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ABSTRACT

While the role of the EGF family (in particular the HER2 receptor) has been well

documented in human cancers, its role in the progression of canine mammary cancer is less

well understood. Dogs have long been used as models of human disease in the

development of human therapeutics, however the animal health market is only just

beginning to develop animal-specific therapies. This project aimed to survey the expression

of the complete family of EGF receptors and ligands in a range of normal tissues, and also

in benign and malignant canine mammary cancers. In addition to this, the functional role of

HER2 in maintaining transformed canine mammary cancer cells was also explored through

cell proliferation assays, in which cells were treated with specific SMTKls and siRNA. Results

showed that the EGF family was well-distributed throughout normal canine tissues - in

particular in the GI tract - and that inhibiting HER2 with SMTKls and knocking it down with

siRNA caused a decrease in cell proliferation, suggesting the receptor is involved in the

growth of canine mammary cancer cells. These results indicate that the dog may not only

be a more useful model in studying human disease than previously believed, but that the

animal health market may also stand to benefit from the years of research in which

companion animal disease has been somewhat overlooked - a plethora of intermediate

compounds exist which have been evaluated in the search for the most suitable therapies,

and which may be of use in companion animal therapeutics.

xix



Chapter One

CHAPTER ONE

Introduction

1.1. CANCER

1.1.1. The History of Cancer

From modern analysis of the fossil record, there appears to be little reliable evidence to

suggest that cancer afflicted ancient animals (other than some possible evidence in an

Edmontosaurus fossil (Natarajan et al., 2007) and other fossil remains (Capasso,2005)) or

hominids (with the exception of a single Neanderthal skull with what appears to possibly be

a meningioma (Czarnetzki, 1980)) (David & Zimmerman, 2010). This has led some to

suggest that cancer is possibly a modern, man-made disease - a product of our modern

lifestyle and pollution (David & Zimmerman, 2010). However there is some classical

evidence to suggest otherwise. The first recorded instance of cancer as a recognised

disease in medical history was by the ancient Egyptians between 3000-1500 B.C,in which

papyri refer to a number of tumours of the breast. Later, around 400 B.C., the Ancient

Greek physician Hippocrates studied the disease and is widely credited with being the first

physician to distinguish between benign and malignant tumours (Cancer Research UK,

2012).

Little more was understood about cancer for another 2000 years. It was not until the 18th

century that Dr Percival Potts noticed an increased incidence of scrotal cancer in chimney

sweeps, and deduced that a component in soot may be causing the disease. While at the

time nothing could be done to prove this (indeed, it took another century before the

carcinogen in soot could be identified) chimney sweeps were encouraged to wash more

thoroughly, and over time these incidences of scrotal cancer in men dropped. In 1839,

Frenchgynaecologist Recamier described the invasion of cancer cells into the bloodstream,

and coined the term metastasis. Some 50 years later, the x-ray was discovered and found

to be of use in treating cancer - and still is to this day in radiotherapy (CancerResearchUK,

2012).

Despite this advance, it was not until 1953, when James Watson and Francis Crick

discovered the structure of DNA that cells could begin to be truly understood at a

1



Chapter One

molecular level, and since this time there has been an enormous increase in our

understanding of cancer asa diseaseand how we may treat it.

1.1.2. What is Cancer?

The nature of cancer as a diseaseis now better understood, thanks in part to our advanced

understanding of cell biology. 'Cancer' is a term applied to malignant neoplasms, where

cells are able to divide and grow in an uncontrolled manner resulting in the formation of a

tumour. This tumorigenic growth presents a number of problems, among them:

• Tumour enlargement, where the tumour will increase in size. This is often the

primary cause of symptoms in cancer patients, and can have a number of

detrimental effects, from increased pressure on surrounding organs to pain and

discomfort.

• Tumour invasion, where the tumour will project into nearby tissues, embedding

itself more deeply into healthy areas.

• Metastasis, where cells will break off of the primary tumour and travel through the

lymphatic and circulatory systems,eventually forming secondary tumours at other

sites.

In order for a cell to become cancerous, it must undergo a number of transformations

which confer on it a certain set of distinguishing attributes. Hanahan & Weinberg suggest

that there are six hallmarks of cancer (Figure 1.1) (Hanahan& Weinberg, 2000):

1. Self-sufficiency in growth signals: growth signals are typically transferred by

transmembrane receptors which bind specific classesof signalling molecules.

Cancerous cells however show a greatly reduced reliance on this, instead

possessing some inherent growth stimulus or producing their own growth

signals.This reduces their dependence on their normal microenvironment, and

enables their uncontrolled growth. Studies have also shown that the presence

of fusion genes may also allow a cancerous cell to grow in an uncontrollable

manner, for example gene fusion may bring about constitutive activation of

receptors involved in cell growth, or a fusion may attach a promoter to a

particular gene which would then upregulate its expression (Edwards, 2010).

2



Chapter One

2. Insensitivity to antigrowth signals: cancer cells are able to overcome

antigrowth mechanisms, primarily through disruption of the retinoblastoma

protein (pRb) which (in a healthy cell) blocks proliferation through the

inhibition of transcription factors associated with taking a cell from G1 into S-

phase (Weinberg, 1995).

3. Evasion of apoptosis: in order for a collection of cells to form a tumour, in

addition to there being uncontrolled cell growth, there must also be a lack of

cell death. In cancer cells, apoptosis is typically avoided through mutation of

the p53 tumour suppressor gene (found in more than 50% of cancers), which

renders in protein product inactive (Harris, 1996).

4. limitless replicative potential: it has been shown that cells in culture appear to

undergo a certain number of replications, following which they enter into

senescence (Hayflick, 1997). Experiments have shown that disabling the p53

and pRb tumour suppressor proteins causescells to avoid this senescenceand

go into a state termed "crisis" - characterised by massive cell death,

chromosome abnormalities and the occasional emergence of a cell variant

which can multiply without limit (immortalisation) (Wright et al., 1989).

Telomerase activation within cancerous cells is also responsible for cell

immortalization, and has been observed in roughly 90% of human cancers

(Shay& Bacchetti, 1997).

5. Sustained angiogenesis: in many cases,angiogenesis in tumours occurs through

alteration in the gene transcription of growth factors such as vascular

endothelial growth factor (VEGF)and fibroblast growth factor (FGF) which

become upregulated, and/or through the downregulation of inhibitors such as

thrombosponsin-1 or ~-interferon (Singhet al., 1995; Volpert et al., 1997).

6. Tissue invasion and metastasis: metastasis to distant regions of the body from

their original primary sites are the cause of 90%of deaths from cancer (Sporn,

1996). It has been noted that several of the proteins involved in tethering cells

to their surroundings (members of the calcium-dependant cadherein families

and integrins) are altered in cells with invasive and metastatic capabilities

(Aplin et al., 1998), and also that extracellular proteases are upregulated in

3



Chapter One

such cells (Coussens & Werb, 1996; Chambers & Matrisian, 1997). Such

proteases could alter integrin stability and facilitate cell invasion (Werb, 1997).

1 SalfoCUl'ffclenq' In
~wth sl,gnal8 <

Figure 1.1: The functional changes that a

cancer acquires through its development

(Hanahan & Weinberg, 2000).

The World Health Organisation estimated in 2008 that 12.6 million new cases of the

disease were reported (300,000 of which were in the United Kingdom), and roughly 7.6

million people died of cancer worldwide (156,000 in the United Kingdom) (Lyon, France:

International Agency for Research on Cancer, 2010). Of these cancers, lung cancer is the

most commonly diagnosed globally (13%) followed by cancer of the female breast (11%)

(Figure 1.2), with lung, stomach and liver cancers being the most deadly cancers globally

(United Nations, 2009; Lyon, France: International Agency for Research on Cancer, 2010;

Ferlay et al., 2010; Cancer Research UK, 2011b).
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Figure 1.2: The 20 most commonly diagnosed cancer worldwide, 2008 estimates (Cancer

Research UK, 2011b).

In the United Kingdom, the most commonly diagnosed cancers in males are of the prostate

and lung (37,051 cases and 22,846 cases in 2008 respectively) (Figure 1.3a), while in

women the most common are cancers of the breast and lung (47,693 cases and 17,960

cases in 2008 respectively) (Figure 1.3b). All in all, only four cancers account for over half

(54%) of the UK's cancer burden: breast, lung, colorectal, and prostate (Northern Ireland

Statistics and Research Agency, 2008; Office for National Statistics, 2010; Cancer Research

UK, 2011a; ISD Scotland Online, 2011; Welsh Cancer Intelligence and Surveillance Unit,

2011).
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Figure 103: Incidences of cancers diagnosed in the UK in men (A) and women (B) (Cancer

Research UK, 2011a).

* Colorectum including anus
** 3% of all male cases and 4% of all female cases are registered without specification of the
primary site.
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We are becoming increasingly aware of the molecular details of these cancers, and of what

causes them: cancer may develop as a product of environmental factors (e.g. exposure to

carcinogenic substances or harmful levels of radiation), and/or from a genetic

predisposition. In recent years, survival rates for many cancers have improved. Five-year

survival rates in women diagnosed with breast cancer improved by 6% every five years

between 1986 and 1999 to 77%, and survival in men with prostate cancer has increased by

12% every five years between 1986 and 1999 with survival rates increasing from 42% to

65% (Cancer ResearchUK, 2009). However, it should be noted that some of this increased

survival in prostate cancer is due to an increase in diagnosis following the implementation

of the prostate serum antigen (PSA)test, which has made diagnosis of non-life threatening

prostate diseasemore common and somewhat skewed the statistics of this disease relative

to other cancers. A small group of cancers have shown little improvement (and in some

cases, a fall) in survival rates, including brain tumours, multiple myeloma, oesophageal

cancer, cervical cancer, laryngeal cancer, lung cancer (in men) and bladder cancer (Cancer

ResearchUK,2009).

1.2. RECEPTOR TYROSINE KINASES AND CANCER

1.2.1. The Epidermal Growth Factor Receptor Family

Epidermal growth factor (EGF)was originally discovered in the early 1960s, and over the

next two decades further proteins were added to the family (Cohen, 1997), eventually

resulting in the EGFfamily that we know today. The family consists of four membrane-

spanning receptor tyrosine kinases (RTKs),which are widely distributed throughout the

animal kingdom (Stein & Staros, 2006) and (in mammals) are coded for by four genes:

ERSS1, ERBB2, ERSB3 and ERSB4. These receptor proteins which span cell surface

membranes (Herbst, 2004) are activated by various ligands (termed growth factors) that

bind to their extra-cellular domains. This binding brings about receptor dimerization and

the activation of their cytoplasmic domains, where a kinase enzyme transfers a phosphate

group from adenosine triphosphate (ATP) to tyrosine residues (Greenberg et al., 1993),

resulting in the initiation of specific signalling cascadeswithin the cell itself. Until recently it

has been thought that among the EGFreceptors, ERBB3was devoid of kinase activity as it

lacks several key conserved residues involved in phosphorylation. However, some studies
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appear to suggest that HER3 does retain some kinase activity of its own (Prigent & Gullick,

1994; Shi et 0/., 2010).

In addition to the four receptors, there are eleven genes within the family which encode

soluble ligands including transforming growth factor alpha (TGF-a), amphiregulin,

betacellulin, epigen, epiregulin, EGF, heparin-binding EGF-like growth factor (HB-EGF) and

the neuregulin family (NRGs 1-4). These have a high affinity for their receptors due to the

presence of an EGF-like binding domain within their structure, containing six cysteine

residues that are characteristically spaced, so that they form three disulphide bridges

within the ligand (Linggi & Carpenter, 2006; Fuller et 0/., 2008). These ligands are

synthesised as membrane proteins that are inserted into the plasma membrane, and

subsequently cleaved by cell surfaces proteases to release the mature form of the protein

(Harris et 0/., 2003). The cleaved, mature ligands bind specifically to certain combinations

of EGF receptors (Table 1.1), and depending on which ligand binds to which receptor (and

the resulting dimer), the outcome ofthe signalling cascade will differ.

Table 1.1 - Growth factor binding specificities in the EGFfamily
Ligand EGFR HER2 HER3 HER4

TGF-a ./ x x x

Amphiregulin ./ le le le

Betacellulin ./ le le ./

Epigen ./ le le le

Epiregulin ./ x le ./

EGF ./ x le le

HB-EGF ./ le le ./

NRGl le le ./ ./

NRG2 le le ./ ./

NRG3 x x x ./

NRG4 x x x ./

(Linggi & Carpenter, 2006)

Alternative splicing within the family gives rise to a number of isoforms of both receptors

and ligands. For example there are at least 15 known isoforms of NRG1 (Buonanno &

Fischbach, 2001; Falls, 2003a), and a number of isoforms of the HER4 receptor: JM-a, -b, -c

and -d (which are generated through alternative splicing of exons 16 and 15b), and these

may be combined with CYT-l and-2 {which, through the alternative splicing of exon 26,
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mayor may not encode a 16 amino acid signalling motif) (Veikkolainen et al., 2011). These

different isoforms can confer different functions on the receptor. For instance, JM-a CYT-2

is capable of ligand-independent activation and promotion of cell growth, while its non-

cleavable counterpart JM-b CYT-2 is not (Sundvall et al., 2010). When expressed in cultured

cells the JM-a CYT-2 isoform also promotes survival in serum-starved rat fibroblasts, while

the JM-b CYT-2 isoform stimulates (rather than supresses) starvation-induced apoptosis

(Maatta et at., 2006; Sundvall et al., 2010). Furthermore, the p9SHER2 isoform (which lacks

the extracellular portion of the receptor and the Trastuzumab binding epitope) has also

been described, and is present in 60% of tumours (Molina et al., 2002; Anido et al., 2006;

Scaltriti et al., 2007).

While some isoforms are examples of splicing occurring as a normal process, they may also

be the product of an aberrant event within the cell. An example of such aberrant splicing

has given rise to an oncogenic form of HER2: HER2616. This isoform, originally detected in

several HER-overexpressing breast cancer cell lines (Kwong & Hung, 1998; Siegel et al.,

1999) and primary tumours (Siegel et al., 1999; Castiglioni et ol., 2006), harbours enhanced

transforming activity when compared with wild type HER2, and is associated with

Trastuzumab resistance (Mitra et al., 2009).

1.2.2. EGFRStructure, Activation and Cell Signalling

The family of four EGF receptors are closely related in their structure, with each composed

of an extracellular domain, a transmembrane domain, a juxtamembrane domain, an

intracellular tyrosine kinase domain, and a C-terminal regulatory region (Burgess et al.,

2003). The extracellular domain consists of two homologous L domains, and two cysteine

rich (CR) domains (Ward & Garrett, 2001): arranged in the order L1-CR1-L2-CR2. These are

also typically annotated as domains I-II-lll-IV (Lax et ot., 1988) (Figure 1.4). For EGFR,HER3

and HER4, the inactive conformation is oriented in such a way that the dimerization arm of

region II is unavailable for binding to a partner (it is "tethered" to domain IV), preventing

the formation of homo or heterodimers among the receptors. This is not the case with

HER2, which (in its equivalent inactive state, in the absence of a ligand) has its domains I

and III aligned in close proximity (Figure 1.5). This makes ligand binding impossible, and

explains why HER2 has no ligand.
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Durin the acti ation process (Figure 1.6) ligand binding between domains I and '" causes a

rigid bod rotation ith n the e tracellular portion of the receptor, where the two l

dam ins (I and III) rot te roughly 130· counter-clockwise, exposing the first CR domain, or

dimerizat on arm (domain II) (Burgess et ot., 2003). This rotational movement of the

extracellu ar domain brea s the intramolecular tether between the two eR domains II and

IV, it th ligand binding to the two l domains lends this extended configuration greater

th rmost bility. Upon contact with another similarly activated receptor, the two CRl

dom ns (dam in II) Interact intermolecularly and "hook together" to form a dimer

(Burg ss t 01.,2(03).

A B c o

F' ur 1.6: Con arm 'on I ch n in th extracellular portions of members of th EGF

i tion b a ligand. A: ligand binding b tw n domains I and

xtrac IIular portion and xpo es th

tor ceptors may bind tog th r. Top: ribbon diagram;

rtoon i r m (F rguson et 01., 2003b).



Chapter One

intrac I ular in se nd CR2(IV) domains (Jorissenet 01., 2003). Following such activation,

autophosphorylation of specific tyrosine residues occurs at the intracellular C-terminal

dom in, nd do nstream signalling pathways (including Ras/Raf/ mitogen-activated

protein inase ( P) and the phosphatidylinositol 3-kinase (PI3K)/Akt pathway, among

oth rs) re et t d. In rest ngly, the EGFreceptor does not require phosphorylation for

ull nzym tic ctiv tv, hile some tyrosine kinases (such as insulin receptor, fibroblast

ro h patocyte growth factor receptor (MET)) do (Gotoh et

01., 1992; ubb rd er 0/., 199 ,.

One ptors of the EGFfamily are able to transmit signals from the

tr c lIu r n ironment 0 the nsde of the cell. This signalling is able to occur through

hr m ch nisms: p r crin , utocr ne and juxtacrine signalling (Figure 1.7).

mp of p r crin sign lIing in the EGFfamily is found in the development

of n norm I c rdiac morphogenesis, the endocardium signals to the

m 0 r, th s la rs of tissue are separated by connective tissue and not in

dlr art, NRG1 is produced in endocardial

lis sed in the cells of the myocardium. This

nth two cell types. In mouse models in which NRGI

It ou d et d t in ddition to thi role in formation of foetal heart, NRGsalso playa

Juxt crin

nd u t crin c II n llin . Ad pt d rom (Ab , 2(00).
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prominent role in signalling in adult heart and in the nervous system (Gullick, 2001; Falls,

zoose).

Autocrine signalling has been well documented amongst the NRGs in a number of cell

types, such as developing muscle where NRGl activation of HER2and HER3on the cell

surface generates a signal which activates synaptic expression of acetylcholine receptor.

This would suggest that autocrine signalling plays a role in regulating neuromuscular

synapse development (Moscoso et al., 1995). Autocrine signalling of NRGshas also been

observed in transformed cells (Gollamudi et al., 2004), in a number of breast cancer cell

lines (Lupu et al., 1996) and in a great deal of ovarian and colon cancer cells (Gilmour et al.,

2001).

Juxtacrine signalling amongst members of the EGFfamily has also been shown to occur.

The membrane-tethered precursor ProHB-EGFcan only act in a juxtacrine fashion via cell-

cell interactions with neighbouring cells. Once cleaved by ectodomain shedding however,

HB-EGFis able to diffuse to distant sites and act in a paracrine fashion (Higashiyama et al.,

2008; Higashiyama et al., 2011). Similarly, experiments have also shown that the

membrane-anchored form of TGFa (proTGFa) is biologically active through a

juxtamembrane mechanism (Brachmann et al., 1989; Wong et al., 1989; Anklesaria et al.,

1990).

1.2.3. The Type 1 Growth Factor Receptor Family and Cancer

It is now apparent that alterations to oncogenes, tumour suppressor genes and micro RNA

genes can collectively lead to cell transformation. One class of these are the members of

the epidermal growth factor family which can be activated by overexpression and/or

mutation. Mutations within the extracellular transmembrane or kinase domain of RTKscan

stimulate ligand-independent activation of the receptor (Zwick et al., 2001). Tumour

suppressor genes on the other hand normally inhibit the formation of tumours in a healthy

individual (Zhang et al., 2007), however inactivating mutations in these genes can cause

them to lose their inhibitory effect that they normally provide and contribute to the

development of various cancers. Gene fusions have also been observed in kinasesof other

families (notably RETand NRTKl in thyroid carcinomas (Alberti et al., 2003)) and it has

been suggested that fusions within tyrosine kinases may cause constitutive receptor

activation through the creation of receptors which are constitutively dimerized (Edwards,
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2010}. Literature searches currently show no evidence of gene fusions within the EGF

receptors, however chromosome translocations have been observed in NRGl where

translocation has fused the 3' end of NRGl (including the receptor-binding domain)

downstream of ODZ4. This fusion creates a secreted protein (known as v-Heregulin) which

shows biological activity (Schaefer et al., 1997; Liu et al., 1999; Wang et al., 1999).

1.2.3.1. HER2and Cancer

The role of HER2 has been well documented in human disease. The receptor is known to be

overexpressed in roughly 15%-20% of breast cancers, and its presence is strongly

associated with aggressive disease and recurrence (Slamon et al., 1987) (Figure 1.8). HER2

overexpression has also been observed in cancers of the ovary (Hellstrom et al., 2001),

stomach (Kameda et al., 1990; Lemoine et al., 1991), bladder (Simon et al., 2003; Latif et

al., 2004; KrUger et al., 2005; Matsubara et al., 2008) and aggressive cancer of the uterus,

such as endometrial carcinoma (Santin, 2003; Santin et al., 2005; Diaz-Montes et al., 2006).

Figure 1.8: HER2 overexpression in human breast cancer determined by

immunohistochemical staining, (Moelans et al., 2011).

Overexpression and/or over activity of the HER2 receptor is caused by a number of

mechanisms (Figure 1.9):

• Gene amplification: where additional copies of the HER2gene are produced.

• Increased transcription: leading to increased mRNA levels.

14



Chapter One

• Point mutations: which may lead to the constitutive activation of the receptor.

In addition to the above direct mechanisms of over expression, over activity of HER2 may

also be caused by over expression of a ligand which targets a receptor for which HER2 is a

binding partner. These mechanisms have been documented in both cases of human cancer

and in cultured cells. Gene amplification has frequently been shown to occur in the

tumours of patients with breast cancer (Harbeck et ol., 1999; Lyon et al., 2001; Meng et al.,

2004; Page et al., 2011) and in cultured cell lines such as T-47D and SKBR3 (Lyon et al.,

2001). Similarly, cultured cells have been valuable in demonstrating the effect of mutation

on the HER2 receptor. Often these mutations can bring about constitutive activation, not

requiring a ligand for receptor phosphorylation (Shigematsu et al., 2005; Wang et al.,

2006), essentially meaning the receptor is continually signalling to the cell.

Overexpression of a ligand
which targets a HERl binding partner

~r~pr_S~~
,-Jy_l_,

Increased (f-I" "
Transcription\. -,
Hicher mRNA leve1s '''''~-"' .......

constitutive activation

\HER2gene
jAmplificatio

/ Increased le

Figure 1.9: Causes of HER2 overexpression and over activation: gene amplification,

increased transcription, point mutations leading to constitutive activation, overexpression
of a ligand which targets a binding partner for HER2.
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1.3. CANCER THERAPIES

1.3.1. "AnOunce of Prevention is Worth a Pound of Cure"
- Benjamin Franklin (1706-1790)

To prevent disease is always a better way to manage health than to treat a patient who is

already ill. It is not only more cost effective to both the patient and any insurance or public

healthcare service available to them, but will also prevent the need for distressing or

painful therapies which may cause harm to undiseased tissues through their adverse

effects.

Recent years have seen the advent of a number of vaccines and public health campaigns

encouraging patients to take measures which could prevent them developing or acquiring

cancers. It is estimated that every year, over 500,000 casesof cervical cancer (caused by

strains of the human papillomavirus [HPV]) are reported globally, resulting in an estimated

200,000 deaths, thus making cervical cancer the second-most common cause of female

cancer mortality worldwide (World Health Organisation, 2009). The first HPV vaccine

(called Gardasil), for example, was initially researched in the 1980s and eventually

developed by Merck. It was approved for marketing in 2006 by the United States Food and

Drug Administration (United States Food & Drug Administration, 2006) and as of 2007 was

approved in over 80 countries. The subsequent Cervarix vaccine from GlaxoSmithKlinewas

approved for use in September 2007 by the European Union and Australia (Reuters, 2007)

and in the United States in 2009 (United States Food & Drug Administration, 2009). The

vaccines are aimed at young women with the aim to prevent infection with

papillomaviruses that have been shown to causecervical dysplasias (which may progress to

cervical cancers), genital warts and other rarer types of HPV-associatedcancers.

Globally, public health campaigns have addressed the fact that we encounter numerous

carcinogenic substances on a daily basiswhich we can control our intake of. Smoking has

long been known to be a cause of lung cancer, poor diets (such as those low in fibre or

vitamins and minerals) and alcoholism have been linked to incidences of colon and liver

cancer respectively, and exposure to ultraviolet rays through sunbathing or (increasingly)

the use of tanning beds have been linked to the development of melanomas.

However there is only so much an early warning will achieve: old habits are hard to break,

and eventually there comes a point where cancer prevention becomes an exercise in social
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change. In cases where people may not heed the warnings, or in some cases feel they

cannot (for example where a patient may have a prior addiction to a substance such as

alcohol or nicotine), if a cancer develops the diseasemust be treated.

1.3.2. Treating an Established Disease

Surgery and radiotherapy are most commonly used to treat patients suffering from cancer,

to excise any tumours and destroy any remaining cells. Chemotherapy is generally used

when it is either known that or there is a fear that a cancer may have metastasised, and is

generally a prolonged treatment with numerous cytotoxic adverse effects. A number of

different types of chemotherapeutics exist, which can broadly be grouped into two

categories: therapies which target generic processes (such as alkylating agents, anti-

metabolites, plant alkaloids and topoisomerase inhibitors) and targeted agents (including

small molecule drugs and biologicals - of which antibody therapies are the most common).

1.3.2.1. Smallmoleculetyrosine kinase Inhibitors

The EGF receptors have been extensively studied in human cancers, and consequently

many target-specific therapies have been developed to combat their effects. There is now a

growing class of anti-cancer agents aimed at inhibiting the action of the RTKswhich are

often over-expressed, or are overactive through the increased expression of ligands, or

through activating mutations. These drugs are known as tyrosine kinase inhibitors (TKls),

and many have only recently been approved for clinical use in the past decade following

early work in the 1980s.

Small molecule drugs have lost some popularity amongst pharmaceutical companies, as

many early ones still carried side effects with them. Biological drugs (such as antibodies)

showed fewer side effects whilst still being effective (Herceptin shows few adverse effects,

other than occasional cardiotoxicity). There is, however, a greater focus now on producing

small molecule drugs which are as effective with fewer side effects, so that a patient may

continue to live their normal day-to-day life whilst therapy is on-going - in essence, the

patient would be living with their cancer.

TKlsmay operate ascompetitors with either ATP(suchasCanertinib - an inhibitor of EGFR,

HER2and HER4(Slichenmyer et al., 2001)), or as competitors with a phosphorylating entity

or a substrate, or they may function as allosteric inhibitors, by binding outside of the active
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site and inducing or prohibiting conformational change (such as (1-1040 - an inhibitor of

MEKl and MEK2 (Ohren et al.,2004)).

1.3.2.2. Antibody Therapies

Other therapies that may target the EGFfamily of receptors include monoclonal antibodies,

which despite having a different mechanism of action to small-molecule tyrosine kinase

inhibitors also inhibit the proliferation of cancerous cells. Such antibodies can be broadly

categorised into three therapies (Figure 1.10).

I
I
I
I
I
I
I
I
I
I
1.----------------../ I Cellular immunoconjugates I

Figure 1.10: Antibody therapies. Three primary therapeutic areas exist: monoclonal

antibodies, immunoconjugates and multi-step targeted approaches.
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Monoclonal antibodies
Monoclonal antibodies are those which lack any kind of conjugate (for example, Herceptin

and Pertuzumab). The binding of these naked antibodies to a cell surface antigen may

induce antibody-mediated toxicity within the patient, where macrophages and natural

killer cells are attracted to the cancerous cells to which the antibodies have bound. The

immune system then destroys the cells associated with the tumour. Naked monoclonal
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antibodies may also act by inhibiting the activation of certain receptors through steric

hindrance. This is the case with Pertuzumab, where binding of the antibody to the

extracellular domain of HER2prevents the formation of hetero- or homo-dimers with other

receptors and inhibiting receptor phosphorylation (Schaefer et al., 1997; Agus et al., 2002;

Mendoza et al., 2002; Jacksonet al., 2004; Takai et al., 2005). While numerous possibilities

for Herceptin's mechanism of action have been postulated (including the initiation of

antibody-mediated cell cytotoxicity (Clynes et al., 2000), the suppression of angiogenesis

and HER2ectodomain cleavage (Albanell et al., 2003)), the mechanism is still not yet fully

understood.

Immunoconjugates
Immunoconjugates may take many forms, but all share one common feature - the

antibody in question is conjugated to a cytotoxic agent, or an agent which is capable of

converting a non-toxic agent into a cytotoxic agent (as is the case with antibody-direct

enzyme prodrug therapy [ADEPT)).Toxins (such as ricin, diphtheria toxin (Esworthy &

Neville, 1984) or pseudomonal exotoxin (Bjorn et al., 1986)) may be conjugated to

monoclonal antibodies specific to antigens associated with a tumour, which destroy the

cancerous cells upon their internalisation. However the risk that monoclonal antibodies

may not be specific enough to prevent adverse effects brought about by the destruction of

healthy cells has precluded many therapies of this type from being licensed. There is

currently only one such therapy available for treatment: gemtuzumab ozogamicin makes

use of a highly cytotoxic agent from the calicheamicin class and is used to treat patients

over the age of 60 in first relapse suffering from acute mylogenous leukaemia (AML) (Bross

et al., 2001). The toxin cleaves double-stranded DNA, eventually leading to apoptosis

(Ikemoto et al., 1995).

Alternatively, a radionuclide may be conjugated to the antibody. This has proven effective

in the treatment of lymphomas due to their sensitivity to radiolabels (Park & Press,2007).

Radioactive isotopes with short half-lives (typically around 7-8 days) are chosen and

conjugated to murine antibodies, as these are rapidly cleared from the patient's body.

In ADEPT,a drug-activating enzyme is conjugated to a monoclonal antibody through either

chemical or recombinant methods. The antibody-enzyme conjugate is administered

intravenously to a patient, whereupon it binds to specific targets on tumour cells. Several

hours later an inactive form of a cancer drug is administered. The enzyme conjugated to
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the antibody allows for the prodrug to be converted to its active state in close proximity to

the cells (Bagshawe et al., 1994). Advantages of this therapy are that the drug can be

targeted directly to cells, rather than having a biologically active therapeutic flowing

throughout the entire body, where it may have a greater chance of affecting healthy

tissues.

Other immunoconjugates include immunoliposomes (where a liposome containing a

therapy is conjugated to a single-chain variable fragment antibody [sc-Fv)) (Park et al.,

2001; Park et al., 2002; Mamot et al., 2003), immunocytokines (where a cytokine is

conjugated to an antibody and can stimulate an immune response against a tumour) (Lode

et al., 1998; Gillies et al., 200S) and cellular immunoconjugates (where an antibody is

conjugated to a natural killer cell) (Shiraiwa et al., 1991).

Multistep targeted approaches
Similarly to immunoconjugates, multistep targeted approaches rely on the addition of

cytotoxic substancesto antibodies in order to exert their antiproliferative effects. However

they differ from immunoconjugates in that the cytotoxic substances are not conjugates

directly to the antibody, but through the application of intermediate binding agents which

have a high affinity for each other (for example, streptavidin and biotin). Radionuclidescan

be applied to cancerous growths in this manner (Schuhmacheret al., 1995).

Current Antibody Therapies
While these therapies may seem varied and promising, few have yet to reach the market.

Thus far, simple monoclonal antibody therapies have had the most successwith drugs such

as Herceptin (Trastuzumab), Erbitux (Certuximab) and Rituxan/MabThera (Rituximab) to

name but a few. Of the other immunotherapies described in this chapter, only

radioimmunoconjugates have reached promising stages in clinical trials with Ibritumomab

tiuxetan (Shipley et al., 2009) and Tositumomab (Kaminskiet al., 2005) having shown some

promise. It also worth mentioning the newly-developed therapy Trastuzumab emtansine

(T-OM1), in which Trastuzumab has been conjugated to a microtubule polymerization

inhibitor (Girish et 01.).PhaseII studies have shown that T-OMl has response rates of 26%-

35% in patients with metastatic breast cancer who have previously received HER2therapies

(Girish et al.; Burris et al., 2011).
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1.2.3. DrugResistance

Despite the advanceswhich have brought such effective drugs to the market, many cancers

have been able to develop resistance to these therapies. Such resistance may exist as a de

novo mutation, or be acquired through exposure to a chemotherapeutic agent a result of

the selective pressure of TKls following an initially responsive treatment. De novo

resistance to doxorubicin has been documented in patients with pS3 mutations (Aas et 0/.,

1996), while acquired resistance has been observed with the T790M mutation of EGFR,

which has been documented in non-small cell lung cancer (NSCLC).The mutation affects a

specific threonine residue (known as the "gatekeeper" residue) which is substituted with a

methionine, and it is believed that its mutation blocks the TKI binding site, preventing

inhibitor binding (Kwak et 0/., 2005; Pao et 0/., 2005). However the fact that other drugs

have been documented binding to this mutant (Carter, 2001; Greulich et 0/., 2005; Kwak et

0/., 2005; Sequist, 2007), would suggest that other mechanisms are in play. It has been

suggested that this mutant may have an increased affinity for ATPcompared to the wild

type (Vun et 0/., 2008), and that the problem with this mutant may not be its inability to

bind TKls, but rather its increased affinity for ATP relative to those TKls. Cancers which

express this mutant are normally responsive to therapy in the first instance - Gefitinib and

Erlotinib have been shown to be active against non-small cell lung cancers with mutations

which confer anti-apoptotic properties (Pao et 0/., 2004; Sordella et 0/., 2004) - however

the subsequent T790M mutation renders the cells resistant to treatment with these drugs.

Such resistant effects have also been observed in antibody therapies, including

Trastuzumab (Herceptin). Only 33%of patients who receive single agent Trastuzumab with

metastatic breast cancers which overexpress HER2 respond to treatment (Vogel et 0/.,

2002). Numerous theories for this resistance have been proposed, such as the presence of

compensatory and/or aberrant signalling pathways within the cells. It has also been

demonstrated that Trastuzumab cannot inhibit tumour cell proliferation in cells which are

EGFR-activatedthrough autocrine signalling (Lane et 0/., 2000), or prevent ligand-induced

signalling from heterodimers of which HER2 is a component (Motoyama et 0/., 2002).

Experimental results suggest that ligands of the EGFfamily make it possible for cells to

overcome Trastuzumab-inhibition by activating alternative combinations of homo- and

heterodimers, which is made further possible when one considers that the antibody binds

to a region of HER2that is not involved in the formation of dimers.
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Often, therapeutic resistancecorrelates with the downregulation of intracellular EGF-family

signalling such as the mitogen-activated protein kinase (MAPK) and phosphoinositide 3-

kinase-protein kinase B (PI3K-AKT)pathways. It has been suggested that the aberrant

signalling of these pathways could account for resistance against both Trastuzumab and

EGF-receptortargeted therapies (Janmaat et 0/., 2003). To further lend credence to this, it

has been observed that activation of AKT, or the loss (or mutation) of phosphatase and

tensin homolog (PTEN- the negative regulator of PI3K)have been found to be causesof

tumour cell resistance (Sheet 0/., 2003). This would further suggest that mutation within

these pathways may have an important role in the efficacy of anti-tumour therapies.

1.4. CANINE CANCER

1.4.1. Causes and Epidemiology

A quarter of all dogs will develop cancer at some time in their life, with this figure rising to

50% in dogs which live to ten years of age or older (European Society of Veterinary

Oncology, 2010). This is twice the incidence of cancer in humans - the reason for which is

not yet understood, although numerous possibilities exist.

1.4.1.1. Carcinogens and Age

Exposure to carcinogens in our day to day lifestyle frequently has a greater impact on our

pets than us. Many pet owners frequently spray fertilizers on their lawns, which pets will

interact with to a greater extent and subsequently be exposed to the carcinogens that they

contain. Some studies have shown that pet foods may contain mutagens and carcinogens

(such as heterocyclic amines) as a by-product of high temperatures associated with pet

food production, that could potentially be harmful to companion animals (Knize et 0/.,

2003). Dogsare also vulnerable to the effects of passivesmoking by their owners, and the

longer filtration systems found in their nasal cavities can make dogs more likely to be

affected by the deposition of carcinogenic particles found in the air which are associated

with tobacco smoke and car exhaust (Kelseyet 0/., 1998).

Advances in veterinary care have also lead to an increase in the life expectancy of many

companion animals. Cancerstypically associated with old age in humans, such as prostate

cancer, are being increasingly diagnosed in our geriatric pets (Waters et 0/., 1996).
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1.4.1.2. The Problem with Pedigree

Typically a dog population must meet three criteria in order to be considered a distinct

breed (Arman, 2007):

1. They should be descended from a particular ancestry;

2. They should have a utility for which they serve humans; and,

3. They should be of a distinct type which lends all members of the breed a similar

physical appearance.

Over the course of the is" century, the governing bodies of the Kennel Club and the

various breed societies have focused these requirements primarily on ancestry and

typology, with little regard for the utility of a breed or its health (Arman, 2007). This has led

to pedigrees of dog undergoing stringent selective breeding in order to produce dogs which

adhere to these standards, with this breeding increasingly being conducted from a limited

gene pool of "suitable" dogs. Consequently, pedigree show dogs are often much different

in appearance to their working ancestors (Figure 1.11).

In 2008, a BBC documentary "Pedigree Dogs Exposed" (BBC Television, 2008) highlighted

and investigated the health and welfare issues that pedigree dogs in the United Kingdom

currently face. It was found that in the UK a worrying degree of inbreeding was taking place

owing to the diminishing gene pools which were considered "pure" enough by Kennel Club

standards to breed suitable show dogs from. This problem has been further compounded

by some breeders culling puppies for cosmetic reasons (although this is now banned by the

Kennel Club). This caused breeders to mate dogs in manners that included mother/son and

father/daughter pairings, meaning that it is not uncommon for a dog to be both father and

grandfather to a puppy {although the Kennel Club revised their breed standards and

banned this practice in 2009 (Kennel Club, 2009)). These common sires or bitches which are

used in breeding may carry unnoticeable recessive genetic disorders, which could then be

expressed in the offspring. With some breeds, the problem in the UK has become worrying:

a recent study by University College london found that although there are roughly 10,000

pugs in the country, there are essentially only 50 genetically unique individuals among

them (BBC News, 2008).
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Figure 1.11: Working dogs

and showtheir

counterparts. It can be

seen how selective

breeding for cosmetic

purposes has severely

altered the appearance of

many breeds. A: the

original Bulldog was taller,

and lacked the flat face,

bowed legs and under bite

of its modern-day

counterpart; B: the

Neapolitan Mastiff was

originally a war dog bred

for strength, but selective

breeding has brought

about exaggerated skin

folds on the face; C: the

original basset hound was

higher off of the ground,

with less excess skin

around the jaws and face;

0: the original Bull Terrier

had a concave snout

shape and was higher off

the ground than its

modern counterpart,

which is lower set in its

hind legs and has an "egg-

shaped" snout and

triangular eyes.

Sources: A: Bulldog (left) painting by Philip Reinagle, 1790, (right) from the British Bulldog Club
(British Bulldog Club Inc, 2011); B: Neapolitan Mastiff (left) from breeder's website (Tornabene's
Bandogge Mastiffs and Performance Neapolitan Mastiffs, 2011), (right) from the UK Neapolitan
Mastiff Club (UK Neapolitan Mastiff Club, 2005), C: Basset Hound (left) from "II Basset Hound"
by Ernesto & Giovanna Capra (Capra & Capra, De Vecchi, 1991), (right) from the UK Basset
Hound Club (The Basset Hound Club, 2011; Cancer Research UK, 2011b); 0: Bull Terrier (left)
from "Dogs of All Nations" by Walter E. Mason (Mason, Kessinger Publishing, 1915; BBC
Television, 2008), (right) from the Bull Terrier Club UK(The Bull Terrier Club, 2002).
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While this degree of inbreeding frequently produces dogs with the strict physical

exaggerations that are often required in the show world, it is easy to see from a genetic

point of view what detrimental effects this could have on breed health as a whole. Indeed,

the BBCdocumentary highlighted a number of physical conditions and diseaseswhich had

become breed specific through generations of inbreeding, including:

• High incidences of syringomyelia in Cavalier King Charles Spaniels: a condition in

which the brain is essentially too large for the cranium and may herniate, causinga

blockage in the flow of cerebrospinal fluid. A recent study found that 70% of

Cavalier KingCharlesSpanielsover the age of 6 could be affected by the condition

(Parker et al., 2011). In addition it is estimated that 40% of this breed may be

affected by heart murmurs, with mitral valve disease being the cause of 93% of

murmurs (Chetboul et al., 2004).

• Increased incidences of juvenile kidney diseaseand heart diseasewere detected in

pedigree Boxerswith common, inbred ancestry.

• Pugs were found to suffer from a catalogue of physical defects including slipped

kneecaps, hiatus herniae of the stomach, collapsed larynxes, palate dismorphias,

narrow nasal passages,dermatitis and infections in the skin folds of the face, in-

rolling of the lower eyelids and curvatures of the spine which are partly caused by

the desire for pugs to havea "double twist, corkscrew" tail.

• Dalmatians had lost a gene over the course of their evolution which allowed them

to produce the uricase enzyme which breaks down uric acid. This causes

Dalmatians to suffer from hyperuricemia, which can cause urate stone disease- a

problem which can have sudden and fatal consequences.Urologic diseaseaccounts

for 10.7%of all reported disease in the UKDalmatian population, with urate stones

being the second most common causeof such disease (The British Dalmatian Club,

2009). Somework has been carried out to replace this gene: a Dalmatian was first

crossedwith an EnglishPointer to replace the gene, and subsequently back crossed

with pure Dalmatians for several generations to bring back the distinctive breed

phenotype.
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Along with the physiological issues and diseases highlighted above, pedigree dogs may also

be vulnerable to certain cancers (the most common of which are summarised in Figure 1.12

and Table 1.2). Studies have shown that in bitches, the most common cancer appears to be

of the mammary gland, with this accounting for 51%-70% of diagnosed disease. In male

dogs, cancers of connective tissues and Non-Hodgkin's lymphoma are fairly common with

incidences of 13%-17% and 10%-20% respectively (Dorn et 01., 1968; Kelsey et 01., 1998;

Merlo et 01.,2008).

DolJS- Male Ooos·
Cf96S-196G) (196S--1966)

Caooer %ottotaJ caneer % oftD1a1

Breast 5\ Comective UmJe 17

Connective tissue 9 Tastis 16
Ma&gnant melanoma of skin 8 Malignant. melanoma of skin 14
Lymphoma 6 Mouth 8f1d pharynx 10
Mouth an<! pharynx 5 Lvmpnoma 10
eiRary passages and fiver 2 Bone 4
Bone 2 Stomach and jntes.tines 3

Figure 1.12: Incidences of cancer in pet dogs (left: female; right: male). Data from

Californian pets, 1963-1968. Adapted from (Dorn et 01.,1968; Kelsey et 01.,1998).

Table 1.2 - Incidences of cancer in pet dogs, as found by the Animal Tumour
Registry of Genoa, Italy (1985-2002)

Site Male% Female%

Lip, oral cavity, pharynx 10.5 2.6

Digestive organs, peritoneum 5.2 2.6

Respiratory, intrathoracic organs 1.9 1.0

Bones and articular cartilage 3.6 2.0

Skin (excluding melanoma) 19.2 3.8

Connective tissue and other soft 13.2 4.6

tissue

Skin melanoma 0.7 0.2

Mammary 2.2 70.5

Female genitourinary organs N/A 1.6

Prostate 0.7 N/A

Male genitourinary organs 16.8 N/A

Non-Hodgkin's lymphoma 20.1 8.4

Other sites 6.0 2.6

Adapted from (Merlo et al., 2008)
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In some cases, there appears to be some degree of breed predisposition to certain

malignancies. Pointers, Poodles and Cocker Spaniels have shown high incidences of

mammary cancers (Ostrander et al., 2000) and brachycephalic breeds such as Pugs,Boxers

and Shar-Peis have higher incidences of primary brain tumours (Merck, 2010). When the

extensive inbreeding of pedigree dogs is considered, it is easy to see how recessivegenes

may be passed down and accumulated within a breed, leading to these breed-specific

diseasetendencies.

Some breed specific cancers may also develop as a consequence of the phenotype for

which the breeding has selected - large and giant breeds such as Great Danes and Saint

Bernards frequently develop osteosarcomas (Ostrander et al., 2000) for example. Theseare

often found near the growth plates of bones, suggesting that they are perhaps a product of

the extreme levels of growth that large breed dogs must undergo to attain their size.

Osteosarcomas are also regularly seen in Greyhounds, with one study showing that the

leading cause of death in retired Greyhounds was cancer (with 25%of those cancers being

osteosarcomas) (Lord et al., 2007), perhaps owing to their delicate skeletal structure which

is often subject to great stressesupon their musculoskeletal tissues in racing.

Despite recent changes to Kennel Club standards, the problems that inbreeding and

selective breeding causeare still rife amongst the canine population. As it stands in the UK,

there is as yet no legislation preventing the inbreeding of dogs or the culling of puppies for

cosmetic reasons and so the situation is unlikely to changeanytime soon.

1.4.1.3. Papillomaviruses and Canine Cancer

Dogsare also vulnerable to various papillomaviruses, which can induce the growth of viral

plaques in dogs. Certain breeds, such as Pugs and Miniature Schnauzers, appear to be

predisposed to this plaque growth, while in most other breeds they only appear in

immunosuppressed dogs. These plaques may eventually become in situ or invasive

carcinomas, although this neoplastic transformation is relatively rare (Munday & Kiupel,

2010). Canine oral papillomavirus (COPV) induces the growth of papillomas in the oro-

pharynx of dogs, which can occasionally progress to squamous cell carcinomas (Nicholls &

Stanley, 1999; Campo, 2002).
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Chemotherapy is well-known to be an expensive treatment in humans, and some

individuals may find justifying such an expense for a pet difficult. However, the market for

pet insurance has made these costs more manageable for pet owners. Since the first pet

insurance premium was sold in Britain in 1947, the UK's pet insurance market has grown

substantially with some 23% of pets now being insured, and is now second only to Sweden

in terms of policies sold (Kroger Pet Insurance, 2012). In the UK, pet insurance is widely

available to buy not only from specialist insurance companies but also from many high

street outlets and shops (Figure 1.13).

Figures show that in 2005, 34% of all UK pets insured were dogs - making them the most

commonly insured pets (Mintel Reports Summary, 2005). In the United States, pets are also

frequently insured: in 2008, it was estimated that roughly 800,000 pets were insured

(0.52% of the estimated US pet population), with a total direct premium across the country

of US$272 million - this represented a growth of 18% between 2003 and 2008 (Embrace

Pet Insurance, 2009). Recent reports have also suggested that US pet owners are also

,'w-, Pet Insurance
"Vets bills
are so
expensive"

Pet Insurance

Figure 1.13: Pet insurance is widely available in the UK from high street vendors.
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spending more than ever on their pets: the American Pet Products Association reported

that general spending (including pet accessories,and services such asgrooming, pet sitting

and walking) on US pets surpassed US$50 billion in 2011 (American Pet Products

Association, 2012), with spending on pet insurance in the same year estimated at US$450

million (BBCNews, 2012) (a 65% increase since 2008) and further forecast to reach US$664

million by 2012 (a further 44% increase) (EmbracePet Insurance, 2009).

This rapidly growing market in pet insurance has helped to spur on growth in the animal

health industry (Mintel Reports Summary, 2008), and lead to the development of a number

of pet-specific therapies, from de-worming and anti-parasite treatment, to motion sickness

tablets, to the more recently emerging chemotherapeutics: Palladia,Masivet and Oncept.

1.4.3. Treatment

Canine cancers are treatable, although until recently most treatments revolved around

simple excision surgeries and radiotherapies. Using chemotherapeutics to treat canine

malignancies is a relatively new practice, and there is still no firmly established standard of

care for their use. Currently chemotherapeutics designed for humans have been most

commonly used to treat dogs, with canine mast cell tumours being the cancer most

commonly treated with chemotherapeutics described in literature. Studies have shown

that human therapies such as imatinib mesylate (Gleevec) can be both safe and effective

treatments for canine mast cell tumours (Hahn et 0/., 2008), as are Vinblastine (Thamm et

0/., 1999), Lomustine (Rassnicket 0/., 1999) and Chlorambucil (Taylor et 0/., 2009). However

this chemotherapy was only reserved for dogs with inoperable tumours or with tumours

where radiotherapy was not feasible, as an adjunct to these treatments, or where dogs

presented with advanced (grade III) cancers (Hahn et 0/., 2008). Recently though,

pharmaceutical companies have realised the potential for generating profit in this area of

animal health, and assuch research and development into these areas has increased.There

are now three dog-specific anti-cancer therapies on the market:

• Palladia (Toceranib phosphate): the first drug which from design through to

marketing has been developed specifically to treat malignancies in dogs. This small

molecule drug targets members of the split-kinase family and is designed to inhibit

angiogenesis involved in the growth of canine mast cell tumours (Yancey et 0/.,

2010).
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• Kinavet/Masivet (Masitnib phosphate): Masivet works similarly to Palladia, in that

it targets members of the split kinase family and is used to treat canine mast cell

tumours, and is also in trials as a therapy for gastrointestinal stromal tumours

(GIST)(le Cesneet 01.,2010).

• Oncept: revolutionarily, Oncept is the first treatment of its kind in any species - a

therapeutic DNA vaccine which treats canine melanoma (particularly oral

melanoma). The vaccine is composed of an antigen of interest (in the case of

Oncept, a tyrosinase antigen that is required in melanin production) that is cloned

into a bacterial expression plasmid with a constitutively active promoter (Bergman

et al., 2006). The portion of DNAcloned into the plasmid is not that of the species

to be treated - this has been shown to be ineffective at eliciting an immune repose.

Instead, orthologous DNA from a different species is used to create a xenogeneic

vaccine. The small differences in the sequence are sufficient to recruit antigen

presenting cells and stimulate an immune response against the cancer and induce

tumour immunity (Weber et al., 1998; Wolchok et al., 1998). In trials, Oncept was

able to extend long-term survival in nine dogs with a Kaplan-Meir median survival

time of 389 days, with one dog with stage IV disease showing a complete clinical

response in multiple lung metastases for 329 days (Bergman et 01.,2003).

However dogs are not invulnerable to the side effects commonly associated with these

drugs (such asgastrointestinal disorders and haematological abnormalities like neutropenia

and thrombocytopenia (Hahn et al., 2008) along with more readily-associated side effects

of chemotherapy such as alopecia (Chun et al., 2007)), so veterinarians and pet owners

may be reluctant to treat their dogs knowing that they could undergo certain degrees of

discomfort. Many of the more modern drugs have focused on reducing the severity of

these side effects, and trials with Oncept showed few side effects - and in those patients

which did display adverse effects, these were primarily depigmentations (Bergman et al.,

2006) which would cause little discomfort to the patient. Furthermore, studies with drugs

such as Palladia have shown that should any side effects be noticed, a short treatment

break often allows for the effect to clear up on its own, and frequently the adverse effect

does not reappear once treatment is resumed (london et 01.,2003).

30



Chapter One

1.4.4. Comparative Oncologies

Animal cancers, particularly in mammals, show many similarities to those found in humans

and for many years animal models have been used to study the disease in the hope that we

might improve our understanding of cancer and its progression (LeRoy& Northrup, 2009).

Suchmodels have already been used to study cancers such as lymphoma, mammary gland

carcinoma, soft-tissue sarcoma, osteosarcoma, and melanoma (Vail & MacEwen, 2000), all

of which also commonly occur in humans. However, there have thus far been relatively few

studies which seek to find some clinical benefit for animals themselves suffering from the

disease, as opposed to using them simply as in vivo models for drugs being developed for

humans.

Generally among mammalian species, there is a high degree of conservation in gene

sequences.This has made it possible for drugs designed for humans to be tria lied in these

animals. Dogs have proven to be an excellent model system for in vivo studies and drug

trials for numerous reasons. We as humans are genetically more similar to dogs than we

are to rodents owing to the lesser degree of nucleotide divergence between our species.

This makes the dog a better model for cancer than rodents or pigs - more traditional

laboratory models. Dogs are also much more accessible as laboratory animals than our

closest ancestors - primates - which are difficult to come by for research in Britain. This is

due in part to governmental regulations (experiments on higher apes [chimpanzees,

bonobos, gorillas and orangutans] have been formally banned since 1998 (The

Independent, 2006)) and also due to increasing pressure from animal-rights groups which

have deterred airlines from flying primates directly into Britain (Goodman & Check, 2002).

Despite this, the number of primates being imported has not decreased, but the animals

must endure over 50 hours of combined air and sea travel to reach their ultimate

destination in the British Isles (Goodman & Check, 2002) - ultimately causing them to

become more stressed, making their suitability as lab models questionable, in addition to

raising ethical questions.

But it is not only Britain and Europe that has trouble securing primate models. Experiments

on chimpanzees have largely stopped in the United States following years of unsuccessful

experiments in which chimps were infected with human immunodeficiency virus (HIV).

These chimpanzees did not develop acquired immunodeficiency syndrome (AIDS) and

macaques were found to be better models when infected with simian immunodeficiency
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virus (SIV). Subsequent reports of the use of chimpanzees in developing HIV vaccines

further proved the ape to be a poor model owing to its inability to accurately predict a

human response (Bailey, 2008). Consequently, chimpanzeeswere deemed to be unsuitable

for further research into HIVand AIDS.

These difficulties in securing primates in a humane, sustainable and economical manner,

combined with the drawbacks of the more common murine models, may encourage

laboratories to look to other mammals (such as dogs) asmodel systems, at least for certain

trials and tests - although with regards to areas of research such as neuroscience

(Parkinson's disease and Alzheimer's disease for example), primates are still much better

suited asanimal models than any other lab model (Chiavaras& Petrides, 2000).

Given that dogs are a popular choice of companion animal, there is a large enough patient

population to fuel drug trials (the canine population in the United States is estimated to be

78.2 million (American Pet Products Association, 2012), and 10.5 million in the UK (Murray

et al., 2010)), and the fact that we care for them into older ages means they may develop

more age-specific or spontaneous cancers that are rarely seen in other lab models - in fact,

dogs are the only other animal known to spontaneously develop prostate cancer (Rivenson

& Silverman, 1979). Companion dogs also possessan intact immune system, which allows

for drugs to be tria lied in a patient where they must work alongside the body's natural

defences to fight disease, and also allows for observation of any hypersensitivity reaction

which may occur asan adverse reaction of a therapy.

The scientific community is beginning to take notice of both the benefits that using dogs as

a model system can bring, and also the financial benefits of dog-specific cancer therapies to

the pharmaceutical market. In June 2004, a group of veterinary and biomedical

professionals began the Canine Comparative Oncology & Genomics Consortium (CCOGC)

with the aim of improving the current knowledge with regard to companion animal

cancers, and to develop novel technologies which would benefit the studies of cancer

biology and therapy (CCOGC,2004). Since 2007, the Consortium has been working in

conjunction with Pfizer to build up a repository of normal and diseased canine tissue

samples which represent not only disease found in companion dogs, but also those which

are of significant comparative value in treating human cancer. Such resources are helping

to drive studies into canine cancers - previously tumour samples were difficult to come by

and precious, often relying on tissue collected through veterinary institutions for study.

32



Chapter One

Cultured cell lines of canine disease are also becoming more widely available through

individual groups and culture collections such as the American Type Culture Collection

(ATCC).

1.5. STATEMENT OF PURPOSE & EXPERIMENTAL AIMS
This thesis aims to explore the role of HER2(a receptor which is prominently involved in

breast and other cancers in humans) in canine mammary cancer. By establishing this, it is

possible to explore the possibility of using human therapies (those which both have and

haven't made it to market) in pets, and also to put the dog forward as a more suitable

model for human disease than mice and rats. This will be established through a number of

methods, outlined below.

1. Exploring the distribution of the EGFreceptors and ligands in normal canine tissues,

benign mammary cancersand malignant mammary cancers.

2. Exploring the expression of the EGFreceptors in a canine mammary cancer cell line

by PCRand Western Blotting.

3. Exploring the role that HER2plays in maintaining a malignant phenotype in canine

mammary cancer through the application of specific small molecule drugs and

siRNAsto canine mammary cancer cells in culture.
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CHAPTER TWO

Materials & Methods

2.1. ANTIBODIES USED IN THIS STUDY

The majority of antibodies used throughout this project were available in the laboratory

from affinity purified stocks. Where this is not the case, the appropriate reference or

manufacturer's details have been supplied (Table 2.1.1).

Table 2.1- Primary antibodies used throughout this study

Antibody/Cat # Directed against Species and clonality Application(s)

56AR (Saeki et 01.,199Z) Amphiregulin Rabbit polyconal IHe
978TC (Srinivasan et al., 1999) Betacellulin Rabbit polyconal IHe
F4 (Gullick et al., 1986) EGFR Mouse monoclonal IHe, WB
AHl27 (R&D Systems Epigen Goat polyclonal IHe
[Oxfordshire, UK))

AF1l95 (R&D Systems) Epiregulin Goat polyclonal IHe
1lIHB (Chobotova et 01.,2002) HB EGF Rabbit polyconal IHe
20N (Gullick et al., 1987) HER2 Rabbit polyclonal WB,IF
2lN (Gusterson et 01.,1987) HER2 Rabbit polyconal IHe, WB, IF
CB1l (Abeam [Cambridge, UK)) HER2 Mouse monoclonal WB
Herceptin -(Roche HER2 Humanised IF
[Hertfordshire, UK]) monoclonal
RTJ-2 (Hunt et 01.,1995) HER3 Mouse monoclonal IHe
HFR-I (Srinivasan et 01.,1998) HER4 Mouse monoclonal IHe
NRGI-a (Normanno etal., 1993) NRG1-a Rabbit polyconal IHe
NRGI-p (Srinivasan et al., 1999) NRG1-~ Rabbit polyconal IHe
NRG2-a (Dunn et 01.,2004) NRG2-a Rabbit polyconal IHC
NRG2-p (Dunn et 01.,2004) NRG2-~ Rabbit polyconal IHe
122NRG3 (Dunn et 01.,2004) NRG3 Rabbit polyconal IHe
123NRG4 (Dunn et 01.,2004) NRG4 Rabbit polyconal IHC
PY20 (Sigma [Poole, UK]) Phosphotyrosine Mouse monoclonal WB
GHO (Calbiochem [Nottingham, TGF-a Rabbit polyconal IHe
UK])

TAT (Woodsetal., 1989) a-Tubulin Mouse monoclonal WB
Antibodies were available either as affinity purified stocks, or were purchased. ('HC = immunohistochemistry;
IF= immunofluorescence; WB = western blotting; IP = immunoprecipitation).
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Unless otherwise stated, primary antibodies were diluted in 1% bovine serum albumin (BSA

[Sigma]) dissolved in 1x phosphate-buffered saline (PBS [from a lax stock made from Bag

NaCI, 2 g KCI, 14Ag Na2HP04, 2Ag KH2P04dissolved in llitre of distilled water and adjusted

to pH 7.4]).

Secondary antibodies were all purchased from manufacturers, and in some instances were

supplied in particular kits. These are listed in Table 2.1.2.

Table 2.2 - Secondary antibodies used in this study

Antibody Application(s)

Rabbit anti-mouse horseradish peroxidase (HRP)-tagged* (DAKO WB
[Cambridgeshire, UK])

Goat Anti-mouse HRP (Sigma) WB

Swine anti-rabbit HRP (DAKO) WB

Goat Anti-rabbit HRP (Sigma) WB

*Biotinylated goat anti-rabbit & anti-mouse (Diagnostic BioSystems, [California, IHC
USA])

Biotinylated rabbit anti-goat (DAKO) IHC

Goat anti-rabbit FITC (Sigma) IF

Goat anti-human TRITC (Zymed [California, USA]) IF
(IHC= immunohistochemistry; IF= immunofluorescence; WB =western blotting)
* Biotinylated secondary was directed against both rabbit and mouse primaries and available as part of a kit
(Cat #: KP-SOO)

2.2. IMMUNOHISTOCHEMISTRY

2.2.1. Canine Tissues

Normal canine formalin-fixed paraffin-embedded tissue arrays were purchased from

Zyagen Laboratories (California, USA). The tissues had been fixed in 10% buffered formalin

and cut to 5-71lm in thickness, and two sections of tissue were mounted on slides treated

for adhesion. The following tissues were purchased: bladder, cerebral cortex, kidney, liver,

lung, oesophagus, pancreas, rectum, stomach and tongue.

Benign cancerous canine specimens were a gift of Heather Colhoun of Pfizer Animal Health

(Kalamazoo, Michigan). These tissues were originally from paraffin-embedded, formalin-

fixed samples available in the Pfizer Canine Comparative Oncology Genomics Consortium

(CCOCG)Biospecimen Repository.
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Malignant canine mammary cancer specimenswere provided by Professor KenSmith of the

Royal Veterinary College. These were delivered as microtomed sections of samples that

had previously been formalin-fixed and paraffin embedded.

2.2.2. Staining

Unless otherwise specifically mentioned in this thesis, all solutions were used at room

temperature. Tissue sections were stained using the Universal HRPImmunostaining Kit for

Mouse and Rabbit Primary Antibodies (Diagnostic BioSystems,Catalogue number: KP-SOO).

This kit contained both a biotinylated secondary antibody which was directed against

mouse and rabbit primary antibodies (called the "Linker" reagent), and a streptavidin-

peroxidase conjugate (called the "Tracer" reagent).

As epigen and epiregulin were stained using a polyclonal goat antibody, the biotinylated

antibody of the Kit was substituted with a biotinylated rabbit anti-goat HRP (DAKO,

Cambridgeshire, UK)used at a 1 in 500 dilution in PBS.

Staining was performed according to the streptavidin-biotin complex method. In brief,

paraffin sections were dewaxed in three four-minute Histo-Clear II (National Diagnostics,

Georgia, USA) washes, and then rehydrated in a series of three four-minute graded

ethanol washes (two absolute ethanol washes followed by one 70% ethanol wash). The

tissues were then washed in distilled water for 5 minutes, and PBSfor five minutes.

Endogenous peroxidase activity was blocked by incubating tissues with a 3% hydrogen

peroxide solution (diluted from 30% hydrogen peroxide [Sigma] in distilled water) for ten

minutes. Tissueswere again washed in distilled water for 5 minutes and PBSfor 5 minutes

before being incubated with the appropriate primary antibody diluted in 1% BSA

(Sigma)/PBSfor one hour at room temperature, or at 4°C overnight in a moist chamber.

Tissueswere again washed in distilled water and 1X PBS,and subsequently incubated with

biotinylated secondary antibody from the staining kit for 20 minutes at room temperature.

Tissueswere washed as before and then incubated with a Streptavidin/HRP complex, also

from the kit for a further 20 minutes. Again, the tissues were washed and then stained

using 3-3'diaminobenzidine (DAB [Diagnostic BioSystems], diluted into the supplied

substrate according to the manufacturer's instructions) as the chromagen, washed for 5

minutes in running distilled water and counterstained with Gill's Haematoxylin (MERCK

[Darmstadt, Germany], diluted 1:1 v/v with distilled water) for 60 seconds before being

'blued' by rinsing in running tap water for 5 minutes. Finally, tissues were dehydrated in a
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series of three four-minute washes in graded ethanol (one 70% ethanol wash followed by

two washes in absolute ethanol), two four-minute and one final ten-minute wash in Histo-

Clear II (National Diagnostics) before being mounted in Di-n-butyIPhthalate (DPX [Fischer

Scientific, leicestershire, UK)) under 22x22mm or 22x50mm coverslips (Menzel-Glaser,

Braunschweig, Germany) according to the sizeof the tissue.

Primary antibody negative controls and peptide block controls (where the primary antibody

was incubated with its complimentary peptide [1511'of 10mg/ml peptide with every 150111

antibody] at room temperature for 30 minutes on an SBl Blood Tube Rotator (Bibby Stuart

SCientific, [Staffordshire, UK)) prior to adding it to the tissue) were also carried out on

select tissues. Haematoxylin-only controls were also carried out, where slides were

processedas described above, with the exception of the steps involving hydrogen peroxide,

antibodies and chromagen staining, which were omitted.

Imagesof stained tissues were obtained using a leitz DMRBmicroscope (leica) fitted with a

LeicaDC300Fdigital camera.

2.3. CELL LINES AND CULTURE

2.3.1. Cell Lines Used In This Study

Madin-Darby Canine Kidney (MOCK) cells were originally isolated in 1958 from an

apparently normal adult female cocker spaniel by S.H.Madin and N.B. Darby (Gaushet 0/.,
1966). SKBR3cells are derived from a human breast cancer and significantly overexpress

HER2.A431 cells were originally derived from an epidermoid carcinoma of the vulva of an

85 year old female patient and express abnormally high levels of EGFR.These cell lines

were available from laboratory stocks (with the exception of the stably transfected cell

lines, which were engineered in the laboratory), originally derived from the American Type

Culture Collection (ATCC).

HEK-293/HER3cells are derived from HEK-293(human embryonic kidney) cells, which were

stably transfected to overexpress the HER3 receptor. The c-erbB-3 clone used in this

transfection was a kind gift of Dr. G. D. Plowman (Plowman et 0/., 1990). NIH3T3 and

NIH3T3/HER4cells were originally obtained from Swiss mouse embryo tissue, with the

latter having been stably transfected to overexpress HER4,and were a kind gift of Dr. B. D.

Cohen (Cohen et 0/., 1996). The NEN-7 cell line is a mouse fibroblast cell line originally

37



Chapter Two

engineered from the NIH-3T3cell line which contains a chimeric human EGFR/ratc-erbB2

proto-oncogene. This allows for EGF to stimulate c-erbB2 tyrosine kinase activity

(Lehvaslalhoet al., 1989). The cell line was a kind gift of Dr. K.Alitalo.

The CMT28 cell line (Ahern et al., 1996) is a canine mammary cancer cell line which

expressesHER2at higher levels than in normal mammary cells. The cell line was a kind gift

of Dr. R.C.Bird, University of Auburn (Alabama, USA).

2.3.2. Routine Cell Culture and Maintenance

Cell lines were routinely grown in 2scm2 polystyrene cell culture flasks from Sarstedt

(North Carolina, USA), and in 3Smm x 10mm 'Cellstar' polystyrene petri dishes, 24-well

plates or 96-well plates (all from Greiner Bio One [Frankenhausen, Germany]) depending

on the experiment at hand.

Cellswere grown in high glucose Dulbecco's Modified EagleMedium (DMEM [Sigma]).This

DMEM contained Earle's salts and NaHC03, to which 10%heat inactivated foetal calf serum

(FCS),1% L-glutamine and 1% Penicillin G (sodium salt)-Streptomycin sulphate (to a final

concentration of 100,000 units/L) in saline solution (to a final concentration of 100mg/L)

were also added (please note that throughout this thesis unless otherwise specifically

stated, "0M EM" will refer to the media and added supplements described in this

paragraph). Flaskswere filled with Srnl of media, while 3smm x 10mm plates were filled

with 3ml, 24-well plates were filled with 1ml/well and 96-well plates were filled with

100~l/well.

Cell lines were grown from stocks available in the laboratory. The selected cell line was

identified from a liquid nitrogen cryostat, removed and thawed in a water bath heated to

37°C. Once the last of the ice had thawed, the cryotube (Nunc, via Thermo Scientific

[Leicestershire, UK]) they were frozen in was sterilised by wiping it with 70%ethanol before

introducing it to the tissue culture flow hood. The aliquot of cells was then immediately

diluted into sml of pre-warmed DMEM.

Cellswere incubated at 37°C in 95% air and 5%CO2• Standard cell culture techniques were

applied and media was changed every two daysor as required.

Cell lines were passagedwhen they attained 90% confluence by the addition of lX Trypsin-

ethylene diamine tetra acetic acid (EDTA)solution (0.05% trypsin, 0.s3mM sodium EDTA,
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from GIBCO [Paisley, UK]). Cells were then diluted in S ml of DMEM (Sigma) and aliquotted

into fresh flasks, which were topped up with fresh media to a final volume of Sml.

2.3.3. Freezing Down CellStocks

Stocks of cell lines were routinely frozen down to ensure that a renewable source of cells

was available. To prepare these stocks, confluent (circa 80%) cells were trypsinised by the

addition of 0.3ml of trypsin EDTA. The cells were then resuspended in Sml of DMEM with

dimethyl sulfoxide (DMSO, Sigma [Dorset, UK]) added to a final concentration of 10%. Cells

were then aliquotted into l.8ml cryotubes which were labelled and sealed.

These tubes were then bunched together with a rubber band and left on ice for 20

minutes. Following this period, the tubes were insulated with several layers of white tissue

and placed in a plastic beaker. The beaker was then left at -80°C overnight. The purposes of

this stepped cooling and insulation is to lower the temperature of the cells gradually, to

prevent the formation of ice crystals which would otherwise harm cellular membranes.

Finally, cell stocks were stored in liquid nitrogen and their location recorded. Care was

taken at all stages to minimise the thawing of the stocks, as this (combined with rapid

freezing) could cause damage to the cells.

2.4. IMMUNOFLUORESCENCE

Cells to be immunofluorescently stained were trypsinized from the flasks in which they

grew. From these flasks, 500111of cells were seeded onto sterile glass coverslips which had

been placed in the wells of 'Cellstar' 24-well plates (Greiner). To this, 500111of DMEM was

added to maintain the cells which were then left to adhere and grow at 37°C and 5% CO2

until they reached 30-40% confluence.

Media was then aspirated from each well and coverslips were subjected to three separate

5 minute washes in PBS before being fixed with 1ml of 4% paraformaldehyde (pH 7.4) in

PBS or 1ml of ice cold 100% methanol for 10 minutes. Coverslips were again subjected to

three 5 minute PBSwashes, and subsequently (where required) permeabilised with 1ml of

0.1% Triton X-lOO (Sigma) for 10 minutes (note that where methanol was used as a fixative,

cells did not require an additional permeabilisation step).

Coverslips were then incubated in 500111of 5% BSA (Sigma) in PBS for 30 minutes at room

temperature to block non-specific binding. This buffer was drained from the coverslips onto
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fibre-free paper before being incubated with SOIlIof primary antibody (at an appropriate

dilution in 1% BSA/PBS) by pipetting the antibody onto Parafilm (Akan Packaging

[Wisconsin, USA]) and carefully overlaying the coverslip cell-side-down onto the aliquot.

Coverslipswere incubated in this way for 1 hour at room temperature (or 4°Covernight) in

a humidified chamber, before the primary antibody was drained away onto fibre-free

paper and the coverslipswere again subjected to three separate Sminute washes in PBS.

Coverslips were then incubated with SOIlIof fluorescently-tagged secondary antibody (at

an appropriate dilution in 1%goat serum [Sigma]/l% BSAin PBS)in the same manner as

the primary antibody was applied. Coverslips were left to incubate for 1 hour in a

humidified chamber in the dark at room temperature before being rinsed three times in

separate Sminute PBSwashes.

Samples were mounted onto glass slides (Menzel-Glaser via Thermo Scientific) with

Histomount mounting medium (National Diagnosticsvia Thermo Scientific), and left to set

overnight at 4°C. Slides were stored wrapped in foil, and stored in the dark at 4°C to

preserve the fluorescent probes.

Peptide block controls were carried out by incubating 1SIlI of appropriate peptide with

every 1S01l1of primary antibody used for 30 minutes at room temperature on a SB1Blood

Tube Rotator (Bibby Stuart Scientific).

Primary antibody negative controls were also carried out, where the primary antibody was

omitted from the protocol and coverslips were instead incubated with SOil I of 1% BSA

(Sigma)/PBS.

2.5. SMALL MOLECULE TYROSINE KINASE INHIBITORS

Canertinib (CI-1033) and Palladia (SU11654)were both provided by Pfizer (Sandwich, UK)

and solubilised in DMSOto give 10llM stock solutions. AG1478 (Tyrphostin) was obtained

from Sigmaand solubilised in absolute ethanol to give a working stock of lmM. CGP59326

was originally obtained from Novartis Pharmaceuticals (Surrey, UK) and PD158780 from

Parke-Davis (now Pfizer). Both were available as stocks in the laboratory which had been

solubilised in absolute ethanol to obtain stocks of 35.51lM and 30.2j..lM respectively.

ZD1889 (Gefitinib/lressa) and ZM260603 were both originally obtained from AstraZeneca

(Hertfordshire, UK) and were available as stock in the laboratory which had been
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solubilised in DMSO to obtain stocks of 22.87IlM and 251lM respectively. Lapatinib and

Neratinib were purchased from Chemie Tek (Indianapolis, USA) and Selleck Chemicals

(Suffolk, UK) respectively, and both dissolved in DMSO to give stocks of 1001lM.

All drug stocks were stored in the dark at 4°C.

2.6. GROWTH FACTORS

Receptor grade EGF derived from mouse submaxillary glands was sourced from Sigma to

give a working concentration of 1x10-sM, dissolved in PBS and stored at -20°C.

Recombinant Escherichia coli-derived human NRG1-f31 was sourced from R&D Systems

(Abingdon, UK) and reconstituted according to the manufacturer's instructions in sterile-

filtered PBSsupplemented with 0.1% BSA.

2.7. OBSERVING KINASE INHIBITION USING SMTKIS

2.7.1. The Effects ofTKls on Kinase Activity

NEN-7 cells were plated into seven 35x10 mm CeliStar plates (Greiner) in 3ml of DMEM and

left to adhere overnight. These seven dishes contained different experimental conditions

(Table 2.7.1).

Table 2.3 - Experimental conditions of SMTKI inhibition tests
Dish Treated with drug or vehicle? Stimulated?

No - EGFsubstituted for1 Negative control Untreated
1X PBS

Positive vehicle
Treated with vehicle only Yes - EGFat 1x10-7M2

control

3 Positive control Untreated Yes - EGFat 1x10-7M

Treated with various TKI
4-7 TKI test dishes

concentrations
Yes - EGFat 1x10-7M

One hour prior to carrying out the experiment, dishes were refreshed with 1ml of new

DMEM. Following this period, the appropriate TKI was added to dish 4 to a suitable final

concentration, and this was then serially diluted through to dish 7 so that a concentration

dependent effect could be observed (Table 2.7.2). To dish 2, a volume of vehicle equivalent
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to that used in dish 4 (as this was the dish with the highest volume added) was added to act

asa vehicle control (Table 2.7.2).

Table 2.4 - Volumes ofvehicIes and concentrations ofSMTKls used

Vehicle in dish 2 and Dish number and concentration of SMTKI
SMTKI

volume (M)
4 5 6 7

Canertinib (CI-1033) DMSO 10 III ixio' ixio" lxlO-9 lxlO-1o

CGP59326 EtOH 140 III SxlO-6 SxlO-7 SxlO-8 SxlO-9

Iressa (ZD1889) DMSO 50 III ixio" lxlO-7 lxlO-8 lxlO-9

Lapatinib DMSO 10 III lxlO-6 lxlO-7 lxlO-8 lxlO-9

Neratinib DMSO 10 III lxlO-6 ixio? lxlO-8 lxlO-9

Palladia (SU11654) DMSO 10 III lxl0-7 ixio" lxlO-9 lxlO-1o

PD-158780 EtOH 30 III ixio" rxio' lxlO-8 lxlO-9

Tyrphostin (AG1478) EtOH 10 III lxlO-s lxlO-6 lxlO-7 lxlO-8

ZM260603 DMSO 40 III ixio" lxlO-7 lxlO-8 lxl0-9

The dishes were left to incubate at 37°C in 5% CO2 for 2 hours. EGFwas then added to

dishes 2 through 7 to a final concentration of 1 x 10-7 M for five minutes. An equivalent

volume of 1 x PBSwas added to dish 1 to act asa negatively stimulated control.

Cells were then lysed (as described in section 2.B), taking care to make sure that

phosphatase inhibitor cocktail (Sigma) had been added to the lysis buffer. Lysate was

analysed by Western Blotting (Section 2.9). Gelswere run in duplicate, and one probed for

the presence of HER2using the CB11 antibody, and other probed for phosphotyrosine

using the PY20antibody.

2.7.2. The Effect of Drug Vehicle on Kinase Inhibition

NEN-7cells were plated in six 35xl0mm CeliStar petri dishes and left to adhere overnight.

Cellswere left to grow until they had reached roughly 70%confluence.

One hour prior to the experiment being carried out, the media was aspirated and replaced

with Iml of fresh DMEM. Following this, drug vehicles (absolute ethanol or DMSO)were

added to the dishes in varying volumes (Table 2.7.3) and left for two hours at 37°C in 5%

CO2, before the addition of EGFto a final concentration of lxlO-7M for five minutes.
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Table 2.5 - Volumes of vehicle applied to NEN-7cells to test for non-specific
cytotoxicity
Dish & Conditions Volume of abs Volume of Stimulated?

EtOH DMSO
1 Negative control Nil Nil No - PBSused

2 Positive control Nil Nil EGF-lxlO-7M

3 1111 1111 EGF- lxl0-7M

4
Increasing volume of

10111 5 111 EGF- 1xl0-7M

5 vehicle 100111 10111 EGF- lxl0-7M

6 150111 50111 EGF- 1x1O-7M

Cells were then lysed as described in Section 2.8, and the lysate analysed by Western

Blotting (Section 2.9). Gels were run in duplicate, and one probed for the presence of HER2

using the CB11 antibody, and other probed for phosphotyrosine using the PY20 antibody.

2.8. CREATION OF CELL LYSATE

The cell line to be lysed was grown in 35xl0mm Cell Star petri dishes until sub-confluent

(roughly 70%). Medium was then removed from the dish and discarded before performing

two Irnl washes with ice-cold PBScontaining 2mM EDTA. Cells were then incubated for 1-2

minutes in 200111of lysis buffer (O.OsM Tris HCI pH 7.4, 1% Triton-X 100, sM EOTA, O.lsM

NaCI, 0.5% protease inhibitor, 1% phosphatase inhibitor [both Sigma, reconstituted

following manufacturer's instructions]). The resulting lysate was collected in l.5ml

Eppendorf tubes and centrifuged at 14,000rpm for 10 minutes at 4°C in a Genofuge 16M

centrifuge (Techne [Cambridge, UK]) to remove cell debris. The supernatant was decanted

into fresh Eppendorf tubes, and the pellet discarded. Finally, the lysate was combined with

Laemmli's sample buffer (from a 2X stock composed of: 2.sml O.sM Tris-HCI pH 6.8, 2ml

glycerol, 4ml 10% sodium dodecyl sulphate [50S] and 0.5ml bromphenol blue, made up to

a final volume of 10ml with ultra pure water - ~-mercaptoethanol was added to the buffer

as required to a final concentration of 5%) (Laemmli, 1970) to a 1X concentration and

heated to 60°C, before being stored at -20°C.
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2.9. SDS-PAGE AND WESTERN BLOTTING

2.9.1. Bradford Assay

In instances where cells had been treated with agents that could affect their cell number

and thus the total amount of protein available for analysis, Bradford Assays (Bradford,

1976) were performed to determine the total protein concentration of each sample.

Bradford Assays were performed using an Eppendorf® Biophotometer (Eppendorf

[Cambridge, UK)), which had been pre-calibrated using 50~1BSAstandards (containing 0,

100, 200, 300 and 400~g of BSA)mixed with 1ml of Bradford Agent (BIORAD[Hertfordshire,

UK]). Standards were vortexed briefly and left to stand for ten minutes at room

temperature before being used to calibrate the spectrophotometer at 580nM.

Cell lysate samples were diluted 1:10 with ddH20 to a final volume of 50~1.To this, 1ml of

Bradford reagent was added, briefly vortexed and left to react at room temperature for 10

minutes. Sampleswere then decanted into a plastic cuvette (Thermo Scientific), and the 00

measured at 580nM.

From these readings, total protein was calculated and appropriate lysate dilutions were

performed to ensure that equal quantities of protein were loaded onto acrylamide gels.

2.9.2. SDS-PAGE

Acrylamide gels were cast in the Hoefer Mighty Small Multiple Gel Caster from AP Biotech

(Little Chalfont, UK), using 70x80mm gel plates. These plates were cleaned with distilled

water and then rinsed with acetone and left to dry before being assembled according to

the manufacturer's instructions. A total volume of 30ml of 7.5% acrylamide resolving gel

(capable of resolving 17-210kOa)was prepared in a 50ml Falcontube by the addition of the

following reagents (in the following order): 5.6ml 2M Tris-HCI pH 8.8, 7.5ml 30%

acrylamide/bis (BIORAO),300~110%SOSin dH20. The solution was made up to 30ml using

distilled water, covered and inverted twice. To polymerize the mixture, 10~1

tetramethylethylenediamine (TEMEO[Sigma))and 300~110%ammonium persulphate (APS

[BIORAO])were added. The mixture was again covered and inverted twice, before being

quickly poured into the gel caster leaving a 3 centimetre gap for the stacking gel. A thin

layer of water saturated lso-f-butanol was poured over the top of each gel using a Pasteur

pipette and left to set for approximately 20 minutes.
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Once set, the layer of iso-1-butanol was poured away and the surface of each gel washed

thoroughly with distilled water. The gel caster was dismantled and gel plates were

assembled in the 'Mighty Small II' SE250 mini-vertical gel unit (AP Biotech) as per the

manufacturer's instructions. Any resolving gels not immediately required were stored

wrapped in tissue (moistened with the same 2M Tris pH 8.8 that was used to make the

gels) at 4°Cfor up to 2 days.Stackinggel (3.75%acrylamide) was prepared in a 15ml falcon

tube by the addition of the following reagents (in the following order): 1.25ml 30%

acrylamide/bis solution (BIORAO),1.25ml Tris-HCI pH 6.8, O.lml 10% SOSin dH20. The

solution was made up to 9.5ml with dH20, covered and inverted twice. To this, 10111TEMED

(Sigma) and 500111APS(BIORAO)was added. The mixture was again covered and inverted

twice before quickly being poured around the stacking comb using a Pasteur pipette to the

top of the gel plate, taking care not to introduce any air bubbles. The gel was left to set for

approximately 5 minutes.

The reservoirs and spaces behind the plates of the gel running apparatus were then filled

with IX running buffer (diluted down from a lOX stock composed of 0.25M Tris pH 8.6,

1.92M glycine and 10%SOSin dH20 made up to 1Lwith dH20). The stacking combs were

carefully removed and 30111of protein samples were loaded into each of the lanes using a

200111Pipetman (Gilson [Wisconsin, USA))- IX sample buffer was loaded into unused wells

to maintain a constant potential difference across the sample front during electrophoresis

and all gels were run with high range (10-250kOa) dual colour Precision Plus Protein

Standards (BIORAO).Initially 60 volts were applied to the apparatus with the 'Power-Pac

200' (BIORAO)whilst the dye front ran through the stacking gel, and this was increased to

120 volts as the samples passed through the resolving gel. The power pack was switched

off once the dye front reached the bottom of the gel.

2.9.3. Western Blotting

Proteins separated through SOS-PAGEwere transferred onto nitrocellulose membranes for

antibody probing using the Trans-Blot" Electrophoretic Transfer Cell (BIORAD). The

following materials were soaked in transfer buffer (250ml lOX SOSrunning buffer [see

section 2.9.2], 250ml methanol and 25ml 10%SOSmade up to a final volume of 2.5 litres

with dH20): 2 pieces of filter paper (cut to the size of the transfer cassette), Hybond ECl

nitrocellulose membrane (AP Biotech [Buckinghamshire, UK)) and 2 scotch pads (BIORAO).

Thesewere then assembled in the following order on the bottom electrode of the transfer

apparatus: 1 scotch pad, 1 filter paper, nitrocellulose paper, gels (directly on top of the
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nitrocellulose paper and cut in one corner for orientation), 1 filter paper and 1 scotch pad.

A razor blade was used to trim away any excess nitrocellulose paper from around the gels,

in order to maintain a constant and equal flow of electrical current through the apparatus.

A Pasteur pipette was rolled over the 'sandwich' throughout assembly of each layer to

remove any air bubbles. The cassette was closed and locked before being loaded into the

transfer tank and run at 400mA for 3 hours, or 100m A overnight.

Once transfer was complete, the apparatus was disassembled. The gels were stained with

Coomassie Blue (2.5g Coomassie stain, 450ml methanol, 100ml acetic acid and 450ml

dH20) and then destained (10% acetic acid in dH20) to determine the level of protein

transfer. Meanwhile blots were stained with 0.1% Ponceau S (Sigma) in 0.5% acetic acid to

detect protein. Ponceau S stain was removed from the blot by repeated washing in 1X

PBS/O.l% Tween 20 (Fischer [loughborough, UK]).

Blots were blocked for 1 hour at room temperature in blocking buffer (175m11X PBS,6.25g

non-fat milk powder [Marvel, UK] and 62.5 III Tween 20). Blots were then rinsed once using

1X PBS/O.l% Tween 20 and subsequently incubated with primary antibody diluted in

blocking buffer at room temperature for 1.5 hours (or overnight at 4°C) with constant

shaking. Blots were subjected to 5 separate 5 minute washes using 1X PBS/0.1% Tween 20

before being incubated for one hour with secondary antibody, again diluted in blocking

buffer, with constant shaking. Blots were again washed (as above) before being developed

using enhanced chemiluminescent (ECl) reagents (prepared in the lab and composed of

two separate solutions, the first containing: 1ml of 250 mM luminol [Sigma] in DMSO,

44011190 mM coumaric acid [Sigma] in DMSO, 10ml 1M Tris-HCI pH 8.5 and distilled water

to a final volume of 100ml; and the second: 64111hydrogen peroxide, 10ml 1M Tris-HCI pH

8.5 and distilled water to a final volume of 100m I). ECl solutions were combined in a 1:1

ratio and applied to the blot. Signals were detected on Hyperfilm ECl (AP Biotech) in a dark

room, which were then developed using a Compact X4 Film Processor (Xograph

[Gloucester, UK]).
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2.10. CELL PROLIFERATION ASSAYS

2.10.1. Cell Harvesting, Counting & Seeding

Several flasks of confluent (circa 80%) cells were trypsinised, resuspended in Sml DMEM

and centrifuged at 1000 rpm for 5 minutes in a Centaur 2 Bench Top centrifuge (MSE

[London, UK]). The trypsin-containing media was aspirated from the pellet, which was then

resuspended in 2-Sml of fresh DMEM. Cellsclumps were broken up by gentle pipetting up

and down.

To 40~.tIof this cell suspension an equal volume of Trypan Blue (Sigma) was added, and

gently pipetted up and down to mix. A haemocytometer (Marienfeld [Germany]) was

prepared by placing a thick glass cover slip (Marienfeld) tightly against the counting

chambers. This haemocytometer consisted of a thick glass microscope slide with two

counting chambers engraved onto one surface. Each chamber was divided into nine

squares, each of which had a surface area of tmm". The cover slip was supported O.lmm

over the chambers, giving each square a total volume of 0.lmm3.

To count the cells, 20111of the cell/Trypan Blue solution was pipetted onto the join of the

cover slip and the haemocytometer and the solution was drawn into the counting

chambers by capillary action. Care was taken not to overfill the counting chambers and

cause leakage. The haemocytometer was placed on an Olympus CIO(31 inverted

microscope for cell counting.

Cellswhich did not stain blue (asthe dye is excluded from live cells possessingan intact cell

membrane) were counted. The number of these live cells in five individual 0.lmm3 squares

was counted in each chamber (making a total count of ten 0.lmm3 squares), from which

the average number of cells per square was derived. Cells which lay on a boundary

between squares were only counted where those cells intersected two square boundaries.

If over 10% of the cells represented were in clumps all steps were repeated, avoiding

aggregates.

The number of cells per ml was calculated using the formula:

cells mi"? = average cell number x 104 x dilution factor
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Further calculations were carried out to determine the dilution factors required to obtain

the appropriate number of cells for seeding.

2.10.2. Reading CellProliferation Assays

WST-l/ECS dye (Millipore, [Watford, UK)) was prepared following the manufacturer's

instructions by dissolving the supplied lyophilized WST-l reagent with 5ml of the supplied

Electro CouplingSolution.

To each well of the 9G-well plate 101·t!of WST-l/ECSwas added and left to develop for

between 30 minutes to 1 hour. Plateswere then read on a Multiskan Ascent plate reader

(Thermo Fisher Scientific, [Essex,UK]) with the measurement filter set at 450nm and the

reference filter set at G20nm.Plateswere shakenon a medium setting for one minute prior

to reading.

2.10.3. Generation of Mammalian CellGrowth Curves

Cellswere first harvested and counted (see section 2.10.1) and then seeded into a 9G-well

plate with 100~1of DMEM using a repeating pipette. These cells were seeded at varying

concentrations: 750 cells/well, 1500 cells/well, 2500 cells/well, 5000 cells/well and 10000

cells/well. The outermost wells of the plate were not used for cell seeding, and were

instead filled with 100~1of DMEM to prevent media loss in the plate by evaporation whilst

in the incubator.

Cellswere left to grow for 7 days before reading the plate (asdescribed in section 2.10.2).

From the results, a growth curve was generated from which a suitable number of cells for

seeding in future experiments was determined by observing the log phase of growth. For

CMT28 cells this was determined to be GOOcells/well.

2.10.4. Investigating the Effectof Growth Factors on Cell Proliferation

The effects of EGF(Sigma)and NRGlp (R&DSystems)growth factors on cell growth were

determined by first seeding an appropriate number of cells (as determined from the

growth curve - see previous section) in l00~1 DMEM. Cells were left to adhere for 24hrs,

before the media was aspirated and replaced with serum-reduced DMEM (containing only

0.1% FCS).Cells were then serum-starved in this way for 24 hours before a range of

concentrations (lxl0-6M, lx19-7M, lxl0-8M and lxl0-9M) of growth factor were added (also

diluted in reduced-serum DMEM). One row of cells was left asan untreated control.
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Cells were then left at 37°C in 5% CO2 and 100% humidity for seven days before reading

the plates as described in section 2.10.3.

2.10.5. Investigating the Effect of Tyrosine Kinase Inhibitors on Cell
Proliferation

Cells were counted and seeded at 600 cells/well (as described previously in section 2.10.1)

and left to adhere overnight. The following day, the serum-containing media was aspirated

and replaced with a reduced-serum media for 24 hours in order to serum starve the cells.

Tyrosine kinase inhibitors (diluted in reduced-serum media) were added at a range of

concentrations to the cells (Table 2.10.1), making sure to leave an untreated row of cells

and a media-only row as controls. After 7 days, the plates were read as described

previously by WST-1 assay.

Table 2.6 - Concentration ofSMTKIs used in cell proliferation
experiments

Final concentration
Negative

SMTKI control

(media only)
Lapatinib OM

1x10-6M lxlO-7M 1xlO-8M 1xlO-9M
(Tyverb/Tykerb)

Neratinib (HKI-272) 1x10-6M 1x10-7M 1xlO-8M 1xlO-9M OM

2.11. siRNA KNOCKDOWN

2.11.1. siRNA Design

Specific small interfering ribonucleic acids (siRNAs) against the canine HER2 mRNA were

designed using the Invitrogen Block-iT RNAi Designer

(https://rnaidesigner.invitrogen.com/rnaiexpress/), which predicts siRNAs likely to be

effective at protein knockdown and BLASTs the results against the appropriate species

database to check for specificity. siRNAs were designed to be 21-mers and to have 3'

overhangs of two deoxythymidines to enhance RNA-induced silencing complex (RISe)

loading and make the siRNA more resistant to exonuclease activity.

siRNA 1: GCAGGGCUAUGUGCUCAUU-dTdT (sense) and AAUGAGCACAUAGCCCUGC-dTdT

(antisense); siRNA 2: CCCAGCUCUUUGAGGACAA-dTdT (sense) and

49



Chapter Two

UUGUCCUCAAAGAGCUGGG-dTdT (antisense); siRNA 3: CCUACAACACGGACACCUU-dTdT

(sense) and AAGGUGUCCGUGUUGUAGG-dTdT (antisense).

Two controls consisting of the scrambled sequences of siRNAs 1 and 2 were also designed,

BLASTed and purchased:

siRNA Controll: GCAAUCGGUGUCUCGGAUU-dTdT (sense) and AAUCCGAGACACCGAUUGC-

dTdT (antisense); siRNA Control 2: CCCUCUCAGUUAGGGACAA-dTdT (sense) and

UUGUCCCUAACUGAGAGGG-dTdT (antisense).

These sequences were synthesised by Eurofins MWG Operon (Ebersberg, Germany). siRNAs

were reconstituted following the manufacturer's instructions in 5X siMAX buffer (provided

by MWG) diluted to a lX solution with RNase-free water.

2.11.2. Observing siRNAKnockdown

In order to first observe HER2 knockdown using siRNA, cells were plated in 7 separate

35xlOmm dishes (enough for 3 test siRNAs, 2 scrambled control siRNAs, and a mock

transfection control and an untreated control) in 2ml of DMEM supplemented with 10%

FCS,1% L-glutamine but lacking penicillin-streptomycin. Cells were left overnight to adhere

and grown to roughly 50% confluence.

All transfection steps were carried out in a Class" Tissue Culture Hood. siRNA transfection

was carried out using Lipofectamine 2000 transfection reagent (Invitrogen) following the

manufacturer's instructions. Briefly, the appropriate siRNA was diluted in 250J-l1Opti-MEMe

I Reduced Serum Media (Invitrogen), so that the final concentration when the full

transfection complex was added to the cells would be 33nM (that is, 33nM siRNA in 2500~.1I

media - 2000~,dplating media, and SOOJ.l1of transfection complex). The solution was mixed

by gently flicking. In a separate tube, 5J-l1of Lipofectamine 2000 transfection reagent was

added to 250J-l1of OPTI-MEM media. This was also mixed gently by flicking, and left to

incubate at room temperature for 5 minutes. Following this, 250111of Lipofectamine 2000

and 250J-l1of siRNA were combined, gently mixed and left to incubate at room temperature

for 20 minutes in order to form oligomer-Lipofectamine 2000 complexes. The full 500J-l1of

this complex was added to the appropriate dish of cells, and mixed by gently rocking back

and forth. The media was changed after 6 hours and replaced with DMEM containing 0.1%

FCSand 1% L-glutamine but still lacking penicillin-streptomycin, to minimise non-specific

transfection agent cytotoxicity.
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It should be noted that elsewhere in this chapter, Lipofectamine 2000 is used in a variety of

tissue culture vessels. The manufacturer's instructions were followed when scaling these

transfections up and down, and the volumes of plating media and transfection agent used

are summarised in Table 2.11.1.

Cells were incubated at 3rC in 5% CO2 for 24 hours and 36 hours, before they were lysed

(Section 2.8). Lysate protein concentration was determined by Bradford Assay and protein

knock-down assayed for by SDS-PAGE and Western Blot (see Section 2.9) using the 20N

antibody. Tubulin loading controls were also probed for on the same blot.

Table 2.7 - Scaling up and down siRNA transfections with Lipofectamine 2000
Volume of plating Volume of dilution Volume of

Vessel
medium medium lipofectamine 2000

III per well (or dish)

96-well plate 100 2 x 25 0.25
24-well plate 500 2 x 50 1
35xl0mm dish 2000 2 x 250 5
Note: In all cases,siRNAwas transfected to a final concentration of 33nM/well (or dish)

2.11.3. CellProliferation Assays Using siRNA

Where this technique was applied in proliferation assays, CMT28 cells were again seeded at

600 cells/well. The transfection was performed as previously described (Section 2.11.2),

following the manufacturer's instructions for scaling down the transfection. Cells were also

given 6 hours to transfect, after which time the media was aspirated and replaced with

DMEM containing 0.1% FCS and 1% L-glutamine but still lacking penicillin-streptomycin.

Cells were left for 7 days before the results were read by WST-l assay (Section 2.10.2).

2.11.4. Observing Apoptosis Using Propidium Iodide

Cells were harvested and counted as described previously and plated at a concentration of

4000 cells/well into 7 wells of a 24 well plate (enough for three test siRNAs, two scrambled

controls, and one mock transfected and one untransfected well of cells), each well of which

contained a glass coverslip.

Cells were left to adhere overnight, and transfected with siRNA as previously described

(Section 2.11.2) to a final concentration of 33nM siRNA/well, following the manufacturer's

instructions for scaling down the transfection. The siRNA: Lipofectamine 2000 ratio was

kept the same as in knockdown observation and proliferation (Sectio .11.2 and 2.11.3
\(-..E.N r
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respectively) experiments. After 6 hours, the media was changed to minimise any cytotoxic

effects caused by prolonged exposure to the transfection reagent. Cellswere then left for 3

days at 37°Cand 5%CO2,

Following this 3 day incubation, the media was aspirated from each well and each was then

washed three times with Iml of lx PBS.Cellswere then fixed with Iml of ice-cold methanol

per well at room temperature for 10 minutes, and subsequently washed again with three

separate 1ml 1X PBS washes. Cells were then incubated for 7 minutes with Iml of

propidium iodide ([Sigma] dissolved in 1X PBSto 20~ml) at room temperature in the

dark, and again washed in three separate 1ml PBSwashes.

Coverslips were mounted cell-side down onto glass slides using Histomount mounting

medium (National Diagnostics via FischerScientific) and left to set over night at 4°C in the

dark.

Fluorescence was observed using a Leitz DMRB microscope (Leica) fitted with a Leica DC

300Fdigital camera.

2.12. RNA ISOLATION

RNA was isolated from the MOCK and CMT28 cell lines using the RNeasy kit (Qiagen

[Sussex,UK]), following the manufacturers instructions. Owing to the easily degradable

nature of RNA, care was taken at all times to minimise the chance of contamination by

using full personal protective equipment and by regularly decontaminating gloved hands

and bench top equipment with RNase-Away® (Sigma).

Final RNAconcentration was determined by spectrophotometric analysis using a BIO-RAD

'SmartSpec 3000' (BIORAD)reading absorbance at 260nM. RNAwas diluted in 10mM Tris

HCI pH7.S to obtain accurate values. A260 readings should be greater than 1.5. Pure RNA

should exhibit A200/A280 ratios of 2.0, however due to variations between starting materials

and in performing the procedure ratios of 1.7-2.0 were deemed acceptable. Cuvettes were

washed with O.lM NaOH,ImM EDTA,followed by a wash with RNase-freewater.

Stocksof RNAwere stored at -80°C.
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2.13. eDNA SYNTHESIS BY REVERSE TRANSCRIPTION

cDNA was synthesised from RNA isolated from cell lines using reverse transcription (RT).

To Illg of total cellular RNA, 1111of Oligo(dTh2.18 primer (Invitrogen [Paisley, UK]) was added

and the total volume made up to 10111with Rnase-free water. This mixture was incubated

at 70°C for 10 minutes before the addition of 10111of reverse transcription 'mastermix',

consisting of: 41115X RT buffer (Invitrogen), 2111O.lmM dithiothreitol (DTT [Invitrogen]), 2111

5mM deoxynucleotide triphosphates (dNTPs), 1111RNasin (Promega [Dublin, Ireland]) and

1111Superscript II RT (Invitrogen). Enough 'mastermix' was added to make a total reaction

volume of 20111.This was then incubated at 37°C for 90 minutes and the cDNA product

stored at -20°e.

2.14. PCR & AGAROSE GEL ELECTROPHORESIS

2.14.1. Polymerase Chain Reaction

Polymerase chain reactions (PCRs) were carried out using primer pairs designed to be

specific for the four canine EGF-receptors, EGFR: 5'-TCTGACAGCTACGAGGTGGA-3'

(forward) and 5'-TCGACGTGCAGTTTTTGAA-3' (reverse); HER2: 5'-

AGCCAAGTGAGGCAGATCC-3' (forward) and 5'-GGTCTCCATTGTCCAGCAC-3' (reverse);

HER3: 5'-GGGAGCCGCTTCCAGACT-3' (forward) and 5'-CCGTACTGTCCGGAAGACAT-3'

(reverse); HER4: 5'- CATGGCCTTCCAACTTGACT-3'

CACCTGCCATCACACTGTTC-3'(reverse).

(forward) and 5'-

Primers were designed using the publicly available canine genomic sequences, and the

online Primer3: WWW Primer Tool

(http://biotools.umassmed.edu/bioapps/primer3 www.cgi).Primers were synthesized by

Eurofins MWG and purified through High Purity Salt Free (HPSF®) purification.

PCRs were carried out with the following reagents: lOx PCR Reaction Buffer, Taq DNA

Polymerase (both Roche [Hertfordshire, UK]) and 20mM dNTPs, all of which were used at

concentrations recommended in the manufacturers' instructions. Throughout the

preparation of PCRs, care was taken to ensure there was no cross-contamination between
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samples. The volume of each reaction was adjusted as necessary using distilled water to a

final volume of SOIlI.

Samples were thermo cycled in a 'GeneAmp PCR System 9700' from Applied Biosystems

{Warrington, Cheshire, UK}. General conditions used for thermo cycling are described in

Table 2.14.1.

Table 2.8 - Thermo cycling conditions
Step Temperature Time

1 94°e 3 min Initial denaturation step{~ 94°C 1 min Denature double stranded DNA
VI *S2.2-S6°C 1 min Primer annealingQ)

u
72°e 1 min 30s DNA extension>-u

U") 72°C 7 min Final extension to ensure DNA synthesis is('t')

complete
6 4°e 00 To preserve DNA at the end of thermo cycling

* At this stage, the temperature required depended on the primer set being used

2.14.2. Agarose GelElectrophoresis

DNA products were resolved on 3% agarose gels, made up using Certified Molecular

Biology Agarose (BIORAD) dissolved in SOml1X tris-acetate EDTA {TAE} buffer (diluted from

a SOXstock composed of 242g Tris, S7.1ml glacial acetic acid and 18.6g EDTA adjusted to 1

litre with dH20) stained with Sill SYBRSafe DNA Gel Stain {Invitrogen}, and then cast in the

Flowgen (Nottingham, UK) 10cm x 7cm Mini Gel Tank. All gels were run with a 2Sbp DNA

ladder from Invitrogen. DNA samples and ladders were made visible to the naked eye by

the addition of Blue/Orange 6x loading dye {Promega} to a final concentration of lX.

Electrical current was applied to the gels using a 'Power-Pac 200' {BIORAD} at 60 volts for

roughly 30 minutes, or until the dye front was three quarters of the way down the gel.

Gels were visualised and photographed under UV light using a Kodak Gel Logic 100

Imagining System.
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CHAPTER THREE

Bioinformatical Analysis of Canine HER2

3.1. INTRODUCTION

In recent years, human genesand proteins have been extensively analysed, sequenced and

studied, culminating in the publishing of the human genome. Not only did this represent a

milestone in our understanding of human origins, but it also allowed for many scientific

investigations of human genes and disease to be carried out in silica. This achievement has

since been followed by the publication of the genomes of a number of other organisms,

among them the dog. Before embarking on the laboratory portion of this project, it was

important to investigate the scope of information relating to the EGF family already

available. Bioinformatics provides a number of tools and databases which provide an

opportunity to learn more about a particular species' genetic make-up through cross-

genomic comparisons, which is particularly useful in specieswhich are closely related, such

asH. sapiens and C. /amiliaris.

With regard to the EGFfamily (with which this project is concerned), some members have

been shown in the laboratory and through bioinformatical analysis to have a number of

different gene products. The resulting isoforms of these gene products may have

significantly different structures and activities, which possibly not only affect their role in

cell signalling, but also to what extent therapies targeted against them may be successfulas

alterations in protein structure can affect receptor dimerization, trigger constitutive

activation and maskdrug binding sites.

There are several different mechanisms through which various gene products are

produced:

• Posttranslational modifications, where the addition of biochemical function groups

(such as carbohydrates, acetates, phosphates and lipids) can alter the chemical

nature of a peptide or bring about structural changes (for example the creation of

disulphide bonds or proteolytic cleavage);

• Alternative initiation due to the presenceof alternative initiation codons within the

mRNA;
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• Gene splicing, which can splice exons in or out of sequence and, in some cases,

splice in alternative exons.

Before embarking on an analysis of these processes in the canine EGF family, it was

important to review what is already known in human cases.A number of examples of the

mechanisms described above are found in the EGFreceptors in humans.

One such example is the presence of a truncated form of HER2(also known as p95-HER2)

which lacks the extracellular regions of the receptor. This truncated from arises either

through a process of proteolytic shedding of the extracellular domain (Christianson et al.,

1998; Codony-Servat et al., 1999), or through alternative initiation of translation from two

methionine residues that are located before and after the transmembrane domain, (611

and 687 respectively) (Anido et al., 2006).
It has been shown in vitro that this truncated form of HER2in breast tumours will not bind

Herceptin, although it is still vulnerable to phosphorylation inhibition by SMTKls such as

lapatinib (Scaltriti et al., 2007).

Expression of p95-HER2 has been shown to be present in up to 30% of human breast

tumours with HER2overexpression (Molina et al., 2001), and its presence may in part be

the reason why not all patients treated with Herceptin respond to therapy. Truncated p95-

HER2 has also been associated with aggressive disease and high risk of lymph node

metastatic progression (Christianson et al., 1998; Saezet al., 2006), and is considered a

marker of negative prognosis.

Another example of a more recently identified isoform, is one in which exon 16 is spliced

out of HER2,giving rise to a particular gene product known as ~16HER2. Research has

shown that there is an in-frame deletion in this gene product in the same region that is

mutated in neu or HER2proto-oncogene ERBB2mice, which removes extracellular cysteine

residues involved in maintaining protein structure in HER2. This subsequently disrupts

disulphide bonds within the protein, and leaves any unpaired cysteine residues available

for intermolecular bonding (Marchini et al., 2011), resulting in this isoform of HER2being

constitutively active.

This isoform was originally detected in a number of HER2-overexpressingbreast cancer cell

lines (Kwong & Hung, 1998; Siegel et al., 1999) and primary tumours (Siegel et al., 1999;

Castiglioni et al., 2006). Studies have shown that in breast cancers which have spread to
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local lymph nodes and which are HER2 positive, L\16HER2 is present in 89% of patients

(Mitra et al., 2009). It has been reported that this isoform also possesses enhanced

transforming activity (Kwong & Hung, 1998; Siegel et al., 1999), promotes receptor

dimerization and cell invasion, and breast cancers expressing this isoform in vitro seem to

have increased resistance to Herceptin therapy (Mitra et al., 2009).

Similarly the RET (rearranged during lransfection) proto-oncogene which encodes a

receptor tyrosine kinase belonging to the glial cell line-derived neurotrophic factor family

(Knowles et al., 2006) undergoes splicing to give rise to a number of gene products:

isofroms RET59, RET43 and RET9 (where the numbers in their nomenclature correspond to

the number of amino acids in their C-terminal tails)(Myers et al., 1995).

Activating point mutations within these RET isoforms give rise to genes whose products

cause ligand-independent activation of the receptor, and which can cause patients to

develop multiple endocrine neoplasia (MEN) type 2 hereditary cancer syndromes, of which

there are three subtypes: MEN2A, MEN2B and familial medullary thyroid carcinoma (FMTC)

(Vita et al., 2000). To date, more than 100 mutations have been reported in RET(Knowles

et al., 2006). Of those that account for the gain-of-function mutations associated with MEN

type 2 cancer syndromes, the mutations are grouped into those present in the cysteine rich

regions of the receptor, and those within the RET kinase domain. The most common

residue mutated in MEN2A patients is cysteine 634, where one-half of an intramolecular

disulphide bond is removed, allowing for the formation of an intermolecular disulphide

bond with a second mutant molecule. This arrangement leads to constitutive receptor

dimerization and aberrant signalling (Knowles et al., 2006). Mutations within the kinase

domain have much more varied mechanisms, but are not known to give rise to constitutive

receptor dimerization (Knowles et 01.,2006).

At the time of writing, literature searches showed no studies into the presence (or lack

thereof) of splice variants within the canine ERBB2 gene. Knowledge of whether HER2

isoforms exist in dogs could be valuable in considering what therapies to administer to a

veterinary patient, and could be taken into consideration in future drug discovery

programs. This knowledge may also further encourage the scientific community to use the

dog as a useful model for disease and in drug trials.
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One method of investigating the presence of these isoforms in canine sequences is through

bioinformatical analysis. Using sequence comparisons and alignments, and mapping intron

and exon boundaries, it is possible to speculate on what isoforms may be present in dogs

simply through the application bioinformatical tools and analysis to publicly available

protein and gene sequences.

To this end, this chapter describes a number of genetic and protein comparisons that were

drawn between canine and human HER2using various bioinformatic tools.

3.2. AIMS

1. To compare canine and human HER2 through sequence alignments, dot plot

analysis and observations on protein structure;

2. To compare intron and exon boundaries between the two species and investigate

splice variation in the canine gene.

3.3. RESULTS

3.3.1. Comparisons of Human and Canine HER2
Before conclusions can be drawn with regard to the presence of isoforms in canine HER2,

comparisons must first be made between the protein and genetic sequencesof canine and

human HER2.To this end, the publicly available sequences for canine and human HER2

were compared, first through preliminary dot plot analysis (which provides a general idea

of regions of homology between sequences) and then though more detailed sequence

alignment using BLAST(Basic Local Alignment Search Tool) analysis (available from the

National Centre for Biotechnology Information [NCBI)).Protein structure was also analysed

through observation of how likely it tended towards structural disorder.

The canine genomic and protein sequences encoding HER2 were retrieved from the

Ensembl genome browser (ID: ENSCAFGOOOOO016351).Examination of this entry showed
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that (at the time of writing) the gene is located on chromosome 9 and is 24,116 bases long

(starting at base 26,088,707 and ending at 26,112,823) and contains 27 exons.

The human genomic and protein sequences encoding HER2 were also available from

Ensembl (ID: ENST00000406381). Annotations on this entry showed that the gene is

located on chromosome 17, is 40,522 bases long (starting at base 37,844,393 and ending at

37,884,915) and contained 29 exons.

In addition to having the exons annotated onto the gene, these sequences have also had

their 5' upstream and 3' downstream untranslated sequences identified.

It should be noted that the Ensembl entry for human HER2 had a number of transcripts

available for analysis. This entry showed that there were six different human HER2

transcripts (see Table 3.1), although only 3 of these were consensus coding sequences

(CCDS [the CCDS project is a collaborative effort to identify a core set of protein coding

regions that are consistently annotated and of high quality (Pruitt et al., 2009), making

these sequences more reliable]).

Table 3.1 - Ensembl entries for human ERBB2 gene

Name Transcript length (bp) Exons Peptide length (aa) CCDS?

ERBB2-201 4624 27 1255 CCOS32642

ERBB2-202* 4806 29 1225 CCDS45667

ERBB2-203 3238 21 979

ERBB2-204 2147 15 603

ERBB2-20S 4624 27 1225 CCOS45667

ERBB2-206 4341 27 1240

* This transcription was used in bioinformatic comparisons in the rest of this chapter, as it was the
longest and most completely annotated.

To compare these sequences, the cONAs of each of these transcripts were BLAST aligned

against ERBB2-202 (Figure 3.1a). This alignment showed that while all the transcripts were

able to fully align with the longest (ERBB2-202) sequence, none were the same length.

Alignments ERBB2-201, 205 and 206 all had the same percentage query coverage (89%)

owing to their similarities in length and exon numbers (indeed, ERBB2-202 and ERBB2-205

appear to actually be identical entries as they share the same CCDS identifier). ERBB2-203
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Figure 3.1: BLASTalignments of Ensembl entries for human HER2. A: cDNA alignments; B:

peptide alignments. In each case, the Query sequence is ERBB2-202. The other sequences

are (from top to bottom: ERBB2-201, ERBB2-203, ERBB2-204, ERBB2-20s and ERBB2-206).

aligned in the middle portion of the query (ERBB2-202) sequence, but not at either the 5' or

3' ends, and ERBB2-204 aligned with the beginning of sequences ERBB2-201, 205 and 206.

Reasons for these differences can be explained by looking at the exon structures of the

sequences (Figure 3.2). The sequences which align the most (ERBB2-201, 205 and 206) with

full-length (ERBB2-202) ERBB2 lack the first two exons of the longer sequence (and have

their first exon in a different location), but other than that are predominantly conserved.

ERBB2-203 also lacks these first three exons, but in addition to this lacks a further five at

the beginning of its sequence. ERBB2-204 is the smallest of these sequences and contains

only 15 exons, which align with the beginning of the shorter sequences (ERBB2-201, 205

and 206).

A further BLASTalignment was performed on the proteins of these sequences to determine

how they were related to one another (Figure 3.1b). Results from this showed that all

sequences (except ERBB2-203) aligned well at the beginning of the sequence. This would

suggest that the initial 2 exons at the beginning of ERBB2-202 which all the other

sequences lack are not particularly relevant to protein coding. Indeed further analysis of
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the exonic sequence of ERBB2-202shows that the first three exons are composed entirely

of untranslated sequence.

Similarly to the cDNA alignment, ERBB2-203and 204 are rather different from the other

transcripts. In the case of ERBB2-204, the peptide aligns with the beginning of the

sequence, as exon 4 (where translated protein sequence appears to begin) is conserved.

However as this sequence consists of only 15 exons, the alignment is significantly shorter

(aligning only up to roughly residue 600 of ERBB2-202).Further along the alignment of

ERBB2-204,there is a small and very low-scoring alignment (black bar on the graph in

Figure 3.1b). Given that this alignment is so short (only 34 residues), only has a percent

identity of 28% and a very high e-value of 6.3, it is likely that this alignment occurred by

chance, rather than being a "true" alignment.

With ERBB2-203,it can be seen that there is a strong alignment for most of the sequence,

with there being an alignment with a lower score at the beginning (green line on graph in

Figure 3.1b). From looking at the exon boundaries in Figure 3.2, it would be expected that

there would be a strong alignment for the latter portion of this transcript as it lacks five

exons at the beginning of the sequence. The presence of the less strong (green) alignment

is unexpected, and corresponds to a low-scoring alignment with 25% identity between the

two sequences. Further exonic alignments were carried out between ERBB2-202and 203 to

investigate this. It was found that ERBB2-203only aligned with exons 10 through 29 of

ERBB2-202,and not anywhere earlier in the sequence, which the protein BLASTalignment

would seem to suggest. Further analysisof this alignment using Artemis showed that it was

protein sequence from exons 10 through 16 which was aligning at the beginning of the

sequence. However closer inspection of the BLASTresults showed large gaps in this

alignment which combined with the low percent identity (25%) between the two

sequences, the relatively short length of the alignment and a relatively high error score of

2x10·1S compared to the other alignments (which all scored 0) would suggest that this

alignment happened perhaps by chance (similarly to that of the short alignment at the end

of ERBB2-204)rather than being a "true" alignment.
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3.3.1.1. Dot Plot Analysis

From the dot plot analysis (carried out using Dotlet [http://myhits.isb-sib.ch/cgi-

bin/dotlet], Figure 3.3) it can be seen that canine and human sequences are highly similar.

Attention should be paid to several areas of this dot plot. Firstly, the diagonal line which

spans the plot. In dot plots, the closeness of two sequences in similarity determines how

close this diagonal line is to graphically demonstrating a direct relationship. The presence

of a strong, straight line shows that these two sequences are very closely matched.

Secondly, in the upper left corner of the plot, a number of areas of darker shading can be

seen around the diagonal line. These shaded areas are representative of repeated protein

domains which are shared between the two sequences, in the N-terminal region of the

protein. The presence of these shaded areas shows that there are four repeating domains

in each protein (highlighted in blue and red in Figure 3.3), which themselves are made up of

a number of smaller repeats (represented by the stronger, smaller black lines within the

shaded areas). Given what is already known regarding the structure of receptors in the EGF

family, and by observing the residue numbers within these shaded regions, these areas

N-terminus

t'"\
I

iD
3
:;
c::
'"

Figure 3.3: Dot plot analysis of human (horizontal axis) and canine (vertical axis) HER2. The

strong diagonal line denotes a high degree of similarity between the two species. The

sequences also share a number of repeating protein regions, made up of a number of smaller

repeats. The areas highlighted by blue lines correspond to CR regions of the extracellular

portion of HER2 (domains II and IV), while the areas highlighted by red lines are L regions
(domains I and II).

Dotlet specifications: Matrix: Blosum62; Sliding window: 15; Zoom: 1:4; Grayscale: 72%-15%
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represent protein domains rich in repeats, corresponding to extracellular domains I-IV of

HER2(Flynn et 0/.,2009).

3.3.1.2. Whole Protein BLASTAlignment

Further protein sequence analysis carried out through BLASTalignments also shows that

canine and human HER2are closely related, with 93% of identical residues overlapping

between the two sequences (Figure 3.4).

BLASTanalysis also showed that the alignment produced a high bit score of 2340 bits

(where a higher score denotes a better alignment), with an E-valueof 0 (where a lower E-

value also denotes a better alignment).

It should also be noted that sequence alignments show that the key methionine residues

(described in Section 3.3.2) involved in alternative initiation which results in p95-HER2

isoform being produced are conserved between dog and human species.
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Figure 3.4: BLAST analysis of canine (query) and human (subject) HER2 sequences. A:

Graphic summary of BLAST hits against the query sequence. Graph A shows that the

length of the alignment has a high bit score exceeding 2000 bits. B: Alignment

produced by BLAST(note that the full alignment continues on the next page).

A

<40 40-50 IO-aO 80-200 )0·200
Color key for alignment scorel

1 250 500 750 1000 1250

B
>lcl161949 unnamed protein product
Length=1255
Score = 2340 bi.ts (6065), ExpeCC = 0.0, Method: Compositional matrix adjust.
Identities = 1170/1260 (93%), Positives = 1209/1260 (96%), Gaps = 5/1260 (0%)

Query 4 MELAAWCRWGLLLALLPSGAAGTQVCTGTDMKLRLPASPET.HLDMLRHL'lQGCQVVQGNL 63
MELAA CRWGLLLALLP GAA TQVCTGTDMKLRLPASPETHLDMLRHL'lQGCQWQGNL

Sb]et; 1 MELAALCRWGLLLALLPPGAASTQVCTGTDMKLRLPASPETHLDMLRHL'lQGCQWQGNL 60
Query 64 ELIYLPANASLSFLQDIQEVQGYVLIAHSQVRQIPLQRLRIVRGTQLFEDN'lALAVLDNG 123

ELI'lLP NASLSFLQDIQEVQG'lVLIAH+QVRQ+PLQRLRIVRGTQLFEDN'lALAVLDNG
Sb]et 61 £LIYLPTNASLSFLQDIQEIIQG'lVLIAHNQVRQVPLQRLRIVRGTQLFEDN'lALAVLDNG 120
Query 124 DPLEGGIPAPGAAPGGLRELQLRSLTEILKGGVLIQRSPQLCHQDIILWKDVFHKNNQLA 183

DPL P GA+PGGLRELQLRSLTEILKGGVLIQR+PQLC+QDIILWKD+FHKNNQLA
Sbjct 121 DPLNNTTPVTGASPGGLRELQLR5LTEILKGGVLIQRNPQLCYQDTILWKDIFHKNNQLA 180
Query 1a 4 LTLID'INRSRACPPCSPACKDAHCWGASSGDCQSL TRIVCAGGCARCKGPQPTDCCHEQC 243

LTLID'INRSRAC PCSP CK + CWG 55 DCQSLTRIVCAGGCARCKGP PIDCCHEQC
Sbjet, 1a 1 LTLIDTNRSRACHPCSPMCKG5RCWGESSEDCQSLIRIVCAGGCARCKGPLPTDCCHEQC 240
Query 244 AAGCIGPKHSDCLACLHFNHSGICELHCPALVIYNIDIFESMPNPEGR'lTFGASCVTSCP 303

AAGCIGPKHSDCLACLHFNHSGICELHCPALVr'lNIDTFESMPNPEGR'lIFGASCVT+CP
Sbjct 241 AAGCIGPKHSDCLACLHFNHSGICELHCPALVTYNIDIFESMPNPEGR'lIFGASCVIACP 300
Que ry 304 'IN'lLS"IIJVGSCTLVCPLNNQEVIAE.DGTQRCEKCSKPCARVCYGLGMEIiLRE.VRAVTSAN 363

'IN'lLSIDVGSCILVCPL+NQEVIAEDGTQRCEKCSKPCARVCYGLGMEHLREVRAVTSAN
Sbjet 301 'IN'lLSTDVGSCILVCPLHNQEVIAEDGTQRCEKCSKPCARVCYGLGMr.HLREVRAVTSAN 360
Query 364 lQEFAGCKKIFGSLAFLPESFEGDPASNIAPLQPEQLRVFEALEEITG'lL'lISAWPDSLP 423

IQf,FAGCKKIFGSLAFLPESF+GDPASNTAPLQPEQL+VFE LEEIIG'lL'lISAWPDSLP
Sb]ct 361 IQEFAGCKKIFGSLAFLPESFDGDPASNTAPLQPEQLQVFETLEEITG'lL'lISAWPDSLP 420
Query 424 NLSVFQNLRVlRGRVLHDGA'lSLTLQGLGI SWLGLRSLRELGSGLALIHRNARLCFVHIV 4as

+LSVFQNL+VlRGR+LH+GAYSLTLQGLGISWLGLRSLRELGSGLALIH N LCFVHTV
Sb]ct 421 DLSVFQNLQVIRGRILHNGA'lSLTLQGLGISWLGLRSLRELGSGLALIHHNIHLCFVHTV 480
Query 484 PWDQLFRNPHQALLHSANRPEE£CVGEGLAC'lPLCAHGHCWGPGPIQCVNCSQFLRGQEC 543

PWDQLFRNPHQALLH +ANRPE+ECVGEGLAC+ LeA GHCWGPGPIQCVNCSQFLRGQEC
Sb]ct 481 PWDQLFRNPHQALLHIANRPEDECVGEGLACHQLCARGHCWGPGPIQCVNCSQFLRGQEC 540
Query 544 VEECRVLQGLPREYVKDR'lCLPCHSECQPQNGSVTCFGSEADQCVACAHYKDPPFCVARC 603

VEECRVLQGLPRE'lV R+CLPCH ECQPQNGSVICFG EADQCVACAH'fKDPPFCVARC
SbJct 541 VEECRVLQGLPRE'lVNARHCLPCHPECQPQNGSVICFGPEADQCVACAHYKDPPFCVARC 600
Query 604 PSGVKPDLSFMPIWKFADEEGTCQPCPINCIHSCADLDEKGCPAEQRASPVISIIAAWG 663

PSGVKPDLS+MPIWKF DEEG CQPCPINCIHSC DLD+KGCPAEQRASP+TSII+AVVG
Sb]ct 601 PSGVKPDLS'lMPIWKFPDEEGACQPCPINCIHSCVDLDDKGCPAEQRASPLISIISAVVG 660
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Figure 3.3 continued

Query 664 ILLAWVGLVLGILli<RRRQKIR.i('{!MRRLLQ£TtINEPLIPSGAMPUQAQMRILKETEL 723
ILL VV~+V GILIKRR+QKIRKYTMRRLLQ£TEL~PLIPSG~~NQAQMRILXETEL

Sb)ct EE: !:LVVV~GVIFGILIKRR KIRKYTMRRLlQ£!ELVEPL!PSGAMPlQAQMRILKE!EL 720
Que ry 724 RIM<VLGSGAFGTVY"rCGIWI PDGE..NVKl PVAI!M ..REt.'TSPKAlll<E1LOtA ~AGVGSP 783

RiM<V!.GSGAFGlVYKG IWI PDGENVIa PVAI KVLR£N!SPiGiNI<E ILDEAYV!o"AGVGSP
Sb)ct 721 RKV~GSGAEGIVYKGIWIPDGEl~PVAIKVlRENISPKANKEILDEA~AGVGSP 780
Query "84 YVSRLLGICLISrv LV! IJI.PYGCLLDHVRE!mGRLGSQDLLl&CVQIAKGlI.s'lllDVR 843

YVSRLLG ret I SIVQL V!Q!Jol.P'lGCLLDffVR£+RGRLGSQDLLNWC +QIAKGl'.s YllOVR
Sb)ct 7el YVSRLLGICLTS!V LVTQLMPYGCLLD~ffiGRLGSQDLur~~QIAKGY.sYLEDVR 840

QuHY ,.,44 LV!i.RDLAARNVLVKSPN~IDfGI.ARLL I EIE'lHAX-GKVPliGo.'MAL£SLLRRRfI 903
LVHR.:JLAARtNLvl{SPIlHVKII OFGI.ARLLDIDtrE:Y~KVPlIOOA.ALES+LRRRfI

SbJct e4! L~LAARNVLV"~P~nv-~IDfGLARLLDIJEIEYHAJGGKVPI~£SILRRRFT 900

Query 9 4 B SJVWS'lGVIVii'ELY.IFGAKP'DGIPARE PJLI.EKGERLPQPPICTIOVYMIM'IlKCl.\"M 963
BQSJVi\SYGV'1'Vi\"tI.."fiFGAKPY:>GIPAAEI F::lLLEKGERLPQPPIC! I0II"lMI1~lKCl\'X

Sb)ct 9 1 H Sl)V~Sy(to/lV~'"EIJocrFGAKPYDGIPARtIPDLLEKGERLPQPPlc!ID\"YMIMVKCl\M 960

Query 964 !::lSECRPRFRtLVAEFSRMARJPQRFVVIQNEDLGPASPLDSTFYRSLLEDDDMGOLVDA 1023
IDSECRPRFRtLV+EFSRHARDPQRFVVIQNEJLGPASPLDSTFYRSLLEDDDMG LVDA

SbJct 961 IDSECRPRFREL'ISEF~JURDPQRFVVlQNEDLGPASPLDSTFYRSLLEDDDMGDLVDA 1020

Query 1024 EEYLVPQQGFFCPEP!PGAGGTAHRRHRSSS!RSGGGELTLGLEPSE£EPPKSPLAPSEG 10B3
EEYLVPQQGFfCP+P PGAGG H RHRSSS!RSGGG+LTLGLEPStEt P+SPLAPSEG

SbJce 1021 EE'lLVPQQGFFCPDPAPGAGGMVRHRHRSSS!RSGGGDLILGLEPSEE£APRSPLAPSEG 10eO

ery 1084 AGSOVFDGDLGMGAAKGLQSLPSQDPSPLQRYSEDP!VPLPPEIDG~PLTCSPQPEYV 1143
AGS~IFDGDLG~~AAKGLQSLP+ DPSPLQRYSEDPTVPLP ETDGYVAPL!CSPQPEYV

Sb)ce 108_ AGSOVFDG_LGMGAAKGL S PIHDPSPL RYSEDP!vpLPSErDG~PL!CSPQP£YV 1140

Query 44 'QPEV1\~PPSPLEGPLPPSRPAGATL£RPK!LSPKTLSPGKNGVVi<DVFAFGSAVENP£ 1203
NQP+V PQPPSP EGPLP +RPAGAILER PKTLSPGI(NGVVKDVFAI'G AVENPE

Sb)ce 141 1 PDVR PPSPREGPLPAARPAGAILER-----PKTLSPGKNGWl<DVFAFGGAVEl'IPE 1195

Quer~r 1204 YIAPRGRAAPQPHPPPAFSPAFDUL'lYi\'DQDPSERGSP(:StfEGTPTAENPEYLGLDVPV 1263
YL P+G AAPQPMPPPAfSPAFDNLYYWDQDP ERG+PPSIF+G!PTAENPEYLGlDVPV

SbJce 1196 YLTPQGGAAPQP8PPPAFSPAFDNL'lYi\'DQDPPERGAPPSTFKGIPTAE11PEYLGLDVPV 1255

3.3.1.3. Tendency for HER2 to form an Ordered Structure

Further observation on protein structure and similarity were made by analysing the

tendency for HER2 to form an ordered structure in both species. Protein FASTA sequences

were obtained from Ensembl, and submitted to IUPRED (Dosztanvi et al., 200Sa; Dosztanvi

et al., 200Sb). The IUPREDserver recognises regions of protein which have "no well-defined

tertiary structure in their native, functional state". It recognises these regions based on the

estimated pairwise energy content of the amino acid sequence. The resulting plot

generated gives an idea of whether a protein (in its entirety or merely a region of it) has a

tendency to form a structured or unstructured protein.

It should be noted that while the extracellular, juxtamembrane and kinase domains have all

had been crystallized and their structures determined the C-terminal region as yet has not

had any definitive structure reported.
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The method by which receptor phosphorylation occurs in the EGF family is not yet fully

understood. However it is believed that the C-terminus of the protein exists in a fluid and

relatively unstructured form, which is able to move more freely than its neighbouring

regions, creating a kind of "entropic brush". This freedom of movement allows the tyrosine

residues within this region to be highly flexible in space, so that they may come into

contact with the kinase domains of their receptors and any available residues can be

phosphorylated by ATP. This brush may then continue to wave about to maximise the

chance of binding and recruiting intracellular signalling proteins (Figure 3.5). It would be

expected that such a feature of a protein would have a tendency to be unstructured and

disordered, and that this should be visible when plotted by IUPRED.

In the case of human and canine HER2, both plots show that the proteins have a tendency

to remain structured until residues 1022 and 1020 (in dog and human respectively),

whereupon they both suddenly seem to lose structure as their tendency towards disorder

increases (Figure 3.6). These figures correlate with the region of the protein expected to be

involved in this "entropic brush" structure, which begins roughly 950 residues into the

structure of HER2 (Flynn et 01.,2009).

A: Inactivated B: Activated

pY

Extracellular
region

Kinase
domain

Unstructured
C-terminus containing
tyrosine (Y) residues

Phosphorylated
Tyrosines (pY)

Figure 3.5: The relatively unstructured "entropic brush" of the EGF receptors allows

for tyrosine residues to be brought into close proximity with the kinase domain

which binds ATP. Tyrosine residues are then phosphorylated and then resume their
flexibility in order to recruit downstream signalling proteins.
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Having determined that full-length human and canine HER2 protein are highly similar, it

was next necessary to investigate if the canine form also undergoes splice variation at the

genomic level in the same way that our human form does.
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3.3.2. Bioinformatic Analysis of Canine HER2 Alternative Splicing

Following the general sequence comparisons described in the previous section, it was next

necessary to apply further bioinformatical tools to the gathered sequence data in order to

determine if any splice variation occurs in the canine gene.

This was accomplished first through exon comparisons between species to gauge the

likelihood that the gene was able to undergo splice variation, and later through comparing

the available sequence to the canine expressed sequence tag (EST)library to attempt to

detect any isoforms which may have already been reported through whole-genome

shotgun and cDNAsequencing.

3.3.2.1. Comparing Exons Between the Human and Canine HER2 Genes

In order to gauge whether canine HER2could possibly undergo splice variation similarly to

the human gene, it was first necessary to compare human and canine intron and exon

boundaries. This was first carried out by observing gene structure using the Ensembl

Ontology Tool, which generates a graphical comparison of gene structure (Figure3.7).

Using this alignment, it could be seen that overall the sequence and the structure of the

gene were highly conserved, particularly in the 3' regions. However, it can be seen that the

human gene appears to be somewhat larger and has a slightly different structure at its 5'

end, aswell ascontaining two extra exons compared to its canine counterpart.
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In order to determine why these differences exist, the two cDNA sequences of the HER2

genes were aligned using BLAST. This alignment showed that while the full canine cDNA

(consisting of 3792 bp) aligned with the human cDNA (consisting of 4624 bp) and gave

100% query coverage, there was more genetic information available for the human gene

which simply was not present in the canine equivalent.

Further analysis was carried out by aligning portions of the 5' and 3' ends of the human

HER2 gene (exons 1 through to 4 - a total of 645bp; and exons 27-29 - a total of 1416bp)

with the canine genome (Figure 3.8) using BLAST.

A: human 5' end BLASTagainst canine genome

Color key for alignment scores
<40 40-50 50-80 80-200 >=200

Query
I
1

I100 I200 I300 I400 I500 I600- ----
B: human 3' end BLASTagainst canine genome

Color key for alignment Icore.

Query
<40 40-50 eo-eo 80-~OO >=200

1 250 500 750 1000 1250

Figure 3.8: BLAST results of aligning human 5' and 3' HER2 exons with the canine

genome. Results showed that 7 entries aligned with high identity at both 5' and 3' ends

and that all of these were entries for canine HER2. However none of these alignments

exceeded 153bp in length at the 5' end or 798bp at the 3' end. Further investigation

showed that these canine sequences stopped just before the untranslated region begins

Results from this alignment gave 7 hits, all related to the canine HER2 gene. While these

hits all showed strong alignments to the original 645bp and 1416bp queries, none was

longer than 153bp or 798bp respectively. Further investigation of these alignments showed

that the sequences showed high identities up until the presence of the untranslated region
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(UTR) in the human sequence (found in exon 29), indicating that the canine sequence

lacked this UTR.

In order to further investigate and compare exon structure between species, BLAST

alignments were carried out looking specifically at exonic sequences. Canine exons were

exported from Ensembl in FASTAformat and saved as a .txt file in Microsoft Notepad. This

file was then NCBI BLASTaligned against the human exons for HER2(also exported in

FASTAformat and saved as a .txt file) and the identity between the exons was observed

and recorded (Table 3.2).

It was found that all the 27 canine exons with the exception of the first aligned with the

human exons 4 through to 29. In the course of observing the results of these alignments, it

was found that all the exons between both species have the same length, with the

exception of the last (canine exon 27 and human exon 29). This is due to differences in

untranslated regions of these exons, with the human exon containing a large chunk of

untranslated material (618 bp). Exons also showed a high degree of similarity between

species with 91% identity between species on average, with identities ranging from 76%

between canine exon 5 and human exon 7, and 97% between canine exons 22 and 23 and

human exons 24 and 2S respectively.

It seemed unusual that all the canine exons should align to their human equivalents with

the exception of exon 1.To further investigate this difference, the canine exons were again

aligned by BLAST,except in this instance they were aligned to the entire human HER2gene

as opposed to the human HER2exons only. Resultsfrom this alignment showed that there

was a hit for canine exon 1 within the human HER2gene, and that is scored highly in terms

of both query coverage and percent identity (100%and 94% respectively). Further analysis

of this alignment showed that while it did not match any known exonic human HER2

sequence, it was present within human intron 3. While this may at first seem odd given

that the rest align so closely, it should be considered that the structure of the canine gene

is more similar to the human ERBB2-201transcript (see section 3.3.1) than it is to the

ERBB2-202which was used as a comparison in these analyses. In the human ERBB2-201

transcript, the first exon also aligns within in intronic sequence of ERBB2-202(see Figure

3.2). In this instance, it seemsa similar event hasoccurred within the canine gene.
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Table 3.2 - Canine and Human HER2 exon comparisons

Dog Dog Length %10 %Query Human
Human Exon

Exon (bp) Coverage Length

1 82 No alignt N/A N/A N/A

2 152 92% 100% 4 152

3 215 90% 100% 5 214

4 135 92% 100% 6 135

5 69 76% 91% 7 69

6 116 92% 100% 8 116

7 142 92% 100% 9 142

8 120 92% 100% 10 120

9 127 90% 100% 11 127

10 74 91% 100% 12 74

11 91 92% 96% 13 91

12 200 92% 99% 14 200

13 133 94% 100% 15 133

14 91 87% 100% 16 91

15 161 93% 100% 17 161

16 48 92% 100% 18 48

17 139 86% 100% 19 139

18 123 95% 100% 20 123

19 99 96% 100% 21 99

20 186 94% 100% 22 186

21 156 92% 100% 23 156

22 76 97% 100% 24 76

23 147 97% 98% 25 147

24 98 89% 97% 26 98

25 189 89% 100% 27 189

26 253 90% 100% 28 253

27 371 87% 100% 29 974*

* Difference in size here is caused by a large portion of the exon being composed of untranslated
regions
t While this canine exon did not align with an equivalent human exon, further BLASTanalysis
aligning canine exons to the whole human gene found that the canine exonic sequence did align
with a high degree of similarity (94%) to a portion of human HER2- found to be in intron 3.
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Further analysis using the UCSCGenome Browser (http://genome.ucsc.edu/) mapped the

canine ERBB2exons to the gene (Figure 3.9). Similarly to the exon analysis summarised in

Table 3.2, the beginning and end exons of human and dog HER2shows some differences,

while the rest remain largely similar.

With it being apparent that the two species share a similar gene structure, it was

reasonably assumed that canine HER2 could splice in a similar manner to its human

counterpart. The next stage in this investigation was to determine if additional transcripts

of canine HER2had been published, but not identified as belonging to the gene.
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Chapter Three

3.3.2.2. Detecting Alternative Canine HER2 Transcripts Using the ESTDatabase

The canine HER2 protein sequence was aligned with the canine expressed sequence tags

(EST) database using a tblastn search (Altschul et al., 1997) available from the NCBI. This

alignment produced 107 hits (Figure 3.10), although none had greater query coverage than

33%, and only two had a total alignment score exceeding 200 bits.

Query
<40 40-50 50-80 80-200 >"200

Color key for alignment scores

1 250 500 750 1000 1250

*1 -- *2

--
-
------

-- --
Figure 3.10: Graphical representation of tblastn alignment of canine HER2 peptide

sequence against the canine EST library to detect alternative transcripts of canine

HER2. Only three of these were found to be matches to HER2 (highlighted with *).
The majority of the hits were in the region of residues 620-1000 which coincides with

the transmembrane and kinase domain of the protein, and which tends to be highly
conserved within the proteome.

Three of these alignment hits were found to be a match to canine HER2 (these are

highlighted with blue asterisks [*J on Figure 3.9). To begin with, the two highest scoring

alignments (*1 and *3) were investigated. Both hits were a match for canine HER2 on the

UniGene database, and each had a high identity (99%) for their alignments with canine

HER2 inputted to the search.
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The first sequence matched the first 151 residues of canine HER2and was identical except

for serine residue 147, which was substituted for an asparagine. The mRNA from this

sequence had been isolated from canine synovium. HER2has been reported in cases of

human cancers (particularly those of the head and neck) arising from the synovium

(Nuciforo et al., W BSaunders, 2003; Olsen et al., 2005) so to detect HER2in this tissue is

not unusual.

The second high-scoring hit (the mRNA of which was obtained from canine thyroid)

matched residues 929 to 1149 and was identical with the exception of glutamic acid

residue 1141 which was substituted for an unknown amino acid. Similarly to the synovium,

HER2hasalso been detected in the thyroid (Hagueet 01.,2002; Ensingeret 01.,2003).

The third hit for HER2(*2) consisted of two small alignments within the same hit. This

sequence for this hit (GeneBank ID: C0668785.1) came from a cDNA isolated and

sequenced from canine aorta. Interestingly, the first (and smallest) alignment is found in

the region of exon 16 (which is involved in the creation of the ~16HER2described earlier).

To investigate if similar mutations to the human ~16HER2 were present in the canine

sequence, the relevant exonic protein sequence was first determined using Artemis to

compare genomic exon sequence with its translated peptide. This peptide sequence was

found to be: CADLDEKGCPAEQRA (beginning at residue 636), and was subsequently

searched for against the tblastn results.

Only this hit was found to contain the specific exon 16 residue sequence, and this was a

short alignment consisting of only 30 residues.This sequencewas identical to the published

canine HER2with the exception of the penultimate alanine, which is substituted with an

unknown amino acid (this is possibly due to sequencing error from the cDNA the ESTwas

derived from). Within this hit there was also a second, longer alignment which was found

to fully align with residues 688 to 766 of the HER2peptide sequence. However none of the

cDNAsequence this hit supplied contained the relevant portion of HER2which contains the

mutations associated with constitutively active ~16HER2, and conclusions could not be

drawn about the presenceof this isoform in the dog.

All but eight of the 107 hits provided by the tblastn search aligned roughly between

residues 620 to 1000, which coincides with the transmembrane and kinase domain of the

receptor - a region which is heavily conserved among many proteins and could be

expected to produce a number of alignments with a reasonable degree of similarity -
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although none of these alignments exceeded a total score of 199 bits. Further investigation

of the UniGene entries for these hits showed that these sequences were recorded as being

from various protein kinases within the dog genome, with only three hits belonging to the

EGFfamily (Figure 3.11).
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3.3.3. Observations on Chromosome Structures

Through the course of the previous investigations of this chapter, it was noticed that the

canine sequence was inverted compared to its human equivalent. This prompted a study of

the structures of the two species' chromosomes.

HER2 is found on chromosomes 17 and 9 in humans and dogs respectively. Human

chromosome 17 was retrieved from Ensembl. Using the Ensembl comparative genomics

tools, its synteny with the equivalent dog chromosome (chromosome 9) was observed

(Figure 3.12). From these results, it became apparent that at some point in evolution, the

canine chromosome 9 had become inverted to form the bulk of the long q-arm of human

chromosome 17.

The shorter tip" arm appears to have been involved in a recombination event, where a large

portion of chromosome five has been inserted into the chromosome 9 sequence on the p-

arm. There also appears to be a much smaller insertion just above the centromere.
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Chi- ClCaftisl~p~sf~ili~i. Chi- SConi. l~v. fOMili~i.

Figure 3.12: Comparisons between canine (left and right) and human (middle)

chromosomes on which HER2 is found. Human chromosome 17 is largely composed

of an inverted portion of canine chromosome 9, which has undergone a

recombination event with an uninverted portion of canine chromosome 5. The

approximate location ofthe HER2gene is marked on canine chromosome 9 (HER2).
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3.5. DISCUSSION

These results would suggest that at present no cDNAs have been submitted that would

identify the presence of alternative splicing in the canine HER2gene, despite its significant

protein and gene similarities with its human counterpart which have been described in this

chapter.

However this does not mean that isoforms of HER2do not exist within the dog, simply that

no sequences have yet been submitted which would lend credence to the theory. Canine

mammary cancer has only relatively recently become a subject for study and scrutiny,

whilst studies into human breast cancer have been on-going for a significantly longer

period of time. It is also worth noting that of the ESTsfound to be similar in the tblastn

search carried out none had been derived from mammary tissue (either normal or healthy)

which is the primary tissue with which this study is interested. Mammary tissue

(particularly that from cancerous patients) is arguably where one may be most likely to

observe splice variants and isoforms of HER2.

What has been confirmed in this chapter is that canine HER2appears to have a highly

similar structure to its human equivalent, in both its gene and protein structure.

3.5.1. Gene & Chromosome Structure Comparisons

Eachgene had a similar exonic structure, with the dog gene having 27 known exons and

human having 29 known exons. These exons were not only similar in number, but aligned

with each other well. There was one exception to this, which was canine exon 1 which was

found to match human intronic sequence. This can be explained by observing the

alignments carried out with the various human sequences.

It was found in the human casethat while there was one long sequence (ERBB2-202)which

was used throughout this chapter for comparisons to the canine gene, there were also five

other transcripts. Three of these transcripts (ERBB2-201-,205 and 206) were shorter, and

lacked the first two exons that the longer sequence had. However, all of their remaining

exons aligned with the exception of the first, which aligned within intronic sequence of

ERBB2-202- this is also what was observed in comparing the canine and human exons with

each other. In the course of comparing these exons using both Ensembl'sGene Comparison

tools and through BLASTanalysis of exported exonic sequence, it was also noticed that

human exon 29 is significantly longer than its canine counterpart (exon 27). Further BLAST

analysis aligning the 5' and 3' ends of human ERBB2with the canine genome showed that
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reasons for this were due to there being extensive information with regard to untranslated

sequences in the human gene which to some extent were also present at the 5' end in dog,

but were absent in the 3' end.

Throughout these analyses, it was noticed that the canine ERBB2gene was inverted

compared to the human gene. Chromosome analysis showed that at some point in

evolution, a large portion of canine chromosome 9 (on which ERBB2is found) had been

inverted on human chromosome 17. There also appeared to be a recombination effect

where a portion of canine chromosome 5 had been inserted within the inverted

chromosome 9.

3.5.2. Protein Structure Comparisons

The canine protein showed a highly similar structure to human HER2in a number of ways.

The most basic comparison made was a simple alignment of the primary structures of the

protein via BLASTanalysis, which showed that the canine and human HER2proteins were

highly similar, sharing 93% identity with the alignment producing a high bit score exceeding

2000 bits.

Structure of the HER2 protein was also compared through dot plot analysis and by

observing the tendency for HER2 to form an organised protein structure. In these

instances, it was again found that canine and human proteins shared some common

features. For example the dot plot was able to identify that the CRand L domains of the

protein appear to be conserved in the canine receptor, and observations on protein

organization showed that both sequenceswere formed an ordered structure up to the end

of the kinase domain, after which their tendency to be disorganized increased. This can be

explained by the theory that the C-terminal end of receptors in the EGFfamily may be able

to freely move in space in order to phosphorylate its tyrosine residues, which would

necessitate a highly flexible and disorganized structure.

3.5.3. Summary

All of the factors described in this chapter which suggest that canine HER2is highly similar

to human HER2would perhaps allow us to reasonably assume that the canine gene should

undergo similar posttranslational modifications. From these modifications, we could expect

to see the production of a number of isoforms that are seen in the human gene.
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However this does not appear to be the case. Investigations in this chapter show that at

present no alternative gene forms or protein products can be detected with what

knowledge is currently available regarding the canine genome. While the dog has had its

genome sequenced, studies in dogs have been on-going for a significantly shorter period of

time than they have been in humans and they possessesa much smaller ESTlibrary than

humans (at the time of writing 8,315,272 ESTentries for humans versus 382,629 for the

dog).

Considering this, the presence of alternative gene products of ERBB2in the dog should not

be ruled out. In the future, more cDNAs may be added to the canine ESTlibrary, which

could allow for similar studies to then identify alternative gene products.
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CHAPTER FOUR

Surveying the levels of EGF Receptor and Ligand
Expression in Healthy Canine Tissue Samples

4.1. INTRODUCTION

There is extensive knowledge on receptor and ligand expression of the EGFfamily in both

healthy and diseased states in humans, and as a result cancers are being increasingly

defined by their molecular criteria. Work in this field has allowed the scientific community

to better establish which members of this family are involved in disease progression and

are associated with metastasis and/or a negative prognosis. There is, however,

comparatively little known about the levels of expression of this receptor family in dogs, in

either a healthy or diseasedstate. In order for the level of understanding of canine cancers

to improve, and for the dog to become a more widely accepted model for treating human

cancers, a better understanding of this system in C. familiaris is required. Further

knowledge on the expression profiles of various canine cancers would also allow

veterinarians to better tailor therapeutic regimens to animal patients.

Immunohistochemistry is widely used in a pathological setting to determine the levels of

expression of particular antigens associated with cancers, in order that the most suitable

therapies may be administered to patients. Examples of such directed therapies are

Herceptin (Trastuzumab), where detection of HER2at a level of at least grade 2 is required

before therapy will be administered, and Erbitux (Cetuximab) - used to treat metastatic

colorectal cancers - will only be administered after the detection of EGFRand wild-type

KRASin a patient's tumour histology (Dutra et al., 2004). When these therapies are so

costly, it is important that only the patients who will most likely benefit from them are

singled out for treatment. Immunohistochemical analysis is able to distinguish these

patients from those who may benefit from other chemotherapies, saving public health

servicesand insurance companies' money, and saving the patient any psychological distress

and unnecessarytoxic side-effects they could potentially endure.
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In this project immunohistochemistry was carried out using antibodies which were either

available in the laboratory, or purchased from R&D Systems.All antibodies were raised to

either human or rat antigen sequences (with the exception of antibodies against epigen

and epiregulin, which were purchased from R&D systems and both directed against the

mouse antigen). Bioinformatic analysis showed that in the majority of cases the antigen

sequencesbetween dog and human or rat were identical or only differed by one residue. In

the latter case it was reasonably assumed that the antibodies would successfully cross-

react between species.

4.2. EXPERIMENTAL AIMS

1. To determine if the antibodies available in the laboratory were suitable for use

against canine antigens.

2. To survey the levels of expression of the EGFreceptors and ligands in a healthy

canine system, and to compare this expression to that which has already been

observed in humans.

4.3. RESULTS

4.3.1. Determining if Available Antibodies were Suitable for Use Against
Canine Antigens

Before immunohistochemistry could be carried out, it was necessary to determine if

antibodies available in the laboratory would cross-react with their equivalent antigens on

canine tissues. In order to accomplish this, immunising sequences (where they were

available) were BLASTaligned with their equivalent canine peptide to determine how

similar the sequenceswere (Table4.1).
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Table 4.1 - Comparisons of canine antigens with respective antibody sequences

Target
Protein

C. /amiliaris Immunising sequence
Species raised

against
EGFReceptors

EGFR

HER2

HER3

HER4

DVVDADEYlIPQ

AENPEYLGLDVPV

ELEPE LDLDLE

RSTLQHPDYLQEYST

DVVDADEYlIPQ

AENPEYLGLDVPV

ELEPE LDLDLE

RSTLQHPDYLQEYST

Human

Human

Human

Human

EGF ligands

TGFa CHSGYVG RCEHADLLA

Amphiregulin VT CHQDYFGERCGEK

Betacellulin CDEGYIGARCERVDLFY

HB EGF SCICHPGYHGERCHGLSL

Epigen

Epiregulin

Antibody purchased

Antibody purchased

Neuregulins

CHSGYVG RCEHADLLA

VT CHQDYFGERCGEK

CDEGYIGARCERVDLFY

SCICHPGYHGERCHGLSL

Antibody purchased

Antibody purchased

Rat

Rat

Human

Human

No canine sequence CIENYTGARCEEVFL

Human

Human

Human
Human

Human

Human

NRGla

NRG1~

NRG2a
NRG2~

NRG3

NRG4

CQPGFTGARCTENVPMK CQPGFTGARCTENVPMK

CPNEFTGDRCQNYVMAS CPNEFTGDRCQNYVMAS

CPVGYTGDRCQQFAMVN CPVGYTGDRCQQFAMVN
CPNGFFGQRCLEKLPLRL CPNGFFGQRCLEKLPLRL

*Incomplete sequence CKEGYQGVRCDQFLPKTDS

Differences between sequences are highlighted in
* Only one entry exists for canine NRG3,which is half as long as the largest human NRG3transcript.
For more details with regard to these antibodies, seeChapter Two: Materials and Methods.

BLASTalignments showed that for the majority of the antibodies, the equivalent sequences

were identical between species, with only HER3, TGFa and amphiregulin showing one

residue difference between the immunising sequence and the canine antigen. In these

instances, it was reasonably assumed that the antibodies would still bind. This approach

was also taken where comparisons couldn't be made due to the antibody having been

purchased (and the immunising sequence was not supplied) or there not being a complete

or available canine sequence.

4.3.2. Determining EGFReceptor and Ligand Expression in Normal
Canine Tissue

Having determined that the antibodies were suitable for use against canine antigens, these

were then used to detect the four receptors and ten ligands on a range of ten normal

canine tissues.
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The overall results for the intensities of the observed stains on each tissue with each

antibody are summarised in Table 4.2. The results for individual tissue stains are grouped

together by the organ systems with which they are associated, and the staining patterns

are described in more detail with example images of the stains later in this chapter. Unless

otherwise referenced, histology was interpreted using the Boston University Histology

learning System (Boston University, 2001) and Wheater's Functional Histology (Young et

al., Churchililivingstone Elsevier,2006).

Notes to the reader regarding the figures presented here

• Due to the volume of images that have been collected during the course of

the tissue staining, the full library of images can be found in the DVDwhich

accompanies this thesis.

• These figures have abbreviated annotations on them, which are described in

the text which precedes them, and not in the figure legend itself.

• When observing these results, staining was only described for structures

which are specific to each organ. Other structures (i.e. vasculature and

muscle tissue) which are common to many organs are described in a separate

miscellaneous section.

• I have referred to the results throughout this section as "stains" as opposed

to "expression". This is due to the fact that the signal achieved in

immunohistochemistry provides a non-linear result, and as such observed

staining intensity is not directly proportional to true expression levels.
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4.3.2.1. The Central Nervous System

Cerebral Cortex

SeeFigure 4.1

The cerebral cortex is a sheet of neuronal tissue connected to the cerebellum in

mammalian brains. It consists of six distinct layers, each of which contains a different

composition of neurons. These layers are (from the outermost to the inner most) (Shipp,

2007):

Layer I: Molecular (plexiform) layer: is almost entirely devoid of neuronal cell bodies

and consists mainly of extensions of apical dendrites of pyramidal neurons as

well assome horizontally-oriented axons.

Layer II: Outer granular layer: contains some pyramidal and but mostly stellate

neurons.

Layer III: Pyramidal cell layer/Internal granular layer: contains small to medium-sized

pyramidal neurons, and non-pyramidal Martinotti neurons with vertically-

oriented axonswhich extend into Layer I.

Layer IV: Inner granular layer: contains various stellate and few pyramidal neurons.

Layer V: Ganglionic layer/Internal pyramidal layer: contains large pyramidal neurons

(Pn) and some fusiform cells.

Layer VI: Multiform/polymorphic cell layer: so named as this layer contains a wide

variety of cells, including: small pyramidal cells, Martinotti cells, stellate cells

and fusiform cells.

The cerebral cortex lackswhite matter (which primarily contains myelinated axons) and is

largely composed of grey matter which contains the neurons described above, along with a

network of capillaries.

HER4showed the strongest staining out of the receptors, with most of the grey matter

showing a moderate staining which is slightly stronger in the outer layers. HER4 also

showed staining of the pyramidal neurones. Similarly, HER2shows a similar staining pattern

to HER4with there being a moderate stain in the grey matter, and some staining of the

pyramidal neurones within it. HER3also showed a moderate staining of the grey matter,

although there was less staining of the neurones than for the other receptors. In general
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amongst the receptors there was a tendency for staining intensity to decrease in the

innermost layers of the cerebral cortex. The exception for this was HER2 which appears to

show the inverse of the other members of the EGF receptor family: in this case, staining is

weakest in the outer layers and slightly stronger in the innermost layers.

NRGla showed light staining of the grey matter in the inner layers, which was stronger in

the outer layers. There was little staining of the neuronal bodies. Similarly there was no

staining of the neuronal bodies with NRGlj3, and the entirety of the grey matter stained

weakly. NRG2a showed moderate staining of the innermost layers, which was stronger in

the outer layers with moderate staining of the neuronal bodies. Meanwhile NRG2p showed

weak staining in the outer layers, which became almost completely negative in the inner

layers and showed no staining on the neuronal bodies. NRG3 showed light to moderate

staining throughout the layers, with irregular staining of the neuronal cell bodies. Staining

for NRG4 varied the most within the tissue, ranging for quite strong staining to almost

negative staining, with an absence of staining in the neuronal cells.

Amphiregulin stained negatively throughout the tissue. Betacellulin showed moderate

staining throughout the grey matter and in the neurones. When staining for epigen, the

grey matter stained weakly and rather discontinuously and there was a complete absence

of any staining in the neuronal cells. Similarly, epiregulin also showed a weak stain which

was also discontinuous but less so than that of epigen and which also showed a complete

lack of staining in the neuronal cells. TGFa showed generally weak staining throughout the

grey matter, with a similar level of staining in the neuronal cells. HB EGF showed mostly

weak staining, which was stronger in the outermost layers, but was discontinuous and

showed no staining of the neuronal cells.
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4.3.2.2. The Respiratory System

Lung

SeeFigure 4.2

Lungsare involved in the gaseousexchange of oxygen and carbon dioxide between inspired

air and the blood. Air enters the lungs via a system of cartilage-ringed tubes which become

progressively smaller as they permeate the organ. The first divisions of these tubes from

the trachea are known as the bronchi, with smaller progressive tubes being known as

bronchioles. From the bronchioles (Br) stem the alveoli (AI) of the lung - small sackslacking

any cartilaginous structures, which dramatically increase the surface area of the available

for necessarygaseous exchange. These alveoli form the bulk of lung tissue, and lend it an

overall spongy texture.

EGF receptor and HER4 showed quite strong expression around the lining of the

bronchioles, with moderate staining throughout the alveoli, with a similar staining pattern

being observed for HER2although the signal was much weaker by comparison. In contrast,

HER3showed virtually no staining of the alveolar structures, with only some slight staining

around the cells which line the bronchioles.

NRGla showed predominantly negative staining of the structures within the lungs, with

there being some light to moderate staining in the cells lining the bronchioles. A similar

pattern was observed for NRG1~although in this case there were some patchy areas of

staining amongst the alveolar tissue. NRG2aand NRG4showed weak staining throughout

the alveolar tissue and the lining of the bronchioles, with a similar pattern being observed

for NRG3although in this case the staining was stronger throughout the tissue and there

was noticeable staining of the connective tissue which surrounds the bronchioles. In

contrast to the rest of the neuregulin family NRG2~ showed mostly negative staining

throughout both the alveolar and bronchiole tissue.

Betacellulin showed strong to moderate staining in the alveolar tissue, and moderate

staining of the bronchioles and the connective tissue which surrounds them. Amphiregulin

showed no staining throughout the lung tissue. Epigen, epiregulin and HB EGFshowed a

similar staining pattern, which was strong in the lining of the bronchioles, and moderate in
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the connective and alveolar tissue which surrounds them (it should be noted that the

alveolar staining was lighter in the case of HB EGF).TGFa showed very weak staining

throughout the alveolar tissue, which was slightly stronger in the lining of the bronchioles.
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4.3.2.3. The Gastrointestinal System

Tongue

SeeFigure 4.3

The tongue consists of an upper epithelium which contains the papillae, a layer of lamina

propria (LP)and a large amount of skeletal muscle (SM). In humans, papillae are distributed

along the anterior surface (dorsum) of the tongue, and include:

• Fungiform papillae (not shown): these are mushroom-shaped papillae, found at

the apex and sidesof the tongue.

• Filiform papillae (FiP): long, thin V-shaped papillae. These lack any taste function,

but are the most numerous and involved in mechanical digestion. They are often

characterised by increased keratinisation compared to other papillae.

• Foliate papillae (FoP): are characterised as being a series of ridges and found on

the posterior part of the tongue. Theseare rudimentary in humans.

• Circumvallate papillae (not shown): in humans, only 10 to 14 of these papillae

exist on the tongue. They are present at the most posterior part of the tongue, and

contain most of the taste buds. It should be noted that taste buds and papillae are

distinctly different features, with taste buds being a separate structure containing

a pore on the surface of the tongue which secretes a serous fluid capable of

dissolving food components, the tastes of which are then detected by gustatory

cells. Taste buds are mostly found clustered in the troughs which surround the

circumvallate papillae.

These papillae are conserved in dogs (fewer varieties are found in cats as they are obligate

carnivores, while dogs are classed as omnivores), although it has been reported that dogs

only have one sixth of the taste buds that humans do, and that most are clustered around

the tip of the tongue (Whitehead et 0/., Barnes & Noble Books, 1999). Some differences

also exist in the structure of the filiform papillae in the dog. In dogs (and to a greater extent

in cats), these papillae have long extensions in their posterior process, combined with a

sharp tip (Kobayashiet 0/.,2003) which gives them their rasping texture, which is important

in grooming. In addition, some sources (Kainer & McCracken,Teton NewMedia, 2002) also

describe additional papillae in the dog, both of which also lack any taste function:
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• Marginal papillae: found at the very front edges of the canine tongue. These are

present in neonatal puppies and aid in suckling. These papillae regress as diet

changes in the animal.

• Conical papillae: these are found at the most posterior portion of the tongue,

behind the circumvallate papillae.

Owing to the role of the tongue in mechanical digestion, it contains a large amount of

skeletal muscle. Thesemuscle fibres are often arranged perpendicular to each other, which

allows the tongue its great motility. Amongst this muscle, the lingual salivary glands are

also present.

In the course of observing the canine tongue tissue available in this project, only filiform

and foliate papillae could be reliably observed. Some structures which appear to be

circumvallate papillae were present, however these were either underdeveloped, or the

tissue had been cut in an orientation which made observation of the core of the

circumvallate papillae difficult. Fungiform papillae could not be observed, perhaps owing to

the portion of the tongue from which the tissue was taken, as these papillae are found at

the tongue's apex.

All four receptors were present in the tongue in varying amounts. EGFR,HER3and HER4

showed strong staining throughout the filiform papillae with HER4showing some cellular

membrane staining. 8y contrast, HER2showed overall weak, patchy staining of the filiform

papillae which was cytoplasmic and entirely absent in cell membranes. In addition, HER2

was only present in the supporting tissue core of the papillae and not in the keratinous

surface projections. Overall, staining of the keratinised areas was strongest with HER4,

although it was also present to a slightly lesserextent with EGFRand HER3.

NRGla showed weak to moderate cytoplasmic staining (which was completely absent in

cell membranes) in both the cores of the papillae and to some extent in the keratinous

projections. NRGlj3showed a similar pattern although this was much weaker. 80th NRG2a

and NRG2j3stained negatively. NRG3showed moderate cytoplasmic staining in the cores of

the papillae, with this extending to a certain degree into the keratinous layers. In contrast

to the rest of the neuregulin family members, NRG4 showed moderate staining in the

papillae, which became stronger the nearer the tips.

98



Chapter Four

HBEGFand TGFashowed similar staining patterns (although HBEGFwas slightly stronger),

which staining being most present in the portion of the papillae nearest to the lamina

propria, with staining being almost entirely absent in the uppermost keratinous portions.

Epigen showed an overall negative stain, and epiregulin gave a moderate staining of the

papillae. Betacellulin showed quite strong staining of the cores of the papillae but no

staining in the keratinous layers. Amphiregulin only stained weakly in the papillae.
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Oesophagus

See Figure 4.4

The oesophagus is a long tube, through which the food bolus passesafter chewing. This

tube is lined with stratified squamous epithelium (SSE)which has a high turnover, beneath

which is a layer of submucosa (SM). The oesophagus is lubricated by the secretion of

mucus, which aids in the movement of the bolus towards the stomach. A bolus is passed

along the oesophagus by means of waves of contractions of a number of muscles which

line its length in a process known as peristalsis. The composition of muscle varies along the

length of the oesophagus, with the superior portion consisting of skeletal striated muscles,

transitioning to a mix of skeletal muscle and smooth muscle in the middle portion, and the

inferior portion consisting of smooth muscle.

In the oesophagus, each of the receptors showed strong cytoplasmic staining of the

stratified squamous epithelium with little or no staining of either the lamina propria or the

submucosa. This staining was weakest with HER2, where staining weakened as it

progressed further away from the lumen.

Epigen, amphiregulin, HB EGFand NRG2~each showed a similar staining pattern to HER2,

although the signal was weaker, and the absence of staining in the cell membranes was

more noticeable.

Epiregulin showed very strong, highly cytoplasmic staining of the epithelia, with there being

a significant, noticeable absenceof staining from cell membranes.

TGFashowed an overall weak stain in the mucosa and lamina propria. Betacellulin showed

strong staining throughout the tissue in the epithelia, which was much weaker in the

lamina propria. There was also a lack of this staining from cell membranes in the epithelial

layer, and staining was also slightly weaker where the epithelium met the lamina propria.

NRGla showed strong staining of the epithelium, with moderate to weak staining of the

submucosa. A similar, but weaker, pattern was seen in NRG1~and NRG3although staining

was absent from the submucosa and the lamina propria. NRG2- a showed strong

cytoplasmic staining of the epithelium (with a notable absence of staining from the cell

membranes) and moderate to strong staining throughout the submucosa and the lamina

propria. With NRG4, the staining was weak in the epithelium of the mucosa, with some

areas of cells showing stronger cytoplasmic staining than others.
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Stomach

See Figure 4.5

The stomach is involved in the digestion of food, and like many other organs in the

alimentary canal, can be broadly divided into the mucosa, muscularis mucosa (MM),

submucosa, muscularis externa and the serosa.The mucosa of the stomach consists of two

layers:

• Gastric pits (Gp): indentations in the lining of the stomach from which the gastric

juices are secreted.

• Gastric glands (Gg): specialised cells within these glands synthesise and secrete

hydrochloric acid and pepsinogen (used in the chemical and enzymatic breakdown

of food) and mucus (used to protect the lining of the stomach from corrosive

activity of the gastric acid).

The stomach is also able to mechanically digest food through a churning action brought

about by peristalsis.

The stomach showed strong staining for EGFR,HER3and HER4.This was strongest in the

gastric glands and the gastric pits and was mostly visible in the cytoplasm, although some

weak membranous staining of the mucous neck cells could be seen for EGFR.Extensive

moderate staining of the cytoplasm of the cells in the submucosa and the muscularis

mucosaewas also visible in these stains. In contrast, HER2showed no staining in the gastric

glands or pits, but did have some weak staining in the muscularis mucosae and the outer

longitudinal layers of muscle.

Epiregulin showed strong staining of the gastric pits and glands. This was most evident in

the surface mucosal cells, but this was weaker (and in some cells, absent) from mucosal

cells of the necksof the gastric glands. Epiregulin also showed moderate, granular staining

of the cytoplasm of the outer longitudinal layers of muscle of the stomach.

Epigen stained predominantly negatively throughout the tissue, with some weak staining

being visible in the mucosal cells of the gastric pits, and throughout the muscle of the

stomach.
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Amphiregulin and HB EGF stained entirely negatively throughout the gastric pits and

glands, with weak staining only being visible in the submucosa and lamina propria for HB

EGF.

Betacellulin showed strong staining within the gastric pits, and moderate patchy staining in

the lamina propria. There also appeared to be some stained areas within the gastric pits.

TGFa showed weak to moderate staining of the gastric pits, and weak staining surrounding

the gastric glands.

NRGla showed moderate staining throughout the lamina propria, and some patchy, weak

staining of the mucosal cells of the gastric glands. A similar staining pattern was observed

with NRGlj3 with the only difference being the presence of stronger staining in the tips of

the gastric pits.

NRG2a, NRG213and NRG3 showed overall negative staining throughout the entirety of the

tissue, with NRGla and NRG3 displaying some very weak staining of the lamina propria.

NRG4 showed strong staining in the gastric pits, but less in the area of the lamina propria

which surrounds the gastric glands. This was strongest at the base of the gastric pits, and

less intense at the tip of the pits.

104



Chapter Four

C1l III X"iii 0III 0': ....E 0 Cl)
VI.... U

::J C0 ::J
U ec E III cO ..... u

U
::J III Cl) °E.... E 00 .... u.....
(l) ::J 0III ....III Cl) s: E ~ IIc: tlO .... .c Cl)Oro (l) .... ::J

....
Cl).... s: 0 III a:lVl ....

III '"0 c:VI
Iii ~ c: c: (l) 00 0 Cl) b.O :.::;:.:; Cl)~ s: (l) E Cl)III ....

Cl) u0 III <;::a. 0 °cu b.O::J Cl)

E E

105



Chapter Four

Liver

SeeFigure 4.6

The liver serves several functions: detoxification, protein synthesis, the production of some

of the chemical components of digestion (including bile) and is a major site of glycogen

storage.

The primary histological features of the liver are the portal triads. These are distinct groups

of tissues found within the liver and contain (primarily) a branch each of the hepatic artery

(Ha) and hepatic portal vein (Hv) and a bile duct (Bd), alongside a number of lymphatic

vessels.Often these triads are embedded in a ring of connective tissue.

The most numerous cell type in the liver is the hepatocyte, and running amongst these are

numerous bile caniliculi, which transport bile made by these hepatocytes to the bile ducts

in the portal triads.

Staining for receptors in the liver showed a similar moderate to strong pattern throughout

the cytoplasm of hepatocytes, with this increasing in intensity with proximity to portal

tracts when stained for HER3and (to a lesser extent) for HER2.HER3also showed strong

staining of the membranes of the epithelium of the bile ducts in the portal tract - this

staining was present for the other receptors, but was significantly weaker.

Similar staining to that of the receptors was seen for HB EGFand epigen, with staining

increasing in intensity closer to the triads. Epiregulin and TGFa both showed moderate,

even staining of the hepatocytes surrounding the portal triad, and lacked the graduated

effect seen in the receptors.

Betacellulin showed significant strong staining throughout the hepatocytes, with some

strong staining of the epithelium which lines the bile duct of the portal tract. Amphiregulin

stained negatively throughout the tissue.

NRGla showed a similar staining pattern to that of the receptors with a moderate stain

throughout the hepatocytes which increased with intensity towards the portal tract.

NRGlf3 showed predominantly even, moderate staining throughout the cytoplasm of the

hepatocytes, with less noticeable change in stain intensity with proximity to the portal

tract. NRG2a and -p showed a similar stain, although instead of there being a gradual

increase in intensity, there appears to be a distinctly stronger stained ring of hepatocytes

one layer deep surrounding the portal tract. NRGs 3 and 4 showed uniform staining
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throughout the hepatocytes, with only NRG3showing some weak to moderate staining of

the epithelium of the bile ducts in the portal tract.
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Pancreas

SeeFigure 4.7

The pancreasacts as both an endocrine gland (owing to its production of hormones such as

insulin and glucagon) and a digestive organ (as it produces and secretes pancreatic juices

containing enzymeswhich are involved in the chemical breakdown of food).

The hormones of the pancreas are produced by the various cell types found within the

Islets of Langerhans (IL). These islets consist of five cell types, each of which is involved in

the production and secretion of a separate hormone:

• Alpha cells: secrete glucagon

• Beta cells: secrete insulin and amylin

• Delta cells: secrete somatostatin

• PPcells: secrete pancreatic polypeptide

• Epsiloncells: secrete ghrelin

Pancreatic acini (PA) are responsible for production of digestive enzymes, which run into

the gastrointestinal tract via a seriesof ducts (D)which permeate the tissue.

Receptors in the pancreas show the same generalised staining patterns. Uniform

cytoplasmic staining was visible in both the pancreatic acinii and in the islets of Langerhans

for each receptor. HER4showed the strongest signal of the four in the islets, while HER3

was strongest in the acinii. EGFRand HER2displayed moderate staining throughout the

tissue. All of the receptors also displayed cytoplasmic staining of the epithelium lining the

intercalated ducts.

Betacellulin (which was originally isolated from an islet beta carcinoma cell line

(Rungsipipat et 0/., 1999)) showed strong staining of the islets, with some patchy weak to

moderate staining of the acinii and stronger areas of staining around the nuclei of the

central acinar cells.

Amphiregulin stained negatively throughout the tissue. Epiregulin showed strong to

moderate grainy staining of the cytoplasm of the cells in the islets of Langerhaans, with

considerably weak to negative staining throughout the cytoplasm of the acinar cells. Epigen

showed moderate staining of the cytoplasm of the cells in the islets, with some patchy

weak to moderate staining of the acinii. Epigenalso showed moderate to strong staining of

the intercalated ducts.
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HB EGFshowed moderate staining throughout the cytoplasm of islet cells, with this being

much weaker in the surrounding acinii and ducts. TGFashowed weak staining of the islets

with this being slightly weaker in the acinii.

NRGla showed moderate to strong staining of the cells on the islets of Langerhaans.

Staining levels throughout the acinar tissue varied from moderate in the acinar cells

immediately surrounding the islet, to strong levels in other areas. NRGla also showed very

strong levels of staining of the epithelia lining the ducts within the tissue.

This strong staining of the ducts was also visible in stains for NRGll3; however in contrast

staining of the acinar cells was significantly weaker. Cells in the islets showed an overall

weak to moderate level of staining, with certain cells within the islets themselves showing

much stronger signals than their surrounding histology. Further investigation into which

cells NRGll3 was specifically highlighting through the use of double immunofluorescent

staining with antibodies directed against hormones with known cellular origins would allow

for the identification of these cells, unfortunately due to time constraints this was not

possible.

NRG2a showed moderate to strong staining of the entirety of the islets, this being

surrounded by weaker, grainy, cytoplasmic staining within the acinar cells. NRG213showed

moderate staining of the whole of the islet, with there being an absence of staining in the

surrounding acinar cells. NRG2palso exhibited moderate staining of the intercalated ducts.

NRG3showed moderate staining throughout the islets of the pancreas, with this extending

to certain patches of surrounding acinar tissue. NRG4 and betacellulin showed strong

staining throughout the islets, and moderate staining in the acinar cells.
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Rectum

SeeFigure 4.8

The rectum is the final portion of the gastrointestinal tract; it is responsible for the storage

of faecal matter. Stretch receptors present in the rectum stimulate the need to defecate

once full, and peristalsis helps to push faeces through the anus.

In cytological structure the rectum is similar to the colon, in that the surface of the rectal

lining is covered with many tubular invaginations. These are the Crypts of Lieberkuhn (Cl),

which permeate the mucosa of the rectum and contain some specialised cells:

• Goblet cells (GC): responsible for the production of mucus which helps to lubricate

the gastrointestinal tract.

• Stem cells (SC): found at the base of the crypts and are responsible for replacing

the superficial epithelial cells which are frequently sloughed off as food passes

through the bowel.

In the rectum, the four receptors of the EGFfamily generally showed moderate to

strong signals around the goblet cells which line the crypts of the rectum. With the

exception of HER2,the receptors also showed moderate to strong staining of the rectal

mucosa. Moderate to strong staining was also visible in the submucosa for all four

receptors, although there was a lack of staining in the regions of the crypts which house the

stem cells.

Many of the ligands showed similar trends in their staining patterns, with staining

being mostly concentrated around the goblet cells surrounding the crypts and there being a

general absence of staining in the locations of the stem cells. This was the case for TGFa,

betacellulin and epiregulin, where there was also moderate to strong staining present in

the lamina propria. Similar staining was observed for HB EGFand epigen although the

signal was weaker in these cases.Amphiregulin showed no staining in the rectum.

NRGla, NRGlp and NRG3showed strong staining within the crypts of the rectum

and within the goblet cells. This was not the case with NRGlp and NRG3which lacked

mucosal staining, and had much lower signals in the sub mucosa. NRG4 showed strong

staining around the goblet cells and moderate staining of the lamina propria between the

crypts.

NRG2a showed moderate staining around the goblet cells of the crypts, although

this staining did not extend into the area of the lumen. There was little staining of the
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mucosa, but moderate staining of the sub-mucosa. This did not however persist into the

longitudinal or circular muscle of the bowel, which showed much weaker levels of staining.

NRG2~ showed little staining throughout the mucosa, but stronger staining in the

submucosa.
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4.3.2.4. The Urinary System

Kidney

SeeFigure 4.9

The histology of the kidney can be divided into two main sections: the cortex and the

medulla. The cortex of the kidney contains the renal corpuscles (RC)which consist of the

glomerulae (blood supply to the corpuscle) and Bowman's Capsules (which contain

podocytes that wrap around the capillaries of the glomerulae). Renal corpuscles are

involved in the ultrafiltration of blood to extract the various components of urine: it

removes waste products (urea) and excesswater, whilst retaining glucose and sufficient

mineral components to maintain homeostasis. The cortex also contains the proximal (Pt)

and distal (Dt) convoluted tubules, the former of which are responsible for carrying waste

filtered by the Bowman's capsules to the loop of Henle, and the latter of which regulates

pH, calcium and salt ion levels before draining into the collecting ducts of the medulla. Also

present in the cortex is a portion of the loop of Henle, the descending limb of which is

permeable to water, allowing for its reabsorption from the urine back into the blood.

Meanwhile, the ascending limb is impermeable to water, but salt ions are reabsorbed into

the blood by active transport.

The medullary portion of the kidney also contains a section of the Loop of Henle, which

carries some minor anatomical differences but which is functionally similar to the cortical

portion. Also present in the medulla are a number of collecting tubules, which are involved

in transportation of the filtered urine to the ureter.

The cortex of the canine kidney shows a largely similar pattern throughout the EGF

receptors, with staining in the glomerulae being less visible than that in the surrounding

tubules. EGFR,HER2and HER4show staining of both the proximal and distal convoluted

tubules in the cortex. However HER3shows staining primarily in the proximal convoluted

tubules of the cortex, with there being less staining visible in the distal tubules. In the

medulla all the receptors generally showed moderate to strong levels of staining, with

EGFRand HER2showed stronger staining of the proximal tubules than the distal tubules,

whilst HER3and HER4appeared to show equal levels of staining for both sets of tubules.
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NRGla and NRG1~ stained the proximal tubules and distal tubules in the cortex with a

moderate intensity, however while there was a lack of staining in the corpuscles with

NRGla, there were some areas of staining in these structures with NRGll3. NRGla also

moderately stained the proximal and distal convoluted tubules of the medulla, whilst

NRGll3 stained the proximal tubules moderately and distal tubules more weakly. NRG2a

and NRG213stained negatively throughout the kidney, although NRG2ashowing some very

weak staining of the proximal tubules in the medulla. NRG3showed moderate staining of

the proximal and distal tubules in the cortex, with this also being present in some cells of

the renal corpuscles. In the medulla, the proximal tubules stained moderately, although the

intensity of staining appeared to be somewhat reduced in the distal tubules. NRG4showed

strong to moderate staining of all the tubules in both the cortex and medulla, with there

being some cells in the corpuscles also staining moderately.

Betacellulin showed strong staining of the tubules in the cortex and the medulla with there

being an absence of staining in the corpuscles. TGFa showed moderate staining of the

proximal tubules in the cortex and medulla with the distal tubules staining more lightly, and

there being an absence of staining in the corpuscles. Amphiregulin stained negatively

throughout the kidney. Epigen showed weak staining of the tubules in the cortex which

became stronger in the proximal tubules in the medulla, and staining was absent in the

corpuscles. Epiregulin showed weak to moderate staining of the tubules in the cortex and

medulla with some individual cells staining in the corpuscles. TGFa displayed moderate

staining of the tubules in the cortex, although in the medulla only the proximal tubules

showed any moderate staining, with the distal tubules being predominantly negative. TGFa

did not stain the renal corpuscles. HB EGFshowed largely negative staining throughout the

cortex, with only the proximal tubules showing any weak to moderate staining in the

medulla.
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Bladder

SeeFigure 4.10

The bladder serves to store urine that is filtered from the blood by the kidneys before it is

removed from the body via the urethra. It is a highly elastic organ, which has a

comparatively simple histology to other organs. The mucosa is composed of a layer of

transitional epithelium (TE)(which does not produce mucus), beneath which is a thick layer

of muscularis (MM), which lends the bladder its elastic quality. The bladder possessesa

muscle known as the detrusor muscle, which when relaxed allows the bladder to fill and

when contracted expels urine from the organ. The detrusor is composed of a number of

smooth muscle fibres, and contraction of them is controlled by the parasympathetic

nervous system which signals for contraction when the bladder begins to distend with

urine.

When relaxed, the mucosa of the bladder has a crinkled appearance (as in the panels in

Figure4.10) which appears smoother and more flat when the bladder is full and distended.

EGFreceptor and HER4showed the strongest staining of the transitional epithelia out of all

of the receptors, with staining in this region being slightly weaker with HER2and HER3.In

the caseof EGFRand HER4,this staining also appeared to be present in the lamina propria

to some extent.

NRG1a and NRGlp each showed some staining on the transitional epithelium near the

lumen, with very weak staining of the lamina propria beneath. A similar pattern was seen in

the stains for NRG2aand NRG3,although in these casesthe staining was more intense and

more noticeable in the lamina propria. NRG2p showed only very weak staining of the

transitional epithelium, with the lamina propria appearing largely negative. NRG4gave the

strongest result of the neuregulin family, staining the full length of the transitional

epithelium strongly, while leaving the lamina propria only very weakly stained.

Betacellulin, epiregulin and TGFashowed moderate to strong staining in both the entirely

of the transitional epithelium and the lamina propria. Epigen showed weak to moderate

staining in the transitional epithelium, with the lamina propria only staining weakly

beneath it. HB EGFshowed staining patterns more similar to members of the neuregulin

family, with only the top portion of the transitional epithelium showing some weak
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staining, and little or no staining of the lamina propria. Amphiregulin showed no staining on

the bladder tissue.
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4.3.2.5. Miscellaneous Tissues

While no tissues were exclusively selected to observe any cardiovascular or muscular

receptor or ligand expression, components of the vascular system (arteries, veins and

capillaries) and smooth and skeletal muscles are common throughout the organs of

mammals, and sowere routinely observed in the course of this study.

Vasculature

Mammalian vasculature transports blood through a series of networks of arteries, veins

and capillaries. Arteries are typically characterised by having a thick wall made up of three

components:

• Tunica intima: composed of an endothelial cell wall and connective tissue.

• Tunic media: composed of elastic and muscle fibres.

• Tunica adventitia: composed of elastic and loose connective tissue, throughout

which fibroblasts which secrete a mixture of collagenous and elastic fibres.

This thick wall, combined with a small lumen allows the arteries to circulate blood from the

heart at a high pressure. In contrast, the veins (which carry blood at a much lower pressure

back to the heart) have much smaller wall (of the same composition as that of an artery,

albeit much thinner) and a large lumen. Capillaries are the smallest division of the

circulatory system, and are composed of a single layer of endothelial cells surrounded by a

basement membrane - as they are so small and difficult to observe, they have not been

considered in this analysis. No cardiac tissue was observed in this study. It should be noted

that collagen has a tendency to produce non-specific staining with immunohistochemistry,

and so any staining observed within the tunica adventitia is not being considered in this

analysis.

EGFreceptor and HER3showed weak staining of the tunica media, whilst HER2showed a

general lack of staining in this region. In contrast to the other receptors, HER4showed

strong staining in the tunica media.

NRGla and betacellulin showed strong staining of the tunica media, while NRG1~,NRG3,

TGFaand HBEGFshowed weak staining of tunica media. NRG4also showed a weak stain in

the tunica media, but this had a patchy pattern when compared to the other ligands.

Epiregulin showed moderate staining of the tunica media, and NRG2a, NRG2~,epigen and

amphiregulin showed no staining of any vascular structures.
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Muscle

The majority of the muscle observed in this study was smooth muscle which lined the

gastrointestinal tract, although some skeletal muscle was observed in the tongue.

In skeletal muscle, EGF, HER4, betacellulin, epiregulin and TGFa all showed strong staining;

HER3, NRG1a, NRG1f3 and NRG4 showed moderate staining; HER2, NRG3, amphiregulin,

epigen and HB EGFall showed weak staining; and NRG2a and NRG2f3 showed no staining.

In smooth muscle, NRG1a, betacellulin and epiregulin showed strong staining; EGF

receptor, HER2, HER4, NRG1f3 and NRG4 showed moderate staining; HER3, NRG3, epigen,

TGFa and HB EGF stained weakly; and NRG2a, NRG2f3 and amphiregulin showed no

staining.

4.3.3. Results of Comparisons in EGF Receptor and Ligand Expression
Between C. familiaris and H. Sapiens

Comparisons were made between the results obtained from staining canine tissues with

human tissues which had already been stained. In order to achieve this, the Human protein

Atlas (http://www.proteinatlas.org) was used in combination with results from previously

published studies (Gusterson et al., 1984; Damjanov et 0/., 1986; Press et al., 1990; Prigent

et al., 1992; Srinivasan et al., 1998). The Human Protein Atlas was set up as part of the

Swedish Human Proteome Resource Program, with the aim to explore the human

proteome using antibody-based proteomics. The Atlas allows for a user to search for a gene

of interest, and observe immunohistochemical stains for a number of different healthy and

cancerous tissues in humans.

It should be noted that the Human Protein Atlas lacked any data for stains of the tongue

and vasculature, and had no data at all for betacellulin, epiregulin or HB EGF. Data for

NRG1 and NRG2 was not available for separate isoforms - these stains were grouped

together under the umbrella headings of NRG1 and NRG2. Collected results for staining in

human tissues are summarised in Table 4.3.

122



§D::J91

§179HN

§E9HN

§Z9HN

§t9HN

*17H3H

.a.EH3H

** ZH3H

*H::J93

Cl +z +

Cl
Z

Cl +z +

Cl
Z

Cl +z +

Cl +z

Cl
Z

Cl +z +

Cl +z +

Cl +z

Cl +z +

+++
+ ++ ~ -+++ I

+

+ ro

+ -+- c:

++ ++ ++-+-+

+ ++ ++ + +

++ +~~
I I

+ ++ +
+ +

++

++ +~~
+ I I

++-I + +
~~
I I

+I00I++
+ + + +-

I0OI
+

I0OI
+++

++

++

~I +

+++

++~ +
I

+ +
~ +I +

+ +
- ++ +

+
~ +
I

~ +I +

+++-I
++++- ++ +-I
++ ++-

++

+ ++ +

+ +

++
-$-

++-I
+++-

+
-$-

++
++-+

+-I
++

++

++

++

Chapter Four

I0OI
+

+++-++ Cl +z

I0OI
I

+-I Cl
Z

++-t,
I

Cl +z-$-

Cl +z

++
Cl +z +
Cl
Z

Cl +z

,...I00II00I
Z + I

I0OI
I

123



Chapter Four

EGF Receptors

When comparing the expression of the EGF receptors between human and canine species,

the results appear to be largely similar. This similarity was particularly visible in the cases of

HER3 and HER4, which showed noticeably strong and moderate levels of staining in both

species. The receptor which appears to differ most between species is HER2, which gave

less strong results in the human tissues than the canine, in some cases being entirely

absent in humans while the canine tissues gave weak or moderate stains. EGF receptor

appeared to show an overall slightly stronger level of staining in the dog than in human.

Neuregulins

NRG1 showed some similarities between species, with most tissues displaying similar

intensities of staining. One notable exception was observing scores for the cerebral cortex,

where canine tissues showed some moderate levels of expression (2+ and 1+ for NRG1a

and NRG1p respectively), whereas human tissues were reported to be devoid of NRG1.

Isoforms of NRGl did also show some strong staining in the gastrointestinal tract, which

was also seen in dogs. In experiments with canine tissues, NRG2 isoforms rarely scored

above 2+ for intensity, and this effect was mirrored in the human results.

In humans NRG3 showed overall very strong results across the bulk of the tissues, with no

stains showing anything less than moderate (2+) staining. In the dog, while there were

some strong stains, many of the tissues showed either weak or moderate expression -

giving the dog tissue an overall lower level of expression than the human. This situation

was reversed when observing the results for NRG4, with canine tissues showing overall

very strong levels of staining (all tissues showed 2+ or 3+ staining with the exception of one

which was 1+) whilst the human tissues scored largely weak stains, with only the cerebral

cortex showing high NRG4 expression.

Amphiregulin, Epigen and TGFa

Amphiregulin seemed to be largely absent from canine tissues, with only the tongue,

oesophagus and skeletal muscle showing some moderate to low-level staining. In human,

thls effect is completely the opposite, with many tissues showing very high expression

levels and only a few showing any stain less than 2+ in intensity. Epigen showed similar

stains between the two species, with tissues in the gastrointestinal tract, urinary tract and

the lung showing moderate and strong levels between both species. However in the dog,

the muscular tissues showed little staining, which was stronger in human tissues. TGFa
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showed almost exclusively strong staining in many of the human tissues, whilst in the dog

there were a mixture of staining intensities ranging from weak (1+) to strong (3+).

4.4. DISCUSSION

4.4.1. The Expression of the EGFFamily in Normal Canine Tissues

The results of the immunohistochemical stains in canine tissues show that the EGFfamily is

widely expressed in canine tissues. All the proteins probed for showed some degree of

presence within the canine tissues observed here. One notable exception to this was

amphiregulin, which showed quite strong levels of expression in humans and yet was

almost entirely absent in the canine tissues. It was unexpected that a protein which

features so prominently in the human tissues would be almost entirely absent in the dog

(especially considering the relatively high degree of similarity with regard to other protein

members). In this case, the reason for this discrepancy may be down to an unsuitable

antibody - that is, either the antibody was out of date or hadn't been stored appropriately

previously, or (as there was one residue difference between the canine antigen sequence

and that which was used in immunization) the antibodies may not have been similar

enough to the canine antigen to bind effectively. However, given that other antibodies

which also had one residue different between the canine sequence and the immunizing

sequence (HER3and TGFa)gave positive results (which were similar in the human and dog

tissues), this seems unlikely. Also, amphiregulin did show some staining in the tongue and

oesophagus, suggesting that there was not a problem with antibody binding. It could

simply be that the ligand occurs at naturally low levels, which the antibody lacksthe affinity

to bind to sufficiently for detection.

Overall, the region of the canine body which showed the most consistently strong

expression of the members of the EGFfamily was the gastrointestinal system. This could

partly be explained by the fact that the epithelia of the mucosa of these organs are

exposed to frequent mechanical stresses as food passes from the mouth to the rectum.

This gives rise to a high turnover of cells as they are easily sloughed off, which would

require a degree of cell signaling that could be provided by ligands and receptors of the EGF

family.

Organs within the urinary system also showed moderate to strong expression in the dog.

These tissues are involved in the creation of urine: a process which removes urea (a
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product of protein digestion and excretion), water, glucose and salts from the blood. This

filtration process occurs constantly and at a high hydrostatic pressure as blood passes

through the kidneys, and so the glomerulae and tubes which filter and concentrate urine

are often exposed to urine which flows through the tubules. This constant flow of urine

may necessitate a high cellular turnover, similarly to in the gut, which could be facilitated

by the presence of both EGFreceptors and ligands.

The lungs also showed some strong staining, particularly of a number of the EGFligands.

This is perhaps due to the lungs function in breathing, which not only passesair (potentially

containing contaminants in it) through the tissue, but also requires a degree of elasticity

within the tissue. The repetitive nature of breathing would perhaps cause the lung tissue to

suffer some damage, which could be repaired through cell signaling by the EGFreceptors

and their ligands.

Of some interest was the presence of neuregulins on the cerebral cortex. Studies have

shown that neuregulin and its receptor (HER4)appear to playa role in schizophrenia: it has

been reported that in mice with a decrease in the function of this receptor in the central

nervous system (CNS)exhibit symptoms similar to mice which have decreased NRG11eveis

in their CNS (Gerlai et al., 2000; Stefanssonet al., 2002). Further studies report that when

ERBB4or ERBB2are deleted in mice, there is no gross change to the morphology of the

brain. However observations on behavior show that these mice still exhibit schizophrenia-

like symptoms, and the maturation of the dendrites of certain cells is inhibited (Barros et

al., 2009). Results in the canine studies presented here show that both HER4and NRG1

isoforms are present in the canine cerebral cortex, with HER4showing strong staining

levels, and NRG1isoforms showing moderate to weak staining. While no studies have been

carried out to show conclusively that schizophrenia exists in dogs, it has been suggested by

veterinary professionals that the disease could occur in domestic pets which can show

behavioral symptoms typical of the disease (PetPages, 2010). The potential for

schizophrenia to exist in dogs along with evidence from previous studies investigating the

role of HER4and NRG1in schizophrenia supports the observation from this study that both

these proteins are present in the canine cerebral cortex.

The vasculature and smooth muscle generally showed moderate to weak staining, whilst

skeletal muscle (which is more heavily involved in strenuous activity) showed some strong

staining, which would perhaps be consistent with the need for repair in this tissue.
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4.4.2. Comparing EGFFamily Expression between Canine and Human
Tissues

When making comparisons between the results for human and canine

immunohistochemical stains, the results were similar in the caseof the digestive tract with

receptors and ligands showing generally moderate to strong staining. An exception to this

was HER2which showed little expression in the digestive tract in comparison with the

canine results.

Also similarly to the canine results, there was some strong staining in the kidney and the

skeletal muscle, and the observation in the canine results that ligands stained more

strongly in the lungs than the receptors was also seen in the human lung. The bladder and

smooth muscle generally showed lower levels of expression than the equivalent canine

stains.

Oddly, there was no observed staining for HER4or NRGl on the human cerebral cortex,

despite the reported role of these two proteins in schizophrenia (see section 4.4.1 for

further detail). However, other studies have shown that HER4is present in the brain of the

Rhesusmonkey (Macaca mulatto), including in the cerebral cortex (Neddens & Buonanno,

2011).

4.4.3. Limitations of Immunohistochemical Studies

While immunohistochemistry has proven to be a valuable tool in both research and disease

diagnosis/prognosis, there are some inherent limitations in the method, and in the

experiments presented here.

As previously described, immunohistochemistry cannot provide a direct measure of protein

expression, owing to the non-linear results it presents. Whilst this makes quantification of

results difficult, it does still provide an indication of where proteins are expressed. Further

experiments utilising techniques which can be considered more quantifiable (such as

fluorescent staining) could be used to compliment the results presented here. However,

due to time constraints and the availability of sufficient material, such experiments were

not carried out here.

There is also some degree of difficulty when comparing the results between canine and

human results. As the experiments on human tissue were carried out by other groups (with

the exception of those for HER4),it is difficult to vouch for the specificity of the antibodies
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used in these instances, and different antibodies and protocols were likely used which may

have some effect on the intensity of staining observed.

A specific limitation of this study is the lack of normal mammary tissue which was stained.

As these the tissues in this chapter were purchased early in the study (and before any

contact was made with other researchers in the field of veterinary oncology) we were

somewhat limited in what tissueswe could choose. An obvious implication of this limitation

is that it does not allow for a baseline comparison to be made between healthy canine

mammary tissue, and the tissue in its diseased state. This is particularly relevant when one

considers that the aim of this thesis is to explore the role of HER2in this particular cancer,

and information gained from studies of healthy mammary tissue could have further

. validated HER2as a drug target in companion dogs. Had more time been available later in

this project, attempts would have been made to procure normal canine mammary tissues

for comparative purposes.

4.4.4. The Role of Immunohistochemical Studies in Drug Development
and Medicine

While it has already been highlighted that IHCplays a role in determining the molecular

profile of a cancer, it is also important in the drug development process. IHCcatalogues,

like that presented in this thesis, provide researchers with an index of specific organs and

tissues which may heavily express protein which a potential drug may be designed to

target. Using this catalogue, it is possible to predict possible adverse effects which could be

observed in drug trials. Havingobserved extensive staining of the EGFfamily in the GI tract,

possible adverse effects that could be anticipated would include diarrhea and vomiting.
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CHAPTER FIVE

Surveying the levels of EGF Receptor Expression in
Benign and Malignant Canine Mammary Cancers

5.1. INTRODUCTION

The role of immunohistochemistry in the understanding of diseases (including cancer) is

well documented. As described in the previous chapter, the technique is often used in

characterising a cancer to determine appropriate therapies; however IHe also plays an

important role in characterising diseasesfor research purposes.

Understanding the EGFreceptor profile in cancers of model organisms helps to not only

identify potentially useful models for drug trials, but can also have veterinary implications.

SMTKlsspecific to dogs have already been released to the market, some of which will only

be administered in the presence of a particular protein. Masitinib (Masivet) is one such

drug - it is only administered upon the detection of a mutated form of c-kit within the

tumours of severe (grade 2 or 3) mast cell cancers (European Medicines Agency, 2010;

Hahn et al., 2008), although typically this analysis is performed by RT-peRon tumour

specimens. In many cases IHe is also a viable method for the detection of particular

markers of cancer.

While work on canine mast cell tumours has highlighted the importance of members of the

split-kinase receptor family in dogs, less investigation has been carried out into the role of

the EGFreceptors in canine cancers - particularly cancers of the mammary gland, in which

members of this receptor family have been shown to playa role in human disease.

To this end, this chapter aims to investigate the expression of the EGFreceptors in benign

and malignant casesof canine mammary cancer, and also the expression of neuregulins 1

and 2 in the malignant casesas these ligands are those which primarily bind to HER2and

HER3- the receptors most involved in breast cancer.
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5.2. AIMS

1. To observe the expression of the four EGFreceptors in eleven cases of benign

mammary cancer.

2. To observe the expression of the four EGFreceptors and neuregulins 1 and 2 in

nine casesof malignant canine mammary cancer.

3. To compare these expression levels with those observed in human disease.

5.3. RESULTS

Antibodies (which have been previously described in Chapter Two: Materials & Methods)

were used in the staining carried out in this chapter.

As with the immunohistochemistry carried out on normal tissues, the full range of images

obtained from the study of these diseased cases is available on the DVD which

accompanies this thesis.

5.3.1. Determination of the EGFReceptor and Ligand Expression in
Benign Canine Mammary Cancers

Staining results for the benign mammary cancer samples are summarised in Table 5.1, with

examples of stains from one case in Figure5.1.

Overall, it was noticed that while these cancerswere classed by the pathologist as benign,

they still showed highly disorganised histologies with features typical of those found in

cancers in humans, including large prominent nuclei and groups of cells which lack any

defined structure.

Benign mammary tumours showed little in terms of extremes of expression in their

histologies, with most cases showing only weak to moderate expression levels. When

observing the stains for HER2(with which this project is primarily concerned) only one case

(CRXBGM)showed strong HER2expression, and this was composed of a simple adenoma

and a (non-neoplastic) sebaceoushyperplasia.
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Table 5.1 - Immunoreactivity of the epidermal growth factor family of receptors
in benign canine mammary cancer specimens

Qi:: N !'I'I ~Case Tumour Type I.&. Qi:: Cl::
~ W W W
w :::r:: :::r:: :::r::

4072979 Benign mixed mammary tumour ++ ++ ++ +

3391515 Benign mixed mammary tumour ++ ++ ++ +
3908976 Benign mixed mammary tumour ++ + +++ +
3687104a* Benign mixed mammary tumour + + +++ +
3687104b* Complex adenoma + + ++ +

3649008 Hyperplasia, fibroadenomatous + +/++ +

3915662 Benign mixed mammary tumour ++ +

CTUATL Benign mixed mammary tumour + ++ ++
CTPASN Benign mixed mammary tumour + + + ++
CWCJA Carcinoma, tubular (low grade) ++ . ++ ++/+++ +

CRXBGMa* Simple adenoma, lobular
+/+++++ ++ +

hyperplasia

CRXBGMb* Sebaceous hyperplasia - non

neoplastic
+++ +++ ++ ++

CTYAGN Benign mixed mammary tumour ++ ++ +/++ +
Tissueswere scored on a qualitative scale based on the intensity of staining observed: negative (-);
weakly positive (+); moderately positive (+ +); strongly positive (+ + +). In cases where multiple
scores are separated by "]" this denotes the presence of different intensities of staining in separate
areas of the tissue.
* These cases are those in which the tissue came from the same patient, however their disease
presented two areas with distinct histopathologies.
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5.3.2. Determination of the EGFReceptor and Ligand Expression in
Malignant Canine Mammary Cancers

Results for the staining carried out with the malignant specimens are summarised in Table

5.2, with examples of the stains visible in Figures5.2 and 5.3.

As in the case of the benign samples, these malignant cases also displayed highly

disorganised histologies, which (in combination with the prominent, enlarged nudei and

lack of defined structure) also tended to show regions of necrosis and some ductal

infiltration which is typical of malignant, invasive disease. The reader may also observe

(when studying the image library attached to this thesis as a DVD) that a number of

untreated slides stained only with haematoxylin show regions of brown colouring. This is

due to the presence of melanin within the patients' skin, and was taken into consideration

when observing slides stained for the presenceof receptors and ligands.

In the malignant cases, stains were also carried out to observe the levels of NRG1 and

NRG2present in the tissues, as these are the primary ligands which bind to HER2and HER3

(the receptors which act as heterodimers and which are most often involved in aggressive

disease in humans).

Unlike the benign cases, the malignant specimens showed a greater proportion of

moderate to strong staining of the receptors, with a large number showing some strong

staining. Notably, one case(168349) showed only low levels of staining for all the receptors

and the ligands. Only one case (174475) appeared to show very strong staining for HER2,

and this also showed strong staining for EGFRand HER3,with generally moderate staining

of the ligands as well. HER2generally showed moderate amounts of staining throughout

the observed cases.Overall, it was observed that EGFRwas the receptor which showed the

most frequent strong staining, while HER4 showed the least, with no cases showing

anything above moderate staining.

Interestingly, the ligands showed strong staining slightly more than the receptors, with 6

out of 9 (66%) showing some strong ligand staining of at least one ligand, compared to 5

out of 9 (55%)casesshowing strong staining for at least one receptor.
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5.4. DISCUSSION

5.4.1. The Heterogeneity of Canine Mammary Cancer

Overall, it appears that the cases presented here indicate that the EGF receptors are

present in canine mammary cancer at significant levels, as most samples showed either

moderate or strong staining of the tissues. However, while it is easy to consider the

receptors in each case individually, cancer is a disease which makes use of the

heterogeneity of its receptor profile, and so the combinations of receptors should also be

taken into account. HER2and HER3have often been documented to be strongly expressed

together in human disease, owing to their preference to form heterodimers. In the cases

observed here only one malignant case showed strong staining for both HER2and HER3,

with no benign casesshowing such staining combinations. While there is a lack of strong

staining for both receptors in many of these cases, it should be noted that a large

proportion of cases showed moderate staining for both receptors (or a combination of

moderate staining for HER2,with strong staining for HER3),which could perhaps indicate

some relationship between these two receptors in the mechanisms behind these particular

cases.

This heterogeneity is not limited to the molecular profiles of the disease displayed here,

but is also evident in the morphology of each case.None of the casesstudied in this project

showed any great degree of normal mammary histology, with many displaying areas of

disorganised cell structure, invasive regions of cancerous growth (into both the stroma and

mammary ducts), regions of necrosis and morphologically altered cell nuclei. Little

membranous staining (which is typically found in aggressive disease in humans) was

observed in the course of this study for any of the receptors, although a number of cases

did display strong staining of cellular cytoplasm. Overall, this study observed strong (3+)

staining in only 11%of malignant cases (Table 5.3), and moderate (2+) staining in 78% of

malignant cases.Similar studies in dog have found varying degrees of positive staining for

HER2in canine mammary cancer, ranging from 21% (Gama et al., 2008) to 17.6% (Martin

de las Mulas et al., 2003) to 25.6% (of which 56.2% of caseswere classified as 2+ and 7%

were classified as 3+) (Dutra et al., 2004). These figures show HER2expression in canine

mammary tumours to be roughly similar to that in breast cancer in humans (18-20% of

human cases show HER2over-expression), however many aggressive human cases show

staining of the cell membranes, which was rarely observed in this study. The percent of
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benign and malignant canine cases in this study which showed moderate (2+) and strong

(3+) expression (for all4 EGFreceptors) are summarised in Table 5.3.

Table 5.3 - Percent of benign and malignant cases which showed strong (+++) and
moderate (++) staining of the receptors.

Strong Strong staining in Moderate Moderate staining

Receptor staining malignant staining in in malignant

benign cases" cases·· benign cases" cases··

EGFR 9% 44% 55% 44%

HER2 18% 11% 36% 78%

HER3 27% 22% 91% 66%

HER4 0% 0% 27% 89%

* n = 11; ** n = 9

Further studies into other molecular subtypes of these cases could not be carried out owing

to time constraints and the limited amount of tissue available. However an investigation

into the oestrogen receptor (ER) statuses of these cases may shed further light on the

mechanisms behind disease progression in canine mammary cancer.

5.4.2. Statistical Analysis

Unfortunately, at the time this project was carried out, samples of diseased tissue were

difficult to obtain and so only a small amount of material (either benign or malignant) was

available for study. This resulted in insufficient data being available to carry out any reliable

statistical analysis, and limited the numerical analysis to observing the percent of cases

which showed significant expression (Table 5.3). Further studies using a greater number of

cases would allow for more reliable and useful analysis, and could potentially highlight any

heterogeneous relationship between different receptors and between receptor

combinations and morphological subtypes. Information such as this could improve the

understanding of disease progression and aggressiveness, thus improving the accuracy of

prognoses.
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CHAPTER SIX

Observing Small Molecule Inhibitor Efficacy using a
Human EGFRjRat HER2 Chimeric Receptor

6.1. INTRODUCTION

6.1.1. Small Molecule Tyrosine Kinase Inhibitors and Drug Discovery

Recently, two SMTKls have come to market specifically for use in dogs. These are Toceranib

(Palladia) and Masitinib (Masivet) and both are aimed at treating canine mast cell tumours

by targeting the split-kinase receptors involved in the angiogenesis of neoplasms (Pryer et

al., 2003; Hahn et al., 2008). While this is an achievement, when the typical model of drug

discovery is considered a somewhat different picture is painted.

The business model within the pharmaceutical industry is an unusual one (Figure 6.1):

typically a company may begin with thousands of compounds following a drug discovery

programme. Over the course of 10-15 years, these thousands of compounds go through

various preclinical and clinical trials and are eventually narrowed down to one. This

compound must then be approved by the national governing body before reaching the

factory for large-scale production and distribution (with patients being monitored in Phase

4 Post-Marketing Surveillance).

Figure 6.1: Typical timeline of the evolution of a pharmaceutical compound, from

pre-discovery to Phase 4 studies (Pharmaceutical Research and Manufacturers of

America, 2007).
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While this model has brought a number of successful drugs to the market, many thousands

are removed from the development programme owing to factors such as unacceptable

levels of adverse effects or insufficient target inhibition. In this thesis, I would propose that

a number of these compounds could have some potential in a veterinary setting. The high

degree of genetic similarity between humans and canines would indicate that these drugs

could possibly serve a purpose in veterinary oncology - particularly when one considers

that these drugs are often prescribed to animals in lower doses to minimise any adverse

effects associated with them.

6.1.2. Using HumanSmall Molecule Tyrosine Kinase Inhibitors in Dogs

This chapter aims to determine if the drugs available for use in the laboratory were suitable

inhibitors of HER2 phosphorylation. These tests were necessary as some drugs had been

supplied to the laboratory several years earlier, and subsequently required testing to

ensure they had not deteriorated to such an extent as to prevent inhibition of the HER2

kinase at reasonable dosages. Similarly, any drugs acquired more recently (either as gifts

from Pfizer or purchased from laboratory suppliers) also required testing to determine

their efficacy.

To accomplish this, the NEN-7 cell line was used (Pandiella et al., 1989), which is composed

of mouse fibroblasts which have been stably transfected to express a chimeric extracellular

human EGFR/rat transmembrane and intracellular HER2 receptor (Figure 6.2).

Rat HER2

Figure 6.2: Cartoon depiction of

the construct within the NEN-7

cell line. The chimera consists of

extracellular human EGFR, and

transmembrane and intracellular

rat HER2.

Human EGFR {

Cell
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This system allows for HER2kinase activation to be strictly controlled by the addition of

EGFto the cells, and also allows for a degree of specificity when observing the results (Le.

the effect on HER2kinase can be reliably observed without concern that any detectable

signal may have arisen from another receptor).

While this chimera is a useful tool in SMTKI investigations, an ideal system would consist of

a chimera composed of human EGFR/dogHER2receptor portions, as this would give an

indication of both the suitability of the drugs (e.g. had they decayed whilst in storage) and

if they were able to act directly on canine HER2kinase. Attempts were made in this project

to create such a chimera, however problems arose when attempting to amplify the full-

length canine HER2by peR. Numerous adjustments and optimisation steps were made to

the protocol in an attempt to amplify this canine HER2,but ultimately a decision was made

to abandon these efforts in order to focus the limited time and resources on other aspects

of the thesis which would also provide suitable data.

Some analysis, however, was carried out to determine the similarity of the rat portion of

this chimera with its canine counterpart (Figure 6.3). In order to be sure that the rat and

canine HER2kinases were similar, Pfam analysis was performed on both species' protein

sequence for HER2to identify their kinase domains. The sequences for these domains were

then extracted and compared by BLASTanalysis. This showed that within the kinase

domain, there were only two residueswhich differed between species,and that overall the

sequences were 99% similar (figure 6.3a). One further analysis was performed to compare

the human HER2kinase domain with its canine equivalent. This was carried out as for the

comparissons between rat and dog species, and it was found that in this instance four

residues differed, with sequencesbeing 98%similar overall (Figure 6.3b).
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Figure 6.3: BLASTanalysis of kinase domains (A) rat and dog and (8) human and dog

HER2. Differing residues are highlighted with a red box, while the essential lysine

residue of the catalytic site is highlighted with a blue box.

A: Rat (Query) vs dog (Sbjct)
Score. 522 b~t~ (1344), Expect a 3e-1S3, ~ethod: Co~~~t~onal ~tr~x adJu,t.
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Query 121
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Query 241
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240
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Owing to these small differences (most of the differing residues were replaced with those

with relatively similar structures and polarities) it was reasonably assumed that the rat

portion of the chimera would be a suitable model for the expeirments at hand. However,

between the human and canine comparissons, there was one difference which could have

caused problems: an asparagine (which posesses a polar, uncharged sidechain) was

replaced with a histidine (which posesses a positively charged sidechain) at residue 93 of

the alignment (residue 813 of full-length human HER2). While this would appear to be a

significant change which may alter the structure of the canine HER2 kinase, this histidine

also exists in the rat sequence, and experiments carried out in this chapter showed that this
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Figure 6.4: 3D mapping of substituted residues in intracellular canine HER2. The 3D protein

shown here is a predicted structure of what canine HER2 would look like, as developed by 1-

TASSER.The catalytic pocket of the HER2 kinase is indicated with a black arrow. The residue

highlighted in blue represents the essential lysine involved in receptor activity, which is

conserved between human and canine species. Residues which differ between the canine

and human protein (highlighted in more detail in Figure 6.3b) are highlighted in red, with

the location of one substituted residue that is not clearly visible in these orientations

indicated by a red arrow. It can be observed that none of these differences are within

particularly close proximity to the catalytic pocket where many TKls are predicted to bind.

had no observable effect on inhibitor binding to the protein. To further study what effect

these changes could possibly have on any catalytic activity, a predicted structure of canine

HER2 was developed using the I-TASSER(Iterative Threading ASSEmbly Refinement) server

(Fabian et 0/.,2005; Weigelt et 0/.,2005; Minami et al., 2007). The I-TASSERserver allotted

this model a score of 0.85 (where models are scored between -2 and 5, with higher

numbers denoting higher levels of confidence), and using this it was possible to visualise

the locations of the proteins substituted between canine and human species (Figure 6.4).

Results showed that the residues substituted were not particularly close to the catalytic

pocket of the HER2 kinase domain (in fact, two were on the oposing side of the protein,

while a third bordered the catalytic pocket and a fourth [not directly visible in Figure 6.4]

was on the bottom-most surface of the protein, near the (-terminus), and were unlikely to

pose a problem with regard to any TKI binding sites.
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1. To determine if the SMTKls available for testing were suitable for use in this thesis

and had not undergone any kind of degradation whilst in storage.

2. To determine the potencies of these SMTKls.

3. To identify which SMTKls were most suitable to take forward into experiments

using canine mammary cancer cells.

6.3. RESULTS

6.3.1. Detecting Chimeric Receptor Phosphorylation in the NEN-7 Cell
Line

In order to first determine if the NEN-7 cell line was suitable for observing the effect of

SMTKls on receptor phosphorylation, experiments were performed to determine what

concentration of EGF was required to stimulate significant observable phosphorylation

(Figure 6.5).

EGFActivation of NEN-7 Cells

kDa
53 41 2

250

150
p-Tyr

HER2

Relative· levels of p-Tyr detected

0
1

u..
C)
LI;I

~ ::?i
b III

0... ...)(
)(... ...

Figure 6.5: NEN-7 cells were

stimulated with four different final

concentrations of EGF: 1x10-7M, 1x10-

8M, 1x10-9M and 1x10-1oM. Stimulation

lasted for 5 minutes in each case.

Band densities were analysed using

Image J Software, and the resulting

values used to calculate band

intensities *relative to the negative

(unstimulated) control. These values

were plotted on a histogram.

Lanes are, 1: Unstimulated (-EGF)

control; 2-5: cells stimulated in varying

final concentrations of EGF.
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Results showed that there was an observable concentration dependent effect when adding

varying concentrations of EGFto the cells. A final concentration of 1x10·7M was found to be

suitable for future experiments, as this produced the strongest band upon blotting, which

would provide a reliable signal for phosphorylation detection.

6.3.2. Determining the Suitability of SMTKIs

Results of NEN-7 blots with the available SMTKls are shown in Figures 6.6a-g. It was

observed that the SMTKls applied to the cells caused a decrease in the amount of

phosphorylation at the receptor's cytoplasmic domain, measured by probing the cell

Iysates for the presence of phosphotyrosine (p-Tyr). In each case, the amount of noticeable

activation decreased with decreasing concentration of drug, suggesting there was a

concentration dependent effect.

Figures 6.6 a-g (on following pages): Blots and histograms from NEN-7 cells treated with

the available SMTKls. In each case, the blots probed for phosphotyrosine (p-Tyr) were

analyzed using Image J software, to determine the optical density of the bands observed.

The data derived from this analysis was used to calculate the intensities observed relative

to the positive activation controls (lane 3 on each blot), with the resulting values plotted as

a histogram. Lanes are, 1: Unstimulated (-EGF),untreated control; 2: Stimulated (+EGF)

control in the presence of drug vehicle (+DMSO*); 3: stimulated (+EGF),untreated cells; 4-

7: Stimulated cells (+EGF), in the presence of varying concentrations of SMTKI

(concentrations are: 1x10-6M, 1x10·7M, 1x10-8Mand 1x10-9M). In the case of stimulated

cells, 1xlO·7M EGF was applied to the cells. In the unstimulated control, this was

substituted with an equal volume of 1x PBS.

*DMSOis required to solubilisethe TKlsbeing tested here. While this is an effective meansof

deliveringthe drugsto the cells,drugvehiclescanhavenon-specifictoxiceffectsThevehiclecontrol

isappliedto ensurethat anysignificantinhibitionobservedisnot causedby this non-specificevent.
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*Phosphotyrosine levels were calculated relative to the untreated positive controls (Lane3).
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*Phosphotyrosine levels were calculated relative to the untreated positive controls (Lane 3).
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*Phosphotyrosine levels were calculated relative to the untreated positive controls (Lane3).
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*Phosphotyrosine levels were calculated relative to the untreated positive controls (Lane 3).
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6.3.3. Determining Relative Potencies of the Observed SMTKIs

Having carried out Western Blots to observe phosphorylation inhibition it was then possible

to determine the concentrations at which 50% of inhibition occurs using the histograms

presented in Figures 6.5a-g. The data for the positive control lanes (lane 3 in each

histogram) was compared to the data for the cells treated with SMTKls (lanes 4-7). The

drug treatment lane which showed at least a 50% decrease in band intensity from the

positive control was recorded in Table 6.1. From these results, it was possible to identify

the most potent drugs as lapatinib, Neratinib and Canertinib.

Table 6.1 - Relative potencies of observed SMTKls

Drug
Concentration at which at least 50%
inhibition of phosphorylation
activity is observed

Canertinib (CI-I033)
Iressa
Lapatinib
Neratinib (HKI-272)
PD158780
Tyrphostin (AGI478)
ZM260603

1xlO-8M
1x10-6M
1x10-7M
1xlO-8M
1x10-6M
lx10-6M
lxlO-6M

Despite its potency, Canertinib was not selected to take forward into cell proliferation

experiments owing to its lack of specificity: it is a pan-ErbB inhibitor, while lapatinib and

Neratinib are highly specific for EGFRand HER2.

6.4. DISCUSSION

Overall, these experiments showed that all of the drugs tested here were suitable inhibitors

of HER2kinase at reasonable doses of at least lxlO-6M, and could potentially be carried

through into tests making use of canine mammary cancer cells (Chapter 7 in this thesis).

There were some differences between the potencies of these drugs however, which can be

explained by a number of factors including the nature of inhibitor binding.
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6.4.1. Reversible versus Irreversible Inhibitors

One inhibitor proved to be much more efficient at inhibiting phosphorylation than any

others: this was Neratinib, which was able to inhibit 50% of receptor phosphorylation at a

concentration of lxlO-8M (with concentrations of lxlO-6M and hlO-7M completely

inhibiting phosphorylation), while most other inhibitors required the highest concentration

of lxlO-6M. This could in part be explained by the method with which the drug binds to its

target. Neratinib is an irreversible inhibitor of EGFRand HER2,and this could cause it to

have a more prolonged effect on the receptors than other reversible inhibitors. Similar

results were observed with Canertinib - also an irreversible inhibitor - which showed 50%

inhibition at a concentration of hlO-8M.

6.4.2. Pharmacokinetics versus Pharmacodynamics

One limitation of this portion of the study is that the activities of these drugs are only being

observed in a closed, cell culture system. While this is beneficial in that it allows for a direct

observation of inhibitor activity against target receptors (that is, the pharmacodynamics of

the drugs), it does not given any indication of what effect a patient has on the drug in its

system (the pharmacokinetics). Pharmacokinetic observations would allow for data to be

gathered regarding any metabolic conversions that a drug may undergo, what the

clearance rate of the drug is, along with any observable toxicities or off-target effects which

may occur.

Such observations are particularly relevant when considering drugs such as Tamoxifen, a

small molecule drug which blocks the action of estrogen in the treatment of breast cancers.

Tamoxifen is technically a pro-drug, which undergoes a metabolic conversion by

cytochrome P450 enzymes (specifically isoforms CYP2D6 and CYP3A4) into active

metabolites 4-hydroxytamoxifen (Afimoxifene) and N-desmethyl-4-hydroxytamoxifen

(Endoxifen) (Desta et al., 2004) which have greatly increased activities (30 to lOO-fold)

against estrogen receptors compared to Tamoxifen itself (Borgna & Rochefort, 1981; Coezy

et al., 1982; Jordan, 1982; Robertson et al., 1982). While this situation provides an obvious

benefit to the patient, there always exists the possibility that such conversions could have

unanticipated adverse effects that would not necessarily be accounted for when simply

observing a drug itself.
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Given that these drugs were designed for use in humans, little is known about how the

canine metabolism would react to these compounds. However, the advent of inhibitors

such as Palladia and Masivet shows that dogs do have the ability to respond to and

metabolise small molecule drugs in a similar fashion to humans (utilizing hepatic enzymes

such as P4S0)and to excrete the remaining metabolites successfully (Yanceyet 0/., 2010).

This would lend confidence to the theory that human inhibitors may also be suitable in

dogs (provided allowances were made for suitable dosage adjustments).

6.4.3. Taking SMTKlsinto Tests with Canine Mammary Cancer Cells

Previous work carried out by another group (Fabian et 0/., 200S) had determined the

receptor targets against which a number of small molecule drugs were active (Figure 6.7).

While many of these compounds had not been tested in the experiments described in this

chapter, Lapatinib (GW-2016 in Figure6.7) had.

Theseexperiments showed that unlike many of the other drugs tested, Lapatinib had a very

specific set of receptors against which it was active. These were EGFRand HER2 (both

members of the EGFreceptor family) and, importantly, only showed one relatively weak

off-target effect against a creatine kinase. This specificity was important when considering

what drugs to use against canine cells. While the CMT28 (canine mammary cancer) cells

had undergone testing to determine their receptor profile with regard to the EGFreceptor

family, there was insufficient time to explore the presence of other receptors that they may

have expressed. In order to determine if any drugs applied to the cells were affecting only

the receptor system being studied in this thesis, it was important to select drugs which had

high degrees of specificity. In addition to Lapatinib, the drug Neratinib was also selected for

use with canine mammary cells. Similarly to Lapatinib, Neratinib had showed high

specificity against HER2and EGFR(Rabindran et 0/., 2004) and so was considered a suitable

drug to take forward in this study. While both these drugs showed similar specificities, they

did differ in their binding: Lapatinib binds reversibly (Rusnak et 0/., 2001) to its targets,

while Neratinib binds irreversibly (Rabindran et 0/., 2004). This difference would allow for

an opportunity to observe any differences that mode of action may have on cell

proliferation.

The next step in utilizing these drugs was to determine the receptor profile of the canine

mammary cancer cell line, in order to determine if these therapies would have relevant

targets upon which they could act.
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Figure 6.7: The specificity profiles of 20 separate SMTKls against the kinome taken

from (Fabian et al.,200s). Each red dot shows where the drug has been documented

as having an effect, with larger dots representing a greater degree of off-target

binding.

Studies showed that while many drugs showed activity against receptors other than

their targets, Lapatinib (here, GW-2016) showed strong specificity, with there being

only one off-target receptor to which it bound.
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CHAPTER SEVEN

Characterising the CMT28 Cell Line and Determining
the Role HER2 Plays in the Growth of Canine Mammary

Cancer

7.1. INTRODUCTION

HER2 has long been known in human cancers as being a key player in the growth of

carcinomas: the receptor is overexpressed in roughly 15%-20%of human breast cancers

(Venter et al., 1987), and has become a popular target for many current and emerging

small molecule and antibody therapies. While comparatively little research has been

carried out into the role of this receptor in a caseof canine cancer, some evidence has been

published suggesting it can be overexpressed in canine disease (Ahern et al., 1996;

Rungsipipat et al., 1999; Martin de las Mulas et al., 2003; Dutra et al., 2004; Hsu et al.,

2009). These studies on HER2 in dogs, combined with the already well-established

precedent in human disease, suggested that it was reasonable to explore this expression

further. Chapters Four and Five of this thesis have already addressed this issue through

immunohistochemical staining on normal tissues and benign and malignant canine

mammary cancers, and the results found were in concordance with previously published

literature. This chapter aims to explore the functional role of HER2in canine mammary

cancer through a cell culture model.

Cell culture is a well-established tool in biological research, which provides researcherswith

many different human, animal and insect cell lines that can be applied to many aspects of

research. One area where cultured cells are highly valued is in drug discovery and

development, where in vitro tests provide the basis of the evidence which will allow

potential new therapies to progress into tests with animals or humans. For many years, a

number of cell lines of human origin have been widely used in studies investigating cancer

and the role that drugs play in fighting cancerous growth and other diseases.Suchcell lines

include SKBR3cells (human breast cancer cell line which expresses high levels of HER2),

A431 cells (cells from a vulval cancer, which express high levels of EGFR),293-T cells

(embryonic human kidney cells), and Hela cells {the first human cells to be isolated and
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successfully grown in culture - from a cervical cancer) to name but a few. Cell lines now

exist from many different species, including dog. A search of the American Type Culture

Collection (ATCC,http://www.lgcstandards-atcc.orgl) of Cell Linesand Hybridomas for cell

lines derived from Canis /amiliaris returns a total of 23 cell lines, many of which are derived

from osteosarcomas, kidney or thymus. At the outset of this project, no canine mammary

cell lines could be procured from any cell culture collection (although 5 now exist within

the ATCC).This required that we identify cell culture resources from other groups.

A group from Auburn University in Alabama had isolated and cultured cells from a canine

mammary tumour (named the CMT28 cell line) which reportedly expressed HER2at levels

14.5 times higher than in a reference fibroblast cell line (Ahern et al., 1996) as determined

by dot-blot analysis. However this only demonstrated the presence of HER2at the mRNA

level, and there was no available information regarding the presence of any other members

of the EGFreceptor family at the protein level. It was important that this information be

established prior to applying drugs to this cell line, as this project is primarily concerned

with the role that HER2(and, to a lesser extent, the receptors with which it forms dimers)

plays in canine mammary cancer. With this information it is possible to investigate the

possibility of utilizing human SMTKlsin veterinary oncology.

With this in mind, this chapter describes determining the receptor status of this cell line

through Western Blotting and PCR,and also examines what role HER2plays in the growth

of these cells.

7.2. AIMS

1. To determine the complete EGFfamily receptor profile of the CMT28 cell line by

Western Blotting and PCR.

2. To use this information (together with data obtained in Chapter Six) to choose

SMTKlsto take forward into experiments with the CMT28cells.

3. To determine to what extent HER2is involved with the growth of canine mammary

cancers through studies with:

a. Small molecule drugs

b. Herceptin

c. siRNAtechnology
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7.3. RESULTS

7.3.1. Determining CMT28Receptor Status by PCR

As no normal canine mammary cancer cell line could be procured at the time of this study,

the MOCK cell line was used instead. This is a normal canine kidney cell line which has been

studied in the past, and for which there was some literature available (Gaush et al., 1966)

for comparison of the results obtained here, which allowed for MOCK cells to be used as an

experimental control.

PCRwas carried out with primers described in Chapter Two (Materials and Methods). The

Results showed that the MOCK cells appeared to express all receptors except HER4 (Figure

7.la), while the CMT28 cell line expressed all four receptors (Figure 7.lb). It was noticed

during the course of carrying out the PCRto amplify HER4 that 3 separate bands appeared

in addition to the band of the expected size. Upon further scrutiny of the primer designs for

this amplification, it was noticed that the primers spanned a splice site, which could explain

these extra bands. HER4 is also known to exist (in humans) as four separate isoforms which

are encoded by a number of different splice variants.
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Figure 7.la: PCRexperiments to survey the expression of the members of the EGF

receptor family in MDCK cells. Results showed that these cells expressed all

members of the family with the exception of HER4. The reader should note that the

PCRs for EGFRand HER2 were enhanced in PowerPoint (+40% brightness and +40%

contrast) as the bands were difficult to see after printing.
Key: numbers in red indicate the expected size of the product; «:« denotes a lane left
intentionally empty (typically to avoid possible contamination between lanes); "-ve Cntrl"
denotes lanes in which the PCRwas carried out without a eDNA template; "eDNA" denotes
lanes in which cDNAwas added to the peRmix.
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EGFR

HER3 HER4
Figure 7.1b: PCR experiments to survey the expression of the members of the EGF

receptor family in CMT28 cells. Results showed that these cells expressed all members

of the family. Noticeably, the PCR for HER4 showed 4 distinct bands where only one

was expected. The reader should note that the PCRs for HER3 and HER4 were

enhanced in PowerPoint (+40% brightness and +40% contrast) as the bands were

difficult to see after printing.
Key: numbers in red indicate the expected size of the product; «:« denotes a lane left
intentionally empty (typically to avoid possible contamination between lanes); "_ve Cntrl"
denotes lanes in which the peR was carried out without a eDNA template; "cDNA" denotes
lanes in which cDNAwas added to the peR mix.
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7.3.2. Determining CMT28Receptor Status by Western Blotting

Western Blots were able to detect HER2 and EGFR (although the signal for the latter was

very weak, the PCRgave a strong result) (Figure 7.2). Problems arose when attempting to

blot for HER3. Multiple bands appeared on the blots, even when probing Iysates from cells

which did not contain HER3. Many attempts were made to optimize the experiments to

eradicate these problems (different blocking conditions, the use of specific protease

inhibitors) however a reliable blot could not be produced in the time available.

!t...~ Positive cntrl dilution series*

et
250

EGFR 150 *A431100

250
HER2 150 *SKBR3

100

R"'..,.~~, , .
~ ... ' ;J.' ~

!~ .-:

i~ ~.

HER4
250

*NIH3T3/HER4
150

Figure 7.2: Western blots comparing lysate from CMT28 cells with Iysates from positive

control cell lines (for EGFR: A431 cells; for HER2 SKBR3 cells; for HER4: NIH3T3/HER4

cells). Results showed that CMT28 cells expressed HER2 in greatest abundance, along

with some low levels of EGFR.Blots did not show any evidence of HER4 expression. Blots

to check for the presence of HER3 were unsuccessful (data shown in appendix).
Note: In order to better emphasise the weak band seen when blotting for EGFR, the contrast

levels of this blot were increased in Microsoft PowerPoint to 40%. Similarly, the brightness and

contrast levels of the HER4 blot were increased to 20% and 40% respectively.

Using the blot to detect HER2, it was possible to estimate the number of HER2 receptors

CMT28 cells have using Image J analysis (data not shown). It is known that SKBR3cells have

roughly 2x106 HER2 receptors per cell (Aguilar et 0/., 1999). By comparing the intensity of

the SKBR3 band with the CMT28 band, it can be estimated that CMT28 cells have in the

order of 2x10s per cell- ten times fewer than SKBR3s.While this is obviously not as ideal a

cell line for use as the SKBR3 cell line is, it must be remembered that the SKBR3 cell line is

one human breast cancer cell line out of a very many, and that of those very many only two
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(SKBR3and BT474)are known to express very high levels of HER2.In the case of canine cell

lines, a great deal fewer are available than there are in humans, and so it would be unlikely

to find a cell which expressesHER2at equally high levels.

7.3.3. Using Herceptin in Canine Mammary Cancer

Owing to the high sequence similarities observed between human and canine species, it is

not unreasonable to assume that monoclonal antibody therapies may be useful in treating

canine malignancies. Thus, along with observing the effects of small molecule drugs, the

well-established antibody therapy Herceptin was also tested. Using an antibody directed

against the C-terminal end of the HER2receptor (20N) (Gullick et al., 1987) it was possible

to detect the presence of the receptor in both the human and canine cells. However

attempts to apply an antibody targeted against a human extracellular epitope (N24) were

less successful.While it was still possible to clearly detect the signal in the human cells, no

signal could be detected with the canine cells. Similar results occurred when Herceptin was

applied to each set of cells, with human cells giving a clear signal but canine cells giving

none (Figure 7.3a). This indicated that Herceptin was unable to bind to the canine HER2

receptor. Given the high degree of similarity between the human and canine HER2

sequences, this inability of Herceptin to bind to the canine protein was unexpected and

possible explanations for it were sought.

Previous work by another group (Cho et al., 2003) had identified three particular loops

within the structure of human HER2which bound to Herceptin (Figure 7.3b). Using these

results, it was possible to identify the residues involved in Herceptin/HER2 binding, and

compare these between the two species (Table 7.1). These comparisons showed that while

the residues in loop 2 were identical, there were some differences in loop 1 (a proline

substituted for a serine) and loop 3 (a phenylalanine substituted for an alanine, and an

alanine substituted for a threonine). While these differences may appear subtle, they could

confer structural changes that could prevent Herceptin binding to the canine protein. In

loop 1 for example, the amino acid proline is well-known for its conformational rigidity

compared to other amino acids and its substitution to a serine may have an effect on the

structure of the protein around it. Similarly in loop 3, the phenylalanine (substituted for an

alanine) contains a benzene ring, which makes its structure considerably larger that its

substitute, and further in this loop the alanine in the human structure is classedas having a
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hydrophobic side chain, while its replacement (threonine) has a polar uncharged side chain.

These differences may add up and alter the structure of canine HER2 in ways that could

bring about steric hindrance, thus preventing the antibody from binding to the target.
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Table 7.1 - Comparison of HER2 binding residues between
human and dog proteins
Loop 1

Human PEADQ
Dog SEADQ
Loop 2

Human DPPF
Dog DPPF
Loop 3

Human KFPDEEGACQP
Dog KAPDEEGTCQP

7.3.4.
HER2

Determining to What Extent Canine Mammary Cancer Relies on

Note to the reader: details of the methods employed are given in the relevant sections of

the Materials & Methods chapter.

7.3.4.1. Generating CMT28 Growth Curve

It was important to determine the optimum density of cells to seed for future cell

proliferation experiments. Using the graph generated from the results of these

experiments, the number of cells to be seeded for future experiments was taken from the

observed log phase of growth -this was found to be 600 cells/well {Figure 7.4}.
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CMT2S Growth Curve
0.400
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Figure 7.4: Growth curve generated for CMT28 cells. Cells were seeded at 750, 1500,

2500, 5000 and 10000 cell/well and allowed to grow over the course of 7 days. The

results were plotted on a graph, and used to estimate the number of cell to seed

(dotted red line - - - - ). It was decided that 600 cells/well would be adequate for

future experiments.

7.3.4.2. Stimulating CMT28Growth by the Application of Growth Factors

Having shown that HER2 is expressed within CMT28 cells, it was necessary to show that the

receptor was functional in the growth of these cells. In order to determine if HER2

activation stimulated cell growth, cells were seeded at 600 cells/well and treated with

varying concentrations of EGF (Figure 7.sa) and NRG1~ (Figure 7.5b) as these ligands bind

to EGFRand HER3 - binding partners of HER2 which are also present in the CMT28 cells. It

was observed in the course of these experiments that EGF in particular was able to

stimulate cell growth to a statistically significant level. A similar effect was observed when

using NRG1~ although this appeared to level off beyond concentrations of ligand exceeding

lxl0·8M. Notably in experiments using EGF, there was a distinct decrease in observed cell

growth at concentrations of lxlO·6M - indeed the results at this concentration dipped

below those of the untreated cells, suggesting that cells were in fact undergoing cell death.

A possible explanation for this is that the high quantities of ligand available to the cells

stimulated them to burn through their stores of ATP rapidly, leaving them without

sufficient resources to maintain a viable cell population. Similar experiments with A431

cells have also shown this effect when stimulated with EGF(Kawamoto et al., 1983).
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Figures 7.5a & b: Stimulating CMT28 cell growth by the application of ligands of the EGF

family. It was found that the application of EGF to the cells caused a significant increase

in cell growth, which dramatically decreased at its highest concentration. The application

of NRGlp to the cells also caused a statistically signlflcant increase in cell growth,

although in this case there appeared to be a levelling-off beyond ligand concentrations of

lxlO-8M.

p::;O.05 = *; p::;O.Ol = **; p::;O.OOl = ***

166



Chapter Seven

7.3.4.3. Inhibiting CMT28 Growth by the Application ofSMTKIs

One method to determine to what extent CMT28 cells rely on HER2for their growth is to

inhibit the receptor's activity by the application of specific small molecule drugs. Following

on from the work carried out in Chapter Six, it was decided that the most appropriate

inhibitors to use for these experiments would be Lapatinib (Tyverb/Tykern) and Neratinib

(HKI-272) owing to both their high degrees of specificity and their differing binding natures:

Lapatinib binds to its targets reversibly, while Neratinib binds irreversibly (more detail on

this is available in the Discussionof Chapter Six).

The results (Figures 7.6a & b) showed that both drugs were capable of inhibiting cell

growth in a concentration dependent manner at a statistically significant level. Overall

Lapatinib showed the greatest inhibition at the highest concentration of drug (lxlO·6M),

however Neratinib showed greater amounts of inhibition at lower concentrations, and was

able to inhibit half of the normal cell growth at the lowest concentration of 1xiO·9M (whilst

Lapatinib only achieved this at ixlO·7M). This difference can possibly be explained by the

binding natures of these two drugs: as Neratinib binds irreversibly, it has a more sustained

effect on the cells than Lapatinib (which binds to its targets reversibly). These results would

suggest that HER2may playa role in the growth of these cells.
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A The Effect of Lapatinib on CMT28 Cell
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Figure 7.6a & b: Inhibiting CMT28 cell growth by the application of Lapatinib and

Neratinib to cells. Results showed that both drugs were able to inhibit cell growth in a

concentration dependant fashion. While both drugs were successful in this respect,

Neratinib demonstrated more statistically significant inhibition at lower concentrations

than Lapatinib. Both drugs were able to inhibit 50% of cell growth of reasonable

concentrations (lx10-7M in Lapatinib and 1x10-9M in Neratinib). Data shown here is a

combination of three replicates of the same experiment - experimental conditions remained
consistent throughout each experiment.

pSO.OS = *; pSO.Ol = **; pSO.OO1 = ***
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7.3.4.5. Inhibiting CMT28 Growth by the Application of siRNA & Establishing
how siRNAAffects CMT28 Cell Growth

Inhibiting CMT28Cell Growth with siRNA

Specific siRNAs were designed and applied to cells as described in the Materials & Methods

chapter of this thesis. Results of an initial siRNA knockdown (Figure 7.7a) showed that the

three specific siRNAs applied to the cells were capable of significantly reducing HER2

protein expression in CMT28 cells, whilst scrambled controls showed no deleterious effects

on receptor expression. Having established that the siRNAs were viable in knockdown

experiments, two were selected to take forward into experiments with cell proliferation

experiments alongside the scrambled controls: siRNAs 1 and 3.

33nM siRNAKnockdown of HER2 (24hrs)

HER2

Tubulin

Relative* Intensity of HER2Signals

1 2 3 C a M _

• Relative to untreated cells (-ve)

Figure 7.7a: Knockdown of canine HER2 using siRNA. siRNA (at a concentration of 33nM)

was transfected into equal numbers of CMT28 cells, and left for 24 hours. HER2

knockdown was then assayed for by Western Blot, using the 20N antibody and an antibody

to tubulin as a loading control. Image J was used to determine signal intensities. Results

showed that the three specific siRNAs were capable of significantly reducing HER2

expression in CMT28 cells, while the scrambled control siRNAs and mock transfection had

no effect on receptor expression.
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When these siRNAs were applied in cell proliferation experiments (Figure 7.7b) over a

seven day period, similar results were observed. Specific siRNAs 1 and 3 caused a decrease

in cell growth (although this was only statistically significant in the case of siRNA3) while

scrambled control1 showed little effect on cell growth. Unexpectedly, scrambled control 2

repeatedly had a significant effect on cell growth, despite it not knocking down HER2 as

evidenced by previous experiments (Figure 7.7a). siRNAs are known to occasionally cause

unexpected and non-specific toxicities within cells. Unfortunately, it was not possible to

design another control and have it synthesized in time to employ it in these experiments.

The Effect of HER2 siRNA on CMT2S Cell
Growth
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Figure 7.7b: The effect of HER2 specific siRNAs on CMT28 cell proliferation over 7 days.

Results showed that knocking down HER2 with specific siRNAs caused a significant

decrease in cell growth, whilst scrambled control 1 appeared to have little effect on cell

growth. In all experiments, scrambled control 2 consistently caused Significant inhibition

of cell growth. siRNAs are known to occasionally have toxic effects for no obvious

reasons, which is what was assumed was occurring here.

p~O.OS = *; p~O.Ol = **; p~O.OOl = ***; p>O.OS =-

Key: Mock = mock transfected cells (transfecting agent only); siRNA1/3 = specific siRNAs 1 or 3;
sCl/2 = scrambled control siRNAs.

Note: All siRNAswere applied to cells at a concentration of 33nM.
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Disregarding the results from scrambled control 2, it appeared that knocking down HER2

caused a decrease in cell growth. While some toxic effect was observed as a result of the

transfection reagent, the siRNAs consistently showed a greater decrease in cell growth than

in mock treated cells, supporting the hypothesis that HER2 could play some role in CMT28

cell growth.

Does siRNA Induce Apoptosis in CMT28 Cells?

Similar experiments in human SKBR3 cells where siRNAs were used to knockdown HER2

have shown that the decrease in cell growth is caused by apoptosis (Choudhury et al.,

2004; Faltus et al., 2004). In order to determine if siRNA knockdown of HER2 was having a

similar effect in CMT28 cells (and to attempt to determine why scrambled siRNA control 2

was having a non-specific inhibitory effect on CMT28 cell growth), propidium iodide was

used to observe if the cells were undergoing apoptosis (Figure 7.8a). Propidium iodide

binds to DNA within cells. Once the cells begin to undergo apoptosis their chromatin

condenses - thus any nuclei stained with propidium iodide belonging to cells which are

undergoing apoptosis display a bright condensed nucleus, whilst the nuclei of cells not

Condensed nuclei: 11 Cell number: 50

Percent undergoing apoptosis: 22%
Figure 7.8a: Determining the number of CMT28 cells undergoing apoptosis following

treatment with siRNA. Total number of cells were counted from the phase image, and the

number of cells undergoing apoptosis (indicated by bright, condensed nuclei in green circles

[an example of a diffuse nucleus is indicated with the white arrow]) were counted from the

fluorescent image. In this example, the cells have been treated with siRNAl. From this data,

the percent of cells undergoing apoptosis was determined. Results from each of the four

coverslips carried out for each treatment were collated and recorded on the graph in Figure

7.9.
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undergoing apoptosis remain diffuse. Cells were treated as described in the Materials &

Methods section of this thesis, and then counted manually. Each treatment (untreated,

mock transfected, siRNAl-3, and the two controls) was carried out on two coverslips, and

five pictures were taken of each coverslip (in both phase and fluorescent states). This

experiment was carried out twice, resulting in a total of four coverslips for each treatment

(for an example of each treatment, see Figure 7.8b). From the phase pictures, the total

number of cells in the field of view was counted, and the number of condensed nuclei were

counted from the fluorescent image (Figure 7.8a). The percent of cells undergoing

apoptosis was determined this way, and the results from each of the four coverslips was

collated and plotted on the graph in Figure 7.9.
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siRNA2

siRNAl (phase)

Figure 7.8b: Examples of fluorescent images (and one example of a complimentary

phase image) obtained in the course of propidium iodide experiments. Cells displaying

bright, condensed nuclei are undergoing apoptosis, whilst cells with diffuse, less sharp

nuclei are normal.
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These collated results showed that in the cases of the three test siRNAs, there was an

increased level of apoptosis compared to the controls of mock transfected cells, untreated

cells and cells transfected with scrambled contrail. Scrambled control 2 showed extremely

high levels of apoptosis within the cells - levels which exceeded the apoptosis observed in

even the most effective siRNA treatment (siRNA3). This was not entirely unexpected given

the results observed in the cell proliferation experiments, however it did not provide an

alternate explanation as to why this scrambled control was causing the cell growth to be

inhibited (that is, the non specific toxic effect observed when using this control siRNA was

causing cell death through the same mechanism as the other siRNAs).
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Figure 7.9: Graphical representation of results obtained from propidium iodide

experiments. Results showed that the three test siRNAs were causing increased levels of

apoptosis compared to the untreated, mock transfected cells and cells treated with

scrambled control 1. Scrambled control 2 consistently showed high levels of apoptosis,

which was consistent with the results gathered in the cell proliferation experiments using

siRNA (where scrambled control 2 significantly decreased CMT28 cell growth). Data shown
here is a combination of three replicates of the same experiment - experimental conditions
remained consistent throughout each experiment.

7.4. DISCUSSION

This chapter aims to establish both the receptor expression profile of a canine mammary

cancer, and to determine to what extent such a cell line relies on HER2 to maintain a

malignant phenotype. Through PCR and Western Blotting, it has been possible to
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determine that the CMT28 cell line used here seems to express all members of the EGF

receptor family, including HER2- a receptor that has been well studied in human cancer

and which is implicated in more aggressive disease. Having established that this receptor

was present, it was possible to carry out experiments to determine what role HER2played

in canine mammary cancer.

In the first instance, ligands of the EGFfamily which bind to receptors known to form

heterodimers with HER2(EGFbinds to EGFR,while NRGl binds to HER3and HER4)were

applied to CMT28 cells in culture. These ligands appeared to cause an increase in cell

growth, perhaps suggesting that HER2 plays a role in stimulating cell growth. Further

experiments which made using of specific tyrosine kinase inhibitors (to block HER2

phosphorylation) and specific siRNAs(to knockdown the receptor) caused a decrease in cell

growth - further suggesting that HER2is required to maintain the malignant phenotype of

the CMT28 cells.

However a limitation arises when one considers that at the time this project was carried

out, only one relevant cell line was available for study. Ideally, these experiments would

have been carried out on a number of representative cell lines. Following on from this

project, further work in this laboratory is currently aiming to carry out similar experiments

using canine mammary cancer cell lines which have more recently become available from

other groups. These studies are not only utilizing the experiments described here to

determine the role of HER2 in other canine mammary cancer cell lines, but are also

incorporating Boyden chambers and wound healing assays to observe the chemotactic

effects of inhibitors and ligands on such cells.

With regard to the propidium iodide experiments to observe the effect of siRNA on

apoptosis, it must be emphasized that these are only preliminary results which were

conducted in the last days of this study. Should further time have been available, a number

of experiments could haveadded to this data, for example:

• Western Blots probing for the presence of Annexin V and Caspases (among

numerous other protein markers) involved in apoptosis.

• Fluorescent automated cell sorting (FACS)analysis making use of propidium iodide

staining and staining for another marker to improve counting methods. FACSwould
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also help to eliminate any human error made in cell counting in the manual

method described in this study.

• DNA laddering assays to observe the degradation of DNA between histones

typically observed in apoptosis. This assaywould also help to distinguish apoptosis

from toxic cell death which may be caused by the transfecting agents involved in

the application of siRNAsto cells.
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CHAPTER EIGHT

Discussion

8.1. RESULTS OF THIS PROJECT

The role of the EGFfamily in human disease (particularly in cancers) iswell established. This

is perhaps best illustrated with the HER2 receptor, the role of which has been widely

studied in breast cancer for many years. Consequently, a number of HER2specific therapies

have been developed for the treatment of cancers which overexpress this receptor. While

this understanding has contributed extensively to human healthcare, the potential market

in animal health has been somewhat overlooked, and our understanding of the EGFfamily

in companion animals is limited. However the growing number of pet owners taking out

pet insurance to help treat their pets is beginning to encourage pharmaceutical companies

to develop animal-specific cancer therapies. This project aimed to address this gap in our

knowledge with regard to canine cancer by exploring the role of the EGF family (in

particular the HER2receptor) in canine mammary cancer.

It is perhaps surprising that so little is known about the EGFfamily in dogs considering how

similar humans and dogs are on a genetic level - dogs are more closely related to humans

than mice (more widely used and studied models) are. The genes of the EGFfamily are

highly conserved in mammals (Stein & Staros, 2006), and as such it may be reasonable to

assume that similar protein products would be produced amongst mammalian species.

Bioinformatical analysiscarried out in this project sought to compare the HER2gene and its

protein products between our speciesand Canis jamiliaris. BLASTalignments of human and

canine protein sequences showed that the sequenceswere highly similar, sharing greater

than 90% identity. This similarity also extended to the structure of the protein as shown by

Dot Plot analysis, which revealed that the canine structure shared a number of repeated

protein sequences that corresponded to the cysteine rich extracellular regions of HER2.

Analysis of cDNA sequences also showed a highly similar exon structure between species.

Having determined that the receptor was so similar in its basic structure, attempts were

also made to determine if similar splice variants also existed, as certain drug resistances

have been related to the expression of truncated protein isoforms. While there was
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evidence that the residue involved in the alternative initiation of the p95-HER2isoform was

conserved, ESTlibrary analysis failed to identify any variants of HER2.This may not be the

complete picture however. While the canine genome has been sequenced, molecular study

of the domestic dog is still in its early days when compared to humans. In years to come,

further canine sequences may be added to the ESTdatabase which could perhaps identify

splice variants and isoforms of HER2 in dogs, or further work could be carried out to

identify such sequence tags, for example through rapid amplification of cDNAends (RACE)-

PCR.

Having established that the canine and human gene and protein products for HER2are

similar, the next step in the project was to compare HER2expression (along with other

members of the EGFfamily) in normal canine tissueswith their human equivalents.

While several studies have explored the expression of EGFRand HER2in canine mammary

cancer (Nerurkar et al., 1987; Rutteman et al., 1994; Dutra et al., 2004; Selvarajah et al.,

2012), and one study has observed the expression of EGFRin canine osteosarcoma

(Selvarajah et al., 2012) none appear to have addressed the levels of expression in normal

tissues. While these studies have been of use in understanding canine cancer, they do not

provide a base level which can be used to compare diseased tissues with their healthy

counterparts. Knowledge of healthy tissue expression can also help to predict potential

adverse effects of certain drugs, by identifying where high concentrations of the target are

located within a healthy body.

Similar information has been gathered from mutant mice. Studies have shown that mice

which have a null mutation of the TGF-agene show distinctive waviness in their coats and

whiskers and can develop corneal inflammation (Mann et al., 1993). A further study

showed that a point mutation in EGFRwhich reduced its phosphorylation activity by 90%

gave rise to a "waved-2" (wa-2) phenotype which displayed similar abnormalities to the

TGF-adeficient mice (luetteke et al., 1994). The adverse effects of Herceptin (which, while

famed for its effectiveness and low levels of adverse effects, does cause cardio toxicity in

some patients) were predicted through knockout studies of HER2 in mice. Mice lacking

HER2showed early embryonic lethality from defective cardiac development owing to a lack

of trabeculation within the heart (Gassmann et al., 1995; Lee et al., 1995; Meyer &

Birchmeier, 1995). Immunohistochemical stains in this study have described this normal

distribution and expression. These results showed that members of the EGFfamily were
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widely distributed throughout the canine tissues, with tissues of the gastrointestinal tract

showing strong expression of most proteins - perhaps due to the frequent sloughing of

cells caused by eating and peristalsis, and the related repair processes in these tissues.

Results showed HER2was strongly to moderately expressed throughout many tissues in

the dog, while studies in humans have shown that HER2is generally lessstrongly expressed

in normal tissues with EGFR,HER3and HER4being expressed more strongly throughout

human tissues compared to HER2.

It is, however, difficult to make entirely fair comparisons between the results obtained in

this project and the results from the other groups which were used for comparison.

Variations exist in both the scientific method employed by others groups (for example,

different antibodies, different methodologies and incubation times) and in the methods

used in scoring and reporting the results from stains. There is no precise way to quantify

the results from an immunohistochemical stain - the technique is enzyme based and as

such non-linear, and there is no industry-standard method of measurement. As such,

different groups interpret staining intensities differently, and difficulties also arise when

attempting to draw cross-comparisons between my own individual stains - different

antibodies may react differently with each antigen owing to their individual affinities.

Further immunohistochemical studies were carried out on both benign and malignant

canine mammary cancer tissue samples. While stains on normal tissues observed both

receptor and ligand expression, stains on the diseased samples initially aimed to observe

receptor expression only, and stains for NRGl and NRG2were later carried out with the

malignant samples, as these ligands bind to HER3 (the preferential binding partner of

HER2). In the benign tissues, it was generally found that HER2and HER3showed the

greatest levels of expression. Among these samples 18% showed strong expression for

HER2and 27%showed strong staining for HER3.In the malignant samples EGFR,HER2and

HER3also generally showed moderate to strong expression levels. However, strong (3+)

HER2staining was observed in only 11% of cases, compared to 44% of cases showing

strong EGFRstaining and 22% of cases showing strong HER3 staining. It should be

mentioned that much of the staining observed in these cancers was located in the cell

cytoplasm, rather than in the membrane which is more typically seen in aggressive human

disease. In addition to these immunohistochemical stains, it would have been beneficial to

carry out gene amplification studies on canine samples. In human disease, the HER2
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receptor is not considered a relevant therapeutic target unless gene amplification of HER2

is observed by FISH.

In the course of observing stains on cancerous tissues, it became apparent that the

histology of these neoplasmswas highly varied and disorganised - such pleomorphisms are

less commonly seen in human disease, but are relatively common in canine mammary

tumours (Dutra et al., 2004). Regionsof necrosis, invasion and morphologically altered cell

nuclei were also present.

Further analysis of normal MOCKcells and canine mammary cancer (CMT28) cells (chosen

as these showed the highest HER2mRNA levels in the relevant literature) by RT-PCRand

Western Blot was also carried out to survey receptors present in cultured canine cells.

While CMT28 had previously been shown to express HER2mRNA by dot-blot (Ahern et al.,

1996), this had not been confirmed through PCRor at the protein level. Results suggested

that MOCKcells (used in this study as a positive control) expressed EGFR,HER2and HER3

(which was in agreement with previous studies on the cell line) while the CMT28 cells

expressed all receptors of the EGFfamily, although Western Blot analysis of this cell line

showed that HER2was the highest expressedof all the receptors.

Having determined that HER2was present in the canine mammary cancer cells, we next

sought to observe what effect this receptor has on cell growth. The application of EGFand

NRGll3 (ligands to EGFRand HER3,each of which are HER2binding partners) to CMT28

cells caused an increase in cell growth. This perhaps suggests that HER2present in these

cells plays a role in cell growth through its activation as part of a receptor heterodimer -

although homodimers of EGFRand HER3are likely also at play here. To test this hypothesis

further, experiments were carried out to remove the effect that HER2could be having on

cell growth through two separate approaches: first, to inhibit the activation of the HER2

receptor through the application of SMTKls; and second, to knockout the receptor using

siRNAtechnologies.

Human SMTKlsLapatinib and Neratinib (which had been shown by Western Blot with NEN-

7 cell Iysates to be efficient inhibitors of HER2kinase) applied to CMT28 cells showed a

concentration dependent inhibition of cell growth when applied over the course of seven

days. This inhibitory effect was most noticeable with Neratinib, perhaps due to its

irreversible binding nature (which Lapatinib does not share), which would prolong its

inhibitory effects on cell receptors. It should be noted however, that these observations are
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made on an in vitro system, rather than in vivo. Within an organism, both the

pharmacokinetics and the pharmacodynamics of a drug must be considered, as factors such

as metabolism and excretion can playa role in how effective a drug is - certain compounds

undergo chemical changes in the body, which may alter their affinities. Such is the case

with Tamoxifen - a prodrug which, after its administration, is metabolised to 4-

hydroxytamoxifen and N-desmethyl-4-hydroxytamoxifen, each of which has significantly

higher affinities for their targets than Tamoxifen itself (Desta et al., 2004). Further

experiments would be useful to determine the effects of these drugs in dogs in vivo as,

while their pharmacokinetic and dynamic properties have been demonstrated in humans,

little is known about them in dogs other than in data gathered from safety studies in which

the animals are often disease-free.

While these drugs are highly specific, their targets are not exclusively HER2and they are

also able to bind EGFR.To more conclusively show that HER2 is involved in CMT28 cell

growth, it was decided that the receptor should be knocked down to remove any effect it

had on the cells. To this end, siRNAwas used to knockdown HER2in CMT28cells. Following

the application of siRNA,knockdown was assayedfor after 24 hours by Western Blot and it

was found that all three siRNAsdesigned were able to significantly knockdown receptor

expression. Following on from this, siRNAswere applied to cell proliferation assayswhere

one of the two tested showed a significant decrease in cell growth when compared to

mock transfected cells. While one scrambled control siRNAshowed a significant effect on

cell growth, this is likely due to non-specific toxicities which are occaSionally found in

siRNAs (BlAST analysis carried out during siRNAdesign indicated no similarities between

this toxic control and any other known gene), and had more time been available an

alternative control would have been designed. Investigations into how siRNAs brought

about the observed decreases in cell growth showed (through propidium iodide analysis)

that a greater degree of apoptosis was occurring in cells treated with test siRNAs(and the

aberrant scrambled control). Similar effects have been seen in human SKBR3cells where

HER2has been knocked down using siRNA(Faltuset al.,2oo4).

As few canine cell lines which express HER2are currently available, further experiments

could focus on stably transfecting canine HER2into a cell line to study its overexpression,

rather than removing it. These studies would focus more on observing an increase in

cellular growth caused by the addition of the receptor, rather than observing any decrease

caused by blocking it. Such studies have both advantages and disadvantages: they remove
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any general non-specific toxic effects from the cells which may be caused by SMTKls or

transfecting agents, so any change in growth is likely down to the receptor itself and not an

external cytotoxicity; however a stable transfection does not represent a "normal"

situation - the cell line has not been cultured from a tumour expressing HER2- and so is

not entirely representative of the diseasestate.

8.2. THE FUTURE

While this project provides information to help bridge the gaps in the knowledge with

regard to canine mammary cancer, it is only a very small piece of the puzzle. We cannot

definitely prove that HER2plays a significant role in the disease, although data gathered

here thus far does support this. Future work would focus on expanding the study sample

sizes, so that more tumour samples and relevant cell lines could be added to the data

presented in this thesis. Indeed, work currently being carried out in the laboratory after

this project was completed is striving to do just this, and is making use of another two cell

lines which have recently become available. An increased number of tumour samples and

cell lines would also allow for a greater analysis of HER2expression in canine mammary

cancers to be carried out, to better gauge the incidences of HER2overexpression in the

disease and to see if membrane staining can be observed in canine disease, in addition to

studying the prevalence of gene amplification of HER2in canine mammary cancer.

With these samples becoming more available, and with the dog becoming a more widely

recognised model for study, it is likely that man's best friend will playa significant role not

only as a companion animal, but also as a useful piece in the puzzle of biomedical research

- in particular cancer research.
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Appendices

APPENDICES

APPENDIX I: EXAMPLES OF UNCROPPED PCR GEL IMAGES

AND WESTERN BLOT AUTORADIOGRAPHS

Figure A-1: Examples of uncropped PCR agarose gels. A: CMT28 cDNA

with primers for HER2; B: MOCK cDNA with primers against EGFR. Gels

were cropped to fit better on the page and to remove excess features

such as empty wells or air bubbles.
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Figure A-2: Examples of uncropped Western Blot autoradiographs. Blots with
NEN-7 Iysates from cells which were treated with Neratinib. A: Blot probed
with PY20 antibody (for phosphotyrosine); B: Blot probed with CBll antibody
(for HER2).
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Figure A-3: Example of uncropped Western Blot where SKBR3 lysate was compared with

CMT28 Iysates and probed for HER2 with the 20N antibody. Blots were cropped to

remove excess blank autoradiograph and hand-written annotations.
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Figure A-4: Example of uncropped Western Blot where CMT28 cells were treated with

siRNA and assayed for knockdown after 24 hours by probing for HER2 with the 20N

antibody. Blots were cropped to remove excess blank autoradiograph and hand-
written annotations.
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APPENDIX II: IMAGE CATALOGUE OF

IMMUNOHISTOCHEMICAL STAINS ON NORMAL AND

CANCEROUS CANINE TISSUES

These results are presented as a DVD attached to the back cover of this thesis.

Please read the "READ ME" files with regard to scale bars and file nomenclature.

A-IV



Appendices

APPENDIX III: RAW DATA FROM CELL PROLIFERATION

EXPERIMENTS

Raw data from cell proliferation experiments used to create the graphs presented in

Chapter Seven.
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Combined Lapatinib Data

CMT28 cells (600 cells/well) & lapatinib concentration
Date Column Media Cells lxl0·9M lxl0·8M lxl0·7M 1xl0·GMonly only

2 0.141 0.250 0.255 0.261 0.251 0.151
3 0.133 0.274 0.266 0.263 0.231 0.153
4 0.134 0.262 0.267 0.256 0.149 0.144
5 0.141 0.250 0.273 0.276 0.141 0.132

.-t
6 0.139 0.280 0.261 0.149 0.150'""! 0.268

rr)

,..... 7 0.140 0.302 0.276 0.283 0.147 0.133
.-t

8 0.136 0.280 0.252 0.267 0.150 0.138
9 0.139 0.273 0.281 0.257 0.142 0.132
10 0.144 0.293 0.251 0.240 0.153 0.138
11 0.149 0.280 0.267 0.271 0.138 0.144

2 0.137 0.214 0.132 0.190 0.181 0.138
3 0.131 0.241 0.187 0.201 0.192 0.141
4 0.145 0.251 0.172 0.196 0.185 0.140

5 0.134 0.202 0.168 0.207 0.181 0.164
.-t 6 0.159 0.243 0.164 0.192 0.187 0.144e-t
rr)

00 7 0.146 0.245 0.160 0.198 0.185 0.145
N

8 0.137 0.250 0.165 0.193 0.182 0.139

9 0.143 0.251 0.195 0.203 0.189 0.140

10 0.137 0.221 0.177 0.193 0.188 0.137

11 0.139 0.226 0.177 0.204 0.172 0.148

2 0.117 0.216 0.228 0.231 0.281 0.129
3 0.119 0.242 0.285 0.235 0.254 0.141

4 0.121 0.228 0.228 0.220 0.200 0.139
5 0.132 0.220 0.215 0.227 0.229 0.136

.-t 6 0.131 0.287 0.301 0.246 0.279 0.142.-t

~ 7 0.133 0.248 0.252 0.244 0.214 0.140,.....

8 0.129 0.271 0.304 0.273 0.252 0.143

9 0.094 0.239 0.220 0.294 0.205 0.147

10 0.126 0.260 0.307 0.228 0.222 0.138

11 0.126 0.313 0.279 0.302 0.285 0.133

AVERAGE 0.134 0.254 0.232 0.237 0.197 0.141

AVERAGE-media 0.000 0.119 0.098 0.103 0.063 0.007
only

S1DEV.P 0.01153 0.026997 0.050031 0.033391 0.043472 0.007085
, 43 4 7 5 4 9

SE
0.00210 0.009134 0.006096 0.007936 0.001293
586 0.004929 5 4 9 7
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Combined Neratinib Data

CMT28 cells (600 cells/well) & neratinib concentration
Date Column Media Cells lxl0·9M lxl0·8M lxl0·7M lxl0·6Monly only

2 0.145 0.198 0.184 0.244 0.142 0.151
3 0.140 0.236 0.244 0.204 0.176 0.144
4 0.134 0.239 0.207 0.174 0.170 0.153
5 0.140 0.255 0.193 0.196 0.177 0.145

M
6 0.135 0.230M 0.181 0.201 0.183 0.158

rt"l
r-- 7 0.138 0.247 0.182 0.217 0.192 0.160
M

8 0.129 0.245 0.176 0.193 0.171 0.131
9 0.136 0.243 0.141 0.188 0.197 0.132
10 0.138 0.248 0.153 0.212 0.180 0.130
11 0.140 0.236 0.198 0.144 0.184 0.144
2 0.118 0.292 0.186 0.157 0.160 0.151
3 0.130 0.266 0.176 0.179 0.163 0.165
4 0.138 0.256 0.186 0.177 0.156 0.166
5 0.138 0.252 0.170 0.183 0.174 0.164

M 6 0.148 0.266 0.186 0.179 0.167 0.168M

rt"l
00 7 0.142 0.236 0.196 0.181 0.168 0.165
N

8 0.140 0.252 0.173 0.186 0.169 0.160

9 0.137 0.243 0.198 0.178 0.178 0.160

10 0.141 0.254 0.175 0.184 0.184 0.159
11 0.138 0.239 0.166 0.173 0.173 0.159
2 0.163 0.408 0.307 0.279 0.247 0.196
3 0.186 0.364 0.343 0.298 0.244 0.216
4 0.183 0.368 0.340 0.304 0.253 0.200
5 0.184 0.375 0.386 0.274 0.241 0.195

M
6 0.265 0.258 0.234 0.164M 0.184 0.422

~
0 7 0.185 0.388 0.291 0.286 0.247 0.236
N

8 0.185 0.325 0.286 0.262 0.214 0.187

9 0.183 0.340 0.299 0.289 0.234 0.200
10 0.179 0.282 0.291 0.272 0.209 0.182
11 0.182 0.297 0.270 0.265 0.222 0.206

AVERAGE 0.152 0.283 0.225 0.218 0.194 0.168
AVERAGE-rnedia

0.000 0.131 0.073 0.066 0.042 0.016only

-- _.aa' 0.021724 0.059458 0.064321 0.047060 0.031650 0.025553...._"' .... . 77 4 3 5 7 5..

SE 0.003966 0.010855 0.011743 0.005778 0.004665
38 6 4

0.008592
6 4
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Combined Data for the Effect of siRNA on CMT28 Cell Growth

Treatment (33nM/well)
Date Column Media siRNA1 siRNA3 Cntrl1

only Mock
33nM 33nM 33nM

2 0.112 0.253 0.356 0.282 0.197
3 0.118 0.239 0.243 0.179 0.194
4 0.114 0.217 0.343 0.201 0.199
5 0.114 0.265 0.356 0.160 0.167

.....
6 0.117 0.294..... 0.237 0.187 0.182

~ 7 0.123 0.264 0.193 0.162 0.191..........
8 0.118 0.253 0.192 0.169 0.165
9 0.116 0.269 0.157 0.163 0.172
10 0.124 0.248 0.163 0.158 0.175
11 0.120 0.268 0.153 0.152 0.184
2 0.131 0.260 0.231 0.164 0.205
3 0.128 0.372 0.157 0.164 0.244
4 0.125 0.300 0.219 0.200 0.252
5 0.139 0.253 0.152 0.158 0.196

.....
6 0.128 0.236 0.146 0.159 0.181.....

o:i
0.213en 7 0.139 0.153 0.167 0.166.....

8 0.127 0.231 0.169 0.145 0.174
9 0.132 0.192 0.160 0.164 0.230
10 0.137 0.222 0.169 0.147 0.185
11 0.133 0.183 0.133 0.148 0.180
2 0.165 0.196 0.191 0.185 0.165
3 0.190 0.224 0.215 0.186 0.188
4 0.165 0.196 0.188 0.212 0.191
5 0.172 0.208 0.187 0.203 0.178

..... 6 0.177 0.181 0.193 0.187 0.190.....
11'1

7 0.184 0.204o:i 0.189 0.185 0.183
8 0.177 0.187 0.176 0.214 0.186
9 0.226 0.201 0.202 0.208 0.184
10 0.183 0.193 0.215 0.190 0.191
11 0.178 0.189 0.182 0.208 0.186

AVERAGE 0.144 0.233 0.201 0.181 0.189
AVERAGE-media

0.000 0.089 0.057 0.037 0.046
only

STO£V.P 0.029302 0.042409
0.0573014 0.0282474 0.02040349 4

SE 0.00535 0.007742
0.0104618 0.0051572 0.0037251

9
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APPENDIX IV: WESTERN BLOTS FOR HER3

Attempts were made to blot for the presence of HER3 in CMT28 cells through comparison

with HEK293-HER3 cells, although numerous bands repeatedly appeared when using both

CMT28 Iysates and HEK293-HER3 Iysates.

An experiment making use of proteasome inhibitor MG132 appeared to increase the

strength of the band at the expected size, but we were unable to resolve one reliable band.

DMSO
~

6

Figure A-5: Experiment to investigate the effect of adding proteosome inhibitor MG132 to

HEK-293 and HEK293/HER3 cells on the number of bands visible after probing for HER3.

Lanes 1 & 2: HEK-293 and HEK-293/HER3 cells (respectively) treated with PBSas a negative

control; Lanes 3 & 4: HEK-293 and HEK-293/HER3 cells (respectively) treated with 20 ~M of

MG132 proteosome inhibitor. The HEK-293/HER3 cells showed an increase in the intensity

of the band at the expected size of HER3, following the addition of this inhibitor

(highlighted with red circle); Lanes 5 & 6: HEK-293 and HEK-293/HER3 cells (respectively)

treated with inhibitor vehicle only (DMSO).
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