, CXCL9
and CCNE2) which, upon probing of transcript datasets from patients with K-RAS wild type
colorectal cancer, identified their discriminatory value in terms of clinical responses to
cetuximab monotherapy. Apc™"* intestinal adenomas acutely exposed to a small molecular
inhibitor of Egfr (gefitinib) showed concurrent suppression of downstream signalling and
induction of Igf signalling. To test the hypothesis that blockade of Egfr signalling was
tempered by compensatory activation of the Igf pathway, the effect of chronic suppression
of lgflr using AZD12253801, a small molecular tyrosine kinase inhibitor of IGF1R, was
examined alone and in combination with gefitinib. Compared to either drug alone,
combined dosing with gefitinib and AZ12253801 suppressed small intestinal tumourigenesis
more effectively, but this failed to translate into a survival advantage possibly due to an
increased incidence of intra-abdominal abscess formation. Nonetheless, this data provides

preliminary evidence in support of combinatorial therapy. Examination of Mek inhibition

using AZD6244 revealed induction of immediate cell death and perturbation of the cell cycle
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in intestinal tumours. These changes were not limited to K-ras mutant tumours suggesting a
potential application to K-ras wild type intestinal cancer. Finally the addition of a BH3
mimetic, ABT737, to gefitinib induced a 3-fold increase in cell death indicating that short
term pathway inhibition combined with induction of apoptosis is a rational treatment
strategy for malignancy, and should also be extended in future experiments with Mek
inhibition. This work has demonstrated the value of these mouse models in relation to

target validation, biomarker prediction, resistance mechanisms and therapeutic utility.
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Chapter 1
1 Introduction
1.1 Advanced colorectal cancer

Bowel cancer is the 2" most common cause of cancer death in the UK, with 16,000
deaths pa. Approximately 9% of patients present with Dukes stage D disease at diagnosis
with a 5 year survival figure of only 7%".Furthermore 50% of patients who have undergone
potentially curative surgery for early stage disease will relapse with metastatic disease

making it a significant burden of disease’.
1.1.1 Cytotoxic chemotherapy

Standard chemotherapy for metastatic colorectal cancer includes three active drugs
— fluoropyrimidines, irinotecan and oxaliplatin. With current evidence, patients with
unresectable metastasis may be treated with fluoropyrimidine monotherapy to maintain
quality of life provided close therapeutic monitoring is possible to avoid missing a
therapeutic window of combination treatment®. For patients with resectable metastases,
and possibly those with a heavy tumour burden or significant symptoms, first line
combination therapy is most appropriate to achieve higher response rates and durable

treatment responses>.
1.1.2 Epidermal growth factor receptor (EGFR) targeted therapy

Evidence is emerging to show the clinical benefit of EGFR targeted monoclonal
antibody therapy using cetuximab in advanced colorectal. In the first line setting of
advanced colorectal cancer adding cetuximab to the FOLFIRI (Irinotecan-infused 5-FU/LV)
regimen demonstrates a small improvement in median progression free survival, but not
overall survival®. In the second line setting, treatment with cetuximab and irinotecan
improves progression free survival and response rates without an improvement in overall
survival, most probably due to control arm subjects receiving cetuximab at a later time”.
Finally in refractory metastatic colorectal cancer, cetuximab monotherapy demonstrates an

improvement in overall survival compared with best supportive care®. In August 2009,
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cetuximab was subsequently sanctioned by NICE for the first line therapy of advanced

colorectal cancer under certain conditions’.

Interestingly, two randomised controlled trials of small molecule tyrosine kinase
inhibitors against the EGF receptor have shown little clinical benefit in advanced colorectal
cancer®. This is thought to be due to the absence of activating mutations in the EGF
receptor® which have been shown to confer sensitivity to tyrosine kinase inhibition in the

setting of NSCLCE.
1.2 Personalised medicine

Paul Ehrlich coined the term ‘magic bullet’ back in the late 1800’s for targeted
microbial therapy®. Contemporary science has adopted this concept and applied it to cancer
therapy built on the hypothesis that cancer cells are ‘addicted’ to a particular oncogene or
pathwayw. Targeting of such aberrant pathways, it is argued, will lead to therapeutic
responses. Clinical evidence for this concept has been demonstrated based upon the
success of antibodies or small molecules targeting specific oncogenes in human cancers, for
example trastuzumab which targets the HER2 receptor in breast cancer, and imatinib which
targets the oncogenic BCR/ABL fusion protein and the product of the oncogene c-kit, in
gastrointestinal stromal tumours'’. Such examples raise expectations that greater
understanding of deregulated molecular pathways driving malignant phenotypes will

increase the prospects of new targeted drugs.

Patients with malignancy are traditionally treated with standardised regimens which
have proven efficacy in population-based randomised controlled clinical trials for a given
stage and primary cancer site’®. As a result, conventional approaches to treatment
development are effective in only identifying therapy that works ‘on average’ for a
population of patients similar to those in whom it was tested™. The low success rate of
phase Il trials is complicated by such a ‘blanket’ treatment approach for patients with
heterogenous tumours, without the identification of individuals most likely to respond. This
results in outcomes which are too small to be detected in the sample sizes used and an
increased likelihood of false negative outcomes®®. Unfortunately, in the absence of
predictive markers of response to therapy, this approach exposes patients to potentially

toxic treatment effects, with the risk of no benefit. However, given the recent identification
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of molecular drug targets in cancer and developments in targeted therapy, there is an
increasing desire to practice personalised medicine, facilitated by the identification of
markers of response to therapy. There is a clear need to develop predictive markers that are
specific for a particular therapy, that will save unnecessary exposure to toxic drugs and
inconvenience to patients, and facilitate the receipt of effective drugs to patients most likely

to gain benefit.
1.3 Predictive biomarkers

Biomarkers can relate to toxicity, biological effect and efficacy. A pharmacodynamic
biomarker is associated with the biological effect of a compound®®. A predictive marker
predicts the clinical benefit of a particular treatment approach based on marker status and
can therefore be used to guide the choice of therapy. This differs from a prognostic marker
which classically identifies patients at risk of a particular outcome such as relapse or death

and can be used to guide whether treatment is appropriate but not the choice of therapy®®.
1.3.1 Gene expression microarray technology

Hybridization to high density arrays of oligonucleotides to access genetic variation
has become possible since the mid-nineties'® and such microarray technology has become
widely applied to medicine and oncology in particular. With the advent of microarray
technology, multi-gene expression signature classifiers are now able to classify tumours
based on the expression level of its component genes'’. Genomic classifiers require internal
validation in developmental studies using data independent from that used to develop the

model and external validation using independent data in a prospective planned study®’.

The microarray technique uses gene-specific probes representing thousands of
different genes, which are arrayed on inert substrates. Levels of gene expression from target
tissue are then assayed. RNA is extracted from the tissue of interest, labelled and then
hybridised to the arrays by associating with complimentary gene-specific probes. Labelled
RNA is detected by confocal laser scanning and images are produced which show the
intensity of each gene-specific probe. A greater degree of hybridisation results in a more

intense signal, implying a higher relative level of gene expression 2.
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Genomic signatures can be developed by measuring features on a body of training
data, and then selecting features (gene expression levels) which are most significantly
correlated with outcome (clinical response). Then having selected the features most
correlated with outcome, those features can be combined into a multivariate signature

classifier which is reproducible and accurate in predicting outcome®.

1.3.2 Gene expression microarray studies in colorectal cancer and treatment response

prediction

Microarray technology has been applied to colorectal cancer to exploit
transcriptome changes related to carcinogenesis and the prediction of prognosis and
treatment responses'®. Basal gene expression profiles of colorectal cell lines showing
correlation with apoptosis induced by 5-FU and camptothecin have been determined in a
panel of 30 colon cancer cell lines?® as have expression profiles for the prediction of
response to oxaliplatin®. Pertinently, clinical samples obtained from primary colon tumours
have been used to define genes which discriminate response to leucovorin, fluorouracil and
irinotecan (FOLFIRI)??> and pre-treatment rectal cancer biopsies have been used to define
transcripts associated with response to preoperative chemo-radiotherapy in rectal
adenocarcinomas?. Transcriptional profiling of pre-treatment metastatic colorectal cancer
biopsies have also allowed the identification of genes whose expression is correlated with
clinical responses to cetuximab monotherapy. From this work increased expression of
epiregulin and amphiregulin mRNA was first described to be associated with disease control

in response to a monoclonal antibody, cetuximab, targeting the EGF receptor 2.

Most recently the transcriptional profile of baseline rectal cancer biopsies have been
compared to profiles after cetuximab monotherapy (Day 6-8) leading to the identification of
16 genes that were differentially expressed®®. Although microarray analysis did not identify
simple predictive signatures for pathological response, the authors noted that tumoural
EGFR up-regulation after the initial dose of cetuximab was associated with improved disease
free survival®>. This research is similar in design to the Xerxes study (1.3.5) however the time
at which rectal cancer transcriptomes are explored differ, being examined 4 hours following
cetuximab, on the basis that detected gene changes will reflect the primary influence of the

drug alone.
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The current status of microarray —based testing in cancer patients, regardless of site,
does not extend to selection of treatments guided by microarray platform data. Progress is
being made however as AmpliChip CYP450 and MammaPrint are the first FDA approved
microarray-based tests for assessments of drug metabolising enzymes and prognosis of

node negative invasive breast cancer respectivelyzs.
1.3.3 Predictive biomarkers in metastatic colorectal cancer

Already, a number of studies including conventional cytotoxics have probed the
relationship between genes and their association with drug metabolism, treatment
outcomes and toxicity>. For example, translational research emerging from the FOCUS trial
has led to the discovery that moderate or high levels of Topol, a molecular target of SN38,
is a predictive biomarker associated with benefit from either oxaliplatin or irinotecan?’.
Thus in due course, independent validation and prospective randomised trials, such as
FOCUS-3, which plans incorporation of molecular-guided therapy decisions, will continue to

push forward biomarkers for personalised therapy of colorectal cancer?’.

During the last 4 years research efforts have been directed towards the discovery of
predictive markers with a particular emphasis on treatments targeting the EGF receptor in
metastatic colorectal cancer. The pivotal studies in bowel cancer introducing cetuximab, a
chimeric monoclonal antibody against the epidermal growth factor receptor (EGFR),
revealed response rates ranging from 9-23%, but no correlation was found between
response and degree of EGFR immuno-histochemical (IHC) staining® %°. This was somewhat
surprising in view of HER2 over-expression in breast cancer and responses to trastuzumab®.
Colon cancers seemingly negative for EGFR IHC evidently still responded to EGFR
monoclonal antibodies presumably through high affinity binding sites (10-1000 per cell®)

below the threshold of IHC detection3% 33,

In light of data establishing the relationship between NSCLC EGFR tyrosine kinase
mutations and response to EGFR targeted therapy with tyrosine kinase inhibitors 2, a search
for similar mutations in colorectal cancer was undertaken as a means establishing molecular
criteria for response prediction. A screen for DNA alterations in the EGFR kinase domain
(exons 17-24) from 293 colorectal tumours only found one single mutation identical to an

activating mutation previously reported in lung cancer, showing that EGFR mutations occur
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at a very low frequency in colon cancer®. Other reports corroborated this finding®® 3¢

leading to the conclusion that EGFR kinase domain mutations were not the basis of
response to monoclonal antibodies targeting EGFR in colorectal cancer. The observation
that mutant EGFR kinases significantly increase the binding affinity of gefitinib *” has been
suggested to explain the improved sensitivity to EFGR kinase inhibition in a subset of lung
cancers. This is of relevance in terms of a drugs therapeutic index given that the balance of
anti-tumour effects relative to normal tissue toxicity will be more favourable. This is also
emphasised by EGFR/HER2 genomic amplification in breast cancer® and response to

trastuzumab therapy (monoclonal antibody targeting HER2).

Simultaneous reports were made of the association between EGFR induced skin rash
and clinical responses in colon cancer patients treated with EGFR antagonists, suggesting
that rash may be a surrogate marker for treatment response39. From a molecular biology
standpoint, interest was growing in the relevance of increased EGFR copy number and its
association with treatment responses, following the publication of data showing that more
than 3 copies or EGFR per nucleus identified by Fluorescent In-Situ Hybridisation (FISH), was
more likely to indicate response to anti-EGFR monoclonal therapy®>. However this story was
by no means clear cut given reports that EGFR gene copy assessed by qRT-PCR did not share
the same relationship with response®®. Increasingly however, it appears that EGFR copy
number, analysed by FISH or chromogenic in situ hybridization, is a promising biomarker for
response to EGFR targeted therapy. Patients with <3 copies of EGFR per nucleus have a
relatively low level of response to anti-EGFR therapy, but increased EGFR copy number is

associated with higher response rates and longer progression free survival*.

Finally, there is a limited relationship between EGFR IHC protein expression and gene
copy number, as only a small proportion of colon cancers expressing EGFR protein detected
by IHC were associated with gene amplifications*’. Similarly, a poor correlation between
different methods of measuring EGFR status at DNA, RNA and protein level, has been
described in colon cancer®?. This contrasts with the situation in breast cancer where over-
expression of HER2 detected by IHC in carefully fixed, processed and embedded samples

correlates well with gene copy status*®, and goes some way towards explaining why a simple
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relationship between target expression and treatment response (c.f. trastuzumab in breast

cancer), is not evident for colorectal cancer and EGFR targeted therapy.

1.3.4 Mutations in downstream EGFR signalling pathways and response to EGFR targeted

therapy in metastatic colon cancer

An emerging story of great importance unfolded during 2006 with the first full report
that Kirsten rat sarcoma viral oncogene homolog (K-RAS) mutation was significantly
associated with the absence of response to cetuximab in the setting of metastatic colorectal
cancer™. Subsequent retrospective evaluation of K-RAS mutations in metastatic colorectal
cancer confirmed its presence in approximately 40% of cases and a negative outcome in

24, 45, 46

terms of response prediction in monotherapy trials . Others extended these findings

447 1t became clear

to combination studies of cytotoxics and cetuximab in first line therapy
that antagonism of EGF receptor signalling with monoclonal antibodies, in the presence of
K-RAS mutations constitutively activating the RAS/RAF/MEK/ERK pathway, was futile.
Indeed there is emerging evidence that EGFR-targeted agents in this setting is detrimental,
impairing the efficacy of the cytotoxic components of combination treatment reducing

progression free survival*’.

K-RAS mutation status however is not the whole story as only 40% of K-RAS wild type
metastatic colorectal cancer patients receiving treatment with cetuximab obtain objective
responses48. Autocrine loops involving ligands for EGFR such as epiregulin and amphiregulin
have been suggested to promote tumour growth in colorectal cancer?®. Moreover it is now
known that high tumoural epiregulin expression in K-RAS wild type colorectal tumours is
associated with improved outcome to cetuximab treatment (vs. best supportive care)®.
Therefore monoclonal antibodies targeting EGFR appear to inhibit ligand-dependent tumour
growth, potentially explaining their association with monoclonal antibody induced tumour

responses®*.

The finding that K-RAS wild type status does not guarantee sensitivity to anti- EGFR
targeted therapy led the search for other oncogenic mutations associated within
downstream EGFR signalling cascades. As a consequence activating mutations in the v-raf
murine sarcoma viral oncogene homolog b (B-RAF) (10% colorectal cancer®), PI3-kinase

p110 a subunit (PIK3CA; 20% colorectal cancer™?) or loss of function in phosphatase and
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tensin homologue (PTEN; 30% colorectal cancer’!) have been incriminated in the lack of

5054 Recent estimates report that 70% of patients’

response to EGFR targeted therapy
likelihood of response to EGFR targeted monoclonal antibodies can be predicted based on
the mutational status of K-RAS and PIK3CA/PTEN pathways’". This still however leaves a
large gap where our understanding of response mechanism to EGFR targeted therapy is

min/+

unknown. In light of this the Apc mouse model has been used to explore and identify
novel putative biomarkers capable of predicting response to EGFR targeted therapy

(Chapter 3).
1.3.5 Xerxes clinical trial

The Xerxes study was designed to examine the role of early neo-adjuvant and
synchronous cetuximab therapy in pre-operative chemo-radiotherapy using capecitabine
(5FU prodrug) followed by excisional surgery. This translational study intended to provide
rectal cancer specimens at baseline and 4 hours following the first infusion of cetuximab to
enable probing of transcript changes induced by EGFR targeted therapy, to generate
hypotheses regarding biomarkers of response prediction guided by data obtained from the

min/+

Apc model of colon cancer.

The Xerxes trial postulated the addition of cetuximab to radiotherapy would improve
pathological response and clinical outcomes as demonstrated in the setting of locally
advanced head and neck cancer®. Subsequent studies have found that complete
pathological response (pCR) rates to pre-operative radiotherapy combined with
capecitabine and cetuximab (toxaliplatin), in locally advanced rectal cancer, were poor (5-
9%)>® %7, compared to pathological responses seen without cetuximab (pCR 16% in pre-
operative radiotherapy plus capecitabine and oxaliplatin)®®. It has been suggested that
cetuximab compromises the efficacy of capecitabine/radiotherapy, through a reduced
tumour cell turnover, which is required for the uptake of capecitabine to enable its cytotoxic

and radiosensitising effects®.

As a consequence of these findings, trial recruitment to XERXES was halted and
clearly impacted the availability of rectal cancer samples for assessment of gene expression

changes in tumour specimens. This has made planned comparisons between transcript
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changes induced by anti-EGFR therapy in Apc mouse colon tumours and human rectal

cancers, very limited, highlighting the difficult nature of translational research.
1.4 Epidermal growth factor receptor (EGFR)

In the 1950’s extracts of sub-maxillary glands from mice were directly injected into
newborn animals inducing early opening of eyelids and eruption of incisors® ®. The same
extract was later found to stimulate epidermal growth and keratinisation®’. This ‘epidermal
growth factor’ was isolated and a homologous polypeptide, human EGF was detected
shortly thereafter®®. The receptor for EGF was subsequently detected using crude
membrane fractions prepared from different animal tissues®’, however it was not until 1984

that Ullrich et al isolated and characterised the cDNA sequence of EGFR®.
1.4.1 Signal transduction

EGFR (ERBB or HER-1) is a 170-kDa membrane protein® and a member of the
subclass | receptor tyrosine kinase (RTK) super family along with v-erb-b2 erythroblastic
leukaemia viral oncogene homolog 2, ERBB2 (HER-2), v-erb-b2 erythroblastic leukaemia viral
oncogene homolog 3, ERBB3 (HER-3), and v-erb-a erythroblastic leukaemia viral oncogene
homolog 4, ERBB4 (HER4) 8. Each member has an extracellular ligand binding region, a
short membrane spanning region and intracellular protein-tyrosine kinase containing
domain®. Ligand binding results in the formation of homo-and hetero receptor dimers and
activation of the cytoplasmic tyrosine kinase domain resulting in auto-phosphorylation of
specific tyrosine sites, which subsequently act as docking sites for downstream intracellular
signalling pathways®®. The two main signal transduction pathways stimulated are the
mitogen-activated protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K)-AKT
pathways (fig 1). Other pathways involved in transmitting ErbB signals include
phospholipase C®, signal transducer and activator of transcription (STAT); SRC tyrosine
kinase, which is stimulated in response to EGFR and ERBB2, and mammalian target of
rapamycin (mTOR), a serine/threonine protein kinase activated beyond PI3K-AKT®.
Different ERBBs preferentially modulate certain downstream signalling pathways owing to
receptor binding to specific effector proteins. As a result cells harbouring EGFR tyrosine

kinase mutations tend to activate PI3K-AKT and STAT pathways, whereas ERBB2 couples to
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Figure 1. EGF receptor signalling
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Fig 1. Signalling downstream of EGFR showing the two key pathways activated. The MAPK
pathway stimulates proliferation and the PI3K/AKT pathway promotes cell survival. Gefitinib is
an ATP analogue and competes with ATP binding within the catalytic kinase domain of RTKs.
Cetuximab binds to the L2 domain of EGFR.GSK3(3, glycogen synthase kinase 3(3; NF-KB, nuclear
factor-KB; PDK1, pyruvate dehydrogenase kinase 1; PIP2, phosphatidylinositol biphosphate;
PIP3, phosphatidylinositol triphosphosphate; RTK, Receptor tyrosine kinase. Adapted from

Baselga and Swain Nature Reviews Cancer (2009) and Imai and Takaoka Nature Reviews Cancer
(2006)



the MAPK pathway, and ERBB3 associates with the p85 adapter subunit of PI3K through its

numerous p85 docking sites to signal through PI3K-AKT cascades 68,

It is interesting to note that no ligand binds ERBB2, but it is the preferred
dimerisation partner for all other ERBB members and, that ERBB3 has no functioning
tyrosine kinase activity and only transmits a signal when it pairs with another ERBB
receptor®®. ERBB2 is normally only activated following hetero-dimerisation with another
ligand bound ERBB receptor or when over-expressed due to constitutive activation

66, 68 Conventional

presumably as a result of increased membrane receptor concentration
wisdom has recently been challenged based on the finding that ERBB2 shows striking
similarity to a tightly ligand-regulated invertebrate EGF receptor, suggesting that ERBB2 has
activating ligands®®. Alvadaro and colleagues conclude that identifying these possible
membrane associated ligands and understanding their role in human cancers may provide

new therapeutic directions for targeting ERBB receptor signalling.
1.4.2 Deregulated function

In vivo functions of the ERBB family are crucial for embryogenesis and development
of epithelial organs such as the skin, lung and gastrointestinal tract. Egfr gene knock out
studies in mice have shown embryonic lethality or impaired development of skin, heart,
lungs and gastrointestinal tract, whereas knock out of Erbb2, Erbb3 or Erbb4 causes defects
in cardiac and neural development7°. Given their central role in development, it is of no
surprise that deregulation of the ERBB receptor family occurs in cancer, evidenced by over-
expression and mutation in the various family members. Pertinently EGFR was the first
tyrosine kinase receptor directly linked to tumour development in humans®® ’°. EGFR is
over-expressed in head and neck, NSCLC, breast, bladder, kidney, prostate and colon
cancer’” 72, Over-expression of EGFR also occurs in gliomas and is often associated with
structural re arrangements that produce in-frame deletions in the extracellular domain of
the receptor; the most frequent being the EGFR variant 111%. The remaining family members
ERBB2, ERBB3 and ERBB4 are implicated in a range of other cancers such as breast, lung,

pancreas, oesophagus, endometrium, cervix and stomach cancer’".

Deregulated ERBB signalling activates key processes involved in tumour growth and

progression, including proliferation and survival. The main effector pathway mediating cell
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survival is the PI3K-AKT pathway since several AKT substrates control various apoptotic
processes®. Signalling through the MEK/ERK pathway is linked to cell growth, survival and
invasion in cancer and its pattern determines whether activation favours mitogenesis (short
duration) or differentiation (long duration)’®. By disturbing ERBB2 signalling activity, using a
variety of methods such as antagonistic antibodies, small molecule kinase inhibitors and
antibodies causing functional inactivation of the receptor in endoplasmic reticulum, ERBB2
has been shown to be important in promoting proliferation of malignant cells. The nuclear
effectors of such proliferative activity include G1 regulators Myc, D-type cyclins, cyclin

E2/cdk2 complexes and the cyclin dependent kinase inhibitor p27 (KIP1)®8.
1.4.3 Therapeutic targeting

The main approaches in the clinic to counter aberrant signalling through EGF
receptor tyrosine kinases include monoclonal antibodies (mABs) and small molecule
tyrosine kinase inhibitors. mABs have been created against the extracellular domain of the
EGF receptor (fig 1) and have their effect by recruiting cytotoxic lymphocytes as well as
interfering with cancer cell signalling (see below). Such drugs include Cetuximab (Erbitux " ;

)’ Small molecule

Bristol Myers Squibb/Imclone) or Panitumumab (Vectibix; Amgen
tyrosine kinase inhibitors (ATP mimetics) block ERBB function by competing for the ATP-
binding pocket’ located on the intracellular portion of its receptor’® (fig 1) thereby
disrupting mitotic signalling downstream. Two examples include Gefitinib (Iressa;
AstraZeneca) and Erlotinib (Tarceva; Genentech/OSI) which are active in NSCLC expressing
catalytically active EGFR. Drugs with activity against both EGFR and ERBB2 have been

developed and may represent a more attractive strategy (Lapatinib, GlaxoSmithKline; Cl-

1033, Pfizer and EKB-569, Wyeth-Ayerst Research)’”.

The putative mechanisms of monoclonal antibody based cancer therapies are
mediated through direct or indirect actions’. Direct effects include blockade of ligand
receptor binding, increased receptor internalisation, inhibition of cell cycle progression or
DNA repair, regression of angiogenesis and pro-apoptotic effects. Indirect effects of
monoclonal antibodies mediated by the immune system include eradication of tumour cells
by Ig-mediated complement-dependent cytotoxicity and antibody-dependent cellular

cytotoxicity.
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Small molecule tyrosine kinase inhibitors by contrast do not have indirect effects on
the immune system. Gefitinib targets EGFR selectively and unlike mABs is able to translocate
cell membranes to interact with the cytoplasmic domain of the receptor tyrosine kinaseg(ﬁg
1). Gefitinib has been shown to inhibit growth mainly through cytostatic effects, but also
through increased programmed cell death’®. Recent studies have shown that gefitinib
induced apoptosis, at least in gefitinib sensitive NSCLC cell lines, is dependent upon the

transcription and post-translational modification of BIM, a BH3-only pro-apoptotic protein75.
1.4.4 Resistance to EGFR targeted agents

Understanding the mechanisms of drug resistance in tumours is a crucial component
of treating any cancer. Primary drug resistance may occur in patients who have not achieved
stable disease or who progress within 6 months of therapy after an initial response, whereas
resistance after prolonged treatment is termed secondary resistance, for which several

molecular mechanisms may be responsible76.

In terms of understanding resistance to small molecule therapy a number of
mechanisms have been proposed’®. These include structural alteration of the kinase domain
resulting in an inability of the inhibitor to bind to the intracellular catalytic domain,
secondary activating mutations in the kinase domain, or the development of a ‘kinase
switch’ activating a kinase other than the primary targeted kinase, in cancer cells. Other
possible mechanisms include gene amplifications leading to higher expression levels of

receptor and a higher required dose of inhibitor to produce a sustained effect.

A further mechanism accounting for resistance to tyrosine kinase inhibition is up-
regulated expression of ERBB3 and consequent enhanced PI3K-AKT signalling”’ through the
ability of ERBB3 to dock with the p85 alpha regulatory subunit of PI3K’2. This highlights the
ability of tumour cells to enhance signalling pathways to circumvent drug effects. Additional
mechanisms which have yet to be defined, but are potentially important in determining
resistance to small molecular tyrosine kinase inhibitors include extracellular sequestration

of drug by plasma proteins, and increased drug efflux by trans-membrane pump proteins.

When considering targeted treatments relating to metastatic colorectal cancer it is

possible some of the mechanisms accounting for resistance to tyrosine kinase inhibition
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may have a role in mediating resistance to mABs against EGFR. Several primary mechanisms
of resistance have already been mentioned including mutations in K-RAS, B-RAF, PIK3CA and
PTEN loss (1.3.4). However it is likely that these signalling molecules will be targeted in the
future. Genome wide RNAi screens have already identified synthetic lethal interactions with
the RAS oncogene which can be targeted. For example, inhibition of PLK1 (using Bi-2536)

which has a role in mitosis, has shown profound G2/M accumulation in RAS mutant cells”®.

Signalling through another member of the receptor tyrosine kinase family, IGF1R has

8082 and is activated in

also been shown to confer resistance to EGF family blockade
response to chemotherapy for treatment of colorectal cancer®®. Hence cross-
communication between members of receptor tyrosine kinases is likely to be a route

exploited by cancer cells to overcome targeted drugs against EGFR.

Finally, parallel signalling pathways can become activated as a means of inducing
tumour growth to counter anti-tumour drug effects, as exemplified by increased AKT activity
in cancer cells resistant to the MEK inhibitor, AZD62443*. Tumours are therefore poised to
exploit established circuitry links between RAS and PI3K/AKT, evidenced by GTP-bound RAS
interacting directly with PI3K to create an effector pathway for RAS signalling®®, thus

enabling parallel pathway activation.
1.5 Insulin-like growth factor 1 receptor (IGF1R)

IGF1R and insulin receptors have tetrameric structures and are composed of two half
receptors, comprising a predominantly extracellular a-chain, involved with ligand binding,
and, a principally intracellular B-chain including the tyrosine kinase domain. Hybrid
receptors can form between insulin and IGF-1 receptors expressed in cells that possess both
receptors®®(Fig 1.1) and given this, the specificity of IGFIR targeting is biologically
challenging. As a consequence of receptor activity, AKT and MAPK transmit mitogenic
signals downstream. Interestingly the IGF-2 receptor is not implicated in signal
transduction but sequesters IGF-2 and in doing so regulates ligand bioavailability®®. The
bioavailability of IGF-1 and IGF-2 is also modulated by the binding affinities of various
IGFBPs and in general limit the access of IGFs to IGF1R suppressing biological activity®®. IGF-1
and IGF-2 are both manufactured in the liver but are also produced in tumours allowing

them to act locally and influence tumour dynamics at this level®®.
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Fig 1.1 Insulin -like growth factor (IGF) signalling
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Fig 1.1 The ligands IGF-1, IGF-2 and insulin bind to various members of the insulin receptor
(IR)-IGFIR family. IGF2 binds with a greater affinity to IRAthan IRB. The bioavailability of IGF-1
is limited by IGF binding proteins (IGFBP) and that of IGF-2 is governed by IGFBPs and the IGF-
2R. The IR and IGF-1R receptors are tetrametric and composed of 'half receptors'. The
intracellular domain of each receptor has tyrosine kinase activity regulated by ligand binding.
Receptors may form into pure insulin receptors, pure IGF-1 receptors or hybrids. Downstream
signalling is mediated by PI3K/AKT and MAPK. Adapted from Poliak, Nature Reviews Cancer
(2008).



The type 1 insulin-like growth factor receptor has been implicated in various aspects
of tumour development and metastasis®® ®”. Expression of IGF1R has been demonstrated in
cancer cell lines and human malignancies and mitogenic responses have been observed in
cell lines at physiological levels of IGF-1 ligand®. Specifically increased levels of IGF1R at
transcript and protein level have been documented in colon cancers relative to adjacent
normal colonic mucosa®® suggesting its relevance in the pathogenesis of colon cancer.
Indeed IGF-2 was found to be the uppermost differentially regulated transcript in colon

tumour tissue compared with normal colonic epithelium®’.

The IGF system has also been shown to be important and relevant to intestinal

min/+

physiology and tumourigenesis in the Apc mouse which models familial adenomatous

min/+ intestinal

polyposis. Expression of Igf-2 and Igflr has been demonstrated in Apc
adenomas and genetic manipulation of Igf-2 availability modifies their growthgo.
Furthermore expression of a soluble /gf2r transgene has been shown to rescue Igf-2

min/+

dependent normal intestinal and intestinal adenoma phenotypes in Apc™* mice®’.

A very recent publication has demonstrated increased expression of /gfirin a mouse
model of mammary cancer driven by over-expression of a constitutively active oncogenic K-
ras allele. Interestingly, ablation of Igflr expression increased tumour latency in this model,
suggesting /gflr had a causal role in mammary tumourigenesis®>. This may be a context
dependent effect, restricted to subtypes of mammary cancer, but it could imply IGF1R has a
role in the genesis of colorectal cancer carrying K-RAS mutations, and that therapeutic

manipulation of IGF1R signalling in this setting may be advantageous.

IGF1R drug targeting has emerged over the last two decades using monoclonal
antibodies and small molecule inhibitors in a range of malignancies®®. Reliable biomarkers
for the prediction of sensitivity to IGF1R targeted agents however appear biologically
complicated. So far, evidence suggests that receptor and ligand levels together with
differentiation markers may be required to help define tumours predisposed to IGF1R
inhibition®®. Clinical evidence supporting IGF1R as a treatment target for Ewing’s sarcoma,
adrenocortical cancer and non-small cell lung cancer® highlights the need to understand the
resistance pathways which will emerge in response to antagonism of the IGF1R receptor.

Interestingly, resistance to IGF1R targeted therapies has been demonstrated in a reciprocal
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fashion, with up-regulation of EGFR and its ligands, suggesting EGFR pathway activation may
be an alternative route for growth signals to be transmitted in the presence of inhibition of

IGF1R signalling™ °®

. Given the possible bidirectional cross communication between EGFR
and IGF1R pathways, it is not surprising that research, in response, has been directed

towards combined targeted therapy against both these pathways®’.
1.6 Genetically engineered mouse models of colon tumourigenesis

Murine models of cancer have expanded our understanding of basic cancer biology
and many genetically engineered mouse models (GEMMs) have been created to explore
intestinal tumourigenesis in detail®®. GEMMs have desirable qualities allowing tumour
development in the presence of an intact immune system and also permit tumour-stromal
interactions that influence tumour progression (angiogenesis/matrix degradation)gg.
Furthermore GEMMs attempt to faithfully mirror the genetic events occurring in human
malignancies making them pertinent to the study of the cancers they model. The two
models used in this work include the Apc™™* mouse and AhCre”* Apcd”* K-ras"*** and

AhCre"* Apc””* K-ras”* conditional transgenic models.

1.6.1 Apc™™* mouse

min/+

Apc mice were established from ethylnitrosurea-treated C57BL/6 male mice,
whose offspring were noted to develop adult onset anaemia, transmitted as an autosomal
dominant trait. Further enquiry established chronic blood loss due to multiple small and
large intestinal adenomas and consequently the mutant gene responsible was named
multiple intestinal neoplasia (Min)'®. Further work in William Dove’s laboratory determined
that the Min phenotype was a result of a germ-line nonsense mutation in the murine

1

homologue of the APC gene'®™ which gives rise to familial adenomatous polyposis, an

inherited colorectal cancer syndrome characterised by multiple colorectal tumours'®.

min/+ mice'® and

Extensive loss of Apc was subsequently shown in adenomas from Apc
furthermore, deregulation of Wnt signalling has been found to be pivotal in intestinal
tumourigenesis as truncating mutations in APC lead to constitutive nuclear B catenin/TCF

105 The Apc™™* mouse is

complexes driving a proliferative genetic programme'®*
considered a relevant model of human colon cancer as more than 80% of adenomas and

colorectal cancers have at least one mutation in the APC gene associated with the
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development of the majority of colorectal cancers'®. Despite this the Apc mouse is

limited in its ability to mirror genetic events that follow mutations in Apc and has given an

impetus to the development of better models of colon cancer.

min/+

The number of intestinal tumours in Apc mice is strongly influenced by genetic

background and genetic mapping identified the Mom-1 (Modifier of Min-1) locus as a

dominant modifier of the intestinal phenotype, accounting for 50% of the genetic variance

107

in tumour number "’. A phospholipase A2, Pla2g2a transgene, derived from within the

min/+

Mom-1 region, has been shown to act as a resistance modifier in Apc intestinal

phenotypes and closely reproduced the quantitative reduction in tumour numbers seen in

108

Mom-1 heterozygotes, suggesting that the Mom-1 locus is in fact Pla2g2a ™. It is worth

min/+

noting that the gene expression experiments, using Apc mice to identify putative genes

indicative of response to anti-EGFR targeted therapy, were performed using in-bred
C57BL/6 mice homozygous for Mom-1. This enabled the identification of gene changes in
genetically similar tumours, thus removing a source of genetic variation which could

obscure any induced transcript changes (Chapter 3).
Of relevance to this project, studies have shown evidence of Egfr activity in Apcmi”/+

min/+

intestinal tumours. Increased total Egfr protein expression in Apc adenomas relative to

wild type enterocytes has been demonstrated, as has the level of phospho-Egfr from

membrane preparations of intestinal adenomas relative to the same fraction from normal

min/+

Apc colon®. Further work supporting Egfr in adenoma pathogenesis comes from work

min/+

showing Apc mice carrying a homozygous Egfr*®’ hypomorphic allele demonstrate a

marked reduction in intestinal polyp number’®. Pharmacological inhibition of the Egf

receptor using the Egfr tyrosine kinase inhibitor EKI-785 also produced similar results in

Min/+ 110

Apc mice . Less dramatic reductions in tumour multiplicity following exposure to EKI-

785 have however been reported'!

and controversially, an alternative Egfr inhibitor, N-[4-
(3-chloro-4-fluoro-phenylamino)-quinazolin-6-yl]-acrylamide (CFPQA), failed to demonstrate
suppression of intestinal adenomas at levels sufficient to abolish phospho-Egfr, leading the
authors to conclude that Egfr mediated signalling was not critical for early stages of

Min/+

intestinal carcinogenesis'*?. The role of Egfr signalling in Apc intestinal tumourigenesis is

examined in detail in acute and chronic dosing studies of gefitinib described in Chapter 5.
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1.6.2 AhCre™* Apc”* K-ras"*¥* conditional transgenic mouse model

The limitation of the Apc™™* mouse to recapitulate the genetic changes following
mutation in Apc has driven investigators to develop and characterise mouse models which
include the common mutations seen in human colorectal cancer beyond Apc. Work to
develop genetically engineered mouse models of colorectal cancer displaying the full
features of human colorectal cancers is progressing and invasive models are now

available!'® 114

. However, models displaying the full metastatic phenotype of colorectal
cancer continue to remain elusive. This is important to tackle if we aim to use in-vivo
platforms closely resembling metastatic cancers as a preclinical test bed for therapeutic

manipulation.

The presence of K-RAS, and other mutations which predict lack of response to EGFR
targeted agents in metastatic colorectal cancer, represent areas of unmet clinical need. To
address this therapeutic challenge, a conditional transgenic mouse model of accelerated
and invasive colon tumourigenesis has been used, in this project, as an in vivo platform, by
inducing intestinal expression of an oncogenic K-ras**? allele in the context of A.pc deficiency

(AhCre™”* Apc* K-ras"1%*)114,

This model of K-ras mutant colorectal cancer was made possible by conditional gene

5

targeting using Cre-loxP recombination'’®> which permits cell-type specific and inducible

5805)116

mutagenesis. By crossing mice bearing the targeted allele (Apc onto mice carrying the

transgenic line AhCre, cre expression was inducible from a cytochrome P450 promoter
element which is transcriptionally up-regulated in response to B-napthoflavone”, resulting

114

in loss of Apc exon 14 throughout the intestine ™. Simultaneously the intestinal expression

vi2/+

of the oncogenic K-ras allele was achieved by cre due to the loss of a STOP

118

transcriptional cassette™™". The loss of this STOP cassette also permitted expression of a

reporter stain, LacZ, to confirm recombination'“.

This clinically relevant model of K-ras mutant intestinal cancer has been subject to
investigation using novel therapy targeting the constitutively activated MAPK pathway, via
inhibition of MEK using AZD6244 (Chapter 7). It is hoped this in vivo platform will have pre-
clinical utility, overcoming some of the disappointments xenograft studies present, and thus

demonstrate an improved correlation between therapeutic activity of compounds tested
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and efficacy in humans. To date, little drug evaluation has been carried out in well designed
GEMMs of cancer that faithfully mimic the genetic and biological evolution of their

counterpart diseases™".
1.7 Mitogen activated protein kinase (MAPK) signalling and colorectal cancer

Human tumours frequently possess activating mutations in one of the RAS genes'™
and downstream effector signalling pathways include Raf kinases, type | phosphoinositide 3-
kinases, Ral-guanine nucleotide exchange factors, Rac exchange factor Tiam 1 and

phospholipase Ce'?°

. The most intensively studied effector is the protein serine/threonine
kinase RAF, which is activated by GTP-bound RAS and consequently phosphorylates and
activates mitogen-activated protein kinase kinases 1 and 2 (MEK1 and MEK2). Activated
MEK1/2 subsequently activates the mitogen-activated protein kinases (MAPKs) ERK1 and
ERK2 (extracellular signal-regulated kinases 1 and 2) which interact with transcription

factors regulating cell cycle proteins'®.

The MAPK pathway is activated in colorectal cancer and is involved in the regulation
of apoptosis, cell proliferation, tumour invasion and metastasis’>. In keeping with this,
human primary colorectal cancers demonstrate increased expression of phosphorylated
MEK in 76% of cases, highlighting the potential importance of the RAF-MEK-ERK signalling in

colorectal tumour development*

. As K-RAS mutations are frequently observed in
colorectal cancer (approx. 40%"°) strategies to counter constitutive signalling activity are

under development, including drugs which target MEK1/2.
1.7.1 Pharmacological manipulation by inhibition of MEK1/2

AZD6244, previously known as ARRY-142886, is a potent, selective and ATP
uncompetitive inhibitor of mitogen-activated protein kinase/extracellular signal-regulated
kinase kinase 1/2 kinases (MEK1/2)'?*. MEK inhibition has been shown to produce cell cycle
arrest and BCL-2 regulated apoptosis in B-RAF mutant tumour cells. In addition MEK
inhibitor-induced apoptosis has been found to be dependent upon BIM (BH3 only pro-

123

apoptotic protein) expression, in B-RAF mutant colorectal cancer cells Other studies

have also demonstrated that MEK inhibition induces down-regulation of cyclin D1 with

induction of G1 arrest'®.
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In vitro cell viability inhibition screening studies have shown that tumour cells
harbouring B-RAF and K-RAS mutations are likely to be sensitive to AZD6244'%
Furthermore, chronic dosing with AZD6244 results in growth suppression of tumour bearing
xenografts which harbour Colo-205, Calu-6 and SW-620 transplants possessing either K-RAS
or B-RAF mutations. This contrasts with previously published work showing that mutant B-
RAF cell lines are associated with heightened sensitivity to MEK inhibition using CiI 1040,

124 These

compared to cell lines carrying wild type or K-RAS mutations, which were resistant
data may arise due to differences between the MEK inhibitors AZD6244 and Cl 1040,
however it does raise the possibility that MEK inhibition is perhaps a more appropriate

therapy for B-RAF rather than K-RAS mutant colorectal cancer.

Pharmacodynamic studies have confirmed that the unique substrate of MEK, ERK,
and its subsequent phosphorylation, is inhibited by AZD6244 and is therefore a potential

biomarker for target inhibition'*.

However defining the molecular determinants that
identify patient tumours responsive to MEK inhibition appears more complicated than at
first thought. A recent report has shown that the majority of colorectal cancers carrying B-
RAF or K-RAS (but not wild-type) cancer cell lines show growth inhibition with MEK
inhibition (using U0126 andCI-1040)'%>. However, despite there being a correlation between
ERK activation and B-RAF mutation status in colorectal cell lines and patient colorectal
tumour samples, there was no correlation with K-RAS mutations'®. In addition MEK
inhibitor suppression of soft agar colony formation was not correlated with ERK activity>.
As a consequence ERK activity appears to be an unreliable biomarker of therapeutic

response to MEK inhibition. However, K-RAS and B-RAF mutation status may be useful to

reliably predict patient response to MEK inhibition*%.

It will be of interest to observe how these findings relate to in vivo dosing studies of

AZD6244 in AhCre”* Apc”* K-ras**** GEMMs (Chapter 7). Crucially, and in light of the poor

125

correlation between K-RAS mutation status and ERK activity =, K-RAS can clearly influence

distal mitogenic signalling independent of ERK activity through alternative pathways'®
(e.g.PI3K/AKT). As a result these pathways may need to be targeted alone or in combination

with MEK inhibition if therapy in K-RAS mutant colorectal cancer is to be effective in.
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Interestingly, recent work in the context of B-RAF melanoma has shown on-target
resistance to MEK inhibition arising through reduced drug binding affinity, or enhanced
MEK1 kinase activity (e.g. MEK172%%)*%® which could also have implications for any future

therapeutic role of MEK inhibition in colorectal cancer.
1.8 Apoptotic cell death

