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X-gal 5-broma4-chloro-3-indolyl-b Bgalactopyranoside
XIAP X inhibitor of apoptosis protein



Abstract

Lapatinib is a tyrosine kinase inhibitor of HER2 which blocks downstream signaling
pathways in HER2 positive breast cancer cell lines, tumor xenografts and HER2
positive breast cancer patients. However-@i@cal and clinical studies have shown

that HER2 positive patientsan exhibit either innate or acquired lapatinib resistance.
Previous work in our laboratory resulted in the generation of lapatisistant SKBR3

cells which exhibit decreased phosphorylation of eEF2 compared to parerstal bell

aims of this study were to develop additional models of lapatinib resistance, characterise
the cell lines and identify and validate alterations which may contribute to lapatinib

resistance.

HCC1954L cells are a novel cell line model of acquired lapatinib resistance, developed
through lowdose continuous conditioning with lapatiniising array CGH technology,
HCC1954L cells weae found to have increased amplificatiaand expression of
STARD3 The decreased phosphorylation of eEF2 in SKBR2IIs was found tde
regulated by Ser359 phosphorylation of eEF2k in an n¥ir@Rpendentmanner,
suggesting a role for alterations in eEF2k and eEF2 in acquired lapatinib resistance.
SILAC-proteomic analgis with SKBR3par and SKBR4. cellsidentified alterations in

a number of different proteins of which CDK1, GAPDH, HER2, SELENBP1, SET and
EBP1 were validatedLapatinib conditioning of HCC1419 cells revealed a novel
potential mechanism of lapatinib acti® the induction of a senescdike phenotype,

which was reversed when lapatinib was removed from the m&djgesting a possible
mechanism of lapatinib resistance, which may be dependent on p53 and p16 expression
Alterations in the phosphorylation &KT, ERK, p70S6k and eEF2 correlated with

lapatinib sensitivity in a panel of ~HER&nplifed breast cancer cell lines.

In conclusion, our data suggests several novel mechanisms of lapatinib resistance which
warrant further investigation im vivo modelsof HER2 positive breast cancer and

ultimately in patients.



Chapter 1

Introduction



1.1 Introduction

Cancer is a term given to a group of diseases characterised by abnormal cell growth,
increased rate of cell proliferation andecdeased cell apoptosis. Cell
division/proliferation is an essential function of cells and is strictly regulated by a
variety of external signals, including contact with neighbouring cells, contact with the
extracellular matrix, and secreted growth factamgl hormones. Cancer begins when a
single cell begins to divide abnormally, resulting in exponential growth of cancer cells
which form a tumour or neoplasih].

Breast canceis the most prevalent form of invasivancer, (excluding nemelanoma

skin cancer), diagnosed in women in Ireland, with an average annual incidence of 2673,
equating to 125.4 women per 100,000 (20@009). Breast cancer was second only to
lung cancer as the leading cause of cancer dedtblandin 2007[2]. It was estimated

that 230,480 women would be diagnosed with and 39,520 women would die of breast
cancer in the USA in 201[B].

1.2 Breast cancer subtypes

Breast tumours consist of several pathological subtypes with different histological
appearances of the malignant cells, different clinical presentations and outcomes, and
the patients show a diverse range of resporsasgiven treatmerjtt]. Until recently,
breast cancer was swulassified on the basis of cellular morphology and the presence
or absence of several receptors, namely the oestrogen receptor (ER), progesterone
receptor (PR) and the epidermal growth factor receptor 2 (HEB2)n recent years
gene expression studies using DNA miarcays have been used to further classify
breast cancer subtypes based on the gene exprgsgiovays of an intrinsic gene list
of 496 genesThe variation in expression in this set of genes was used to group breast
cancer tumour samples into various subtyf@s The identified subtypes differ in
prognosis and the therapeutic targets they expigssFive distinct types of breast
cancer have been identified using these techniques, including twmm&tR/e groups
called luminal (A and B). Luminal tumours shdeatures with luminal epithelial cells
arising from the inner layer of the duct lining. A third group identified were called
HER?2 positive as they exhibited ovexpression of HER2. A fourth group of tumours
were found to have a high expression of bamgithelialcell genes and a low
expression of luminal epitheligkll genes, this group is known as the normal type. The
fifth subgroup is the basdike; this group lacks expression BR, PR and HER. A
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number of studies have shown that the HERositive and the basdike subtypes

have a poorer prognosis than either luminal or nofik@ltumourg8-10].
1.3 Epidermal Growth Factor Receptor 2 (HER2)

The HER2neu (c-ERBB-2) proteconcogene encodes HER2, a 48bdalton
glycoprotein associated with tyrosine kinase actifitlj. The epidermal growth factor

family of transmembrane receptoESRBB or HER are potent mediators of noahcell

growth and development. This family of receptors has four known members EGFR
(HER1 or ERBB1), HER2 (ERBB2), HER3 (ERBB3) and HER4 (ERBB4). The
receptors ar e composed of an e x-helica c e | | 1

transmembrane domain andiatracellular protein tyrosine kinase dom@l2].

1.3.1 Role of HER2 in normal development

The HER receptors are widely expressed and functionally important in multiple tissues,
particularly in mammalian devgdment. HER2 plays a role in neuregulin (heregulin)
signalling and is expressed in the developing nervous sy$&nHER?2 plays a central

role in the formation of the sympathetic nervous system, and HER@nmmouse
embryos die at migiestation, soon after the effects of early defects in sympathetic
nervous system development become appéidiit HER2 plays an essential role in the
prevention of dilated cardiomyoihyy as mice with a ventricular deletion of HER2
displayed multiple independent parameters of dilated cardiomyo[i&th¥6]

1.3.2 HERZ2 in breast cancer

HER?2 is frequently overexpressedbreast cancer. The HER2 gene is either amplified

or overexpressed at the protein level in approximately 25% of breast cfbéers
Tumours are classed as HER2 positive if they achieve; immunohistochemistry (IHC)
staining of 3+, a fluorescem situ hybridisation (FISH) result of more than 6 HER2
gene copies per nucleus or a FISH ratio of more tha1BR The FISH ratio is
calculated as the ratio of HER2 gene signals to chromosome 17 signals. HER2 status in
breast cancer correlates positively with tumour size, lymph node status, high tumour
grade, DNA aneuploidy, p53 mutatiohigh proliferative index, high urokinasgpe
plasminogen activator expression, and reduced ER and PR [@%l20] HER2

overexpression is associated with a poor clinical outddmie



1.3.3 Activation of HER?2

HER receptors are activated by a number of ligands, referred to aselte®dd peptide

growth factors[21]. These are produced as transmemb precursors, and are
processed and released by proteolysis. This cleavage, referred to as ectodomain
shedding, is an important step in the control of ligand availability and receptor
activation [22]. The known EGF ligands that bind to the HER receptors are EGF,
transforming growth factet , amphi r e ghindingn EGF, hbetgceallulin, n
epiregulin, and heregulifl2, 23] Ligand birding to HER receptors induces the
formation of receptor homand heterodimers and the activation of the intrinsic kinase
domain, resulting in phosphorylation on specific residues within the cytoplasmic tail.
These phosphorylated residues serve as dockiteg for a range of proteins, the
recruitment of which leads to the activation of intracellular signalling pathyidjs
Receptor dimerisation is essential for the function and signalling activity of these
receptors. The receptors can form either hetemohomodimersand heterodimers have

a greater signalling potency than homodimers. The HHRR3 heterodimer is
considered the most potent HElRner with respect to the strength of interaction, ligand
induced tyosine phosphorylation and downstream signalli24, 25] The receptors
normally exist as inactive monomers with the molecules folded in such a way as to

prevent dimerisatiof26].

Ligand binding to the extracellular domain induces a conformational change in the
receptor which exposes the dimerisation domain. After dimerisation, transactivation of
the tyrosine kinase portion of the dimercors as each receptor activates its partner by
phosphorylation leading to the activation of numerous downstream signalling cascades
[Figure t1]. EGFRand HER4 both have an active kinase domain and known ligands to
activate thenj12]. Although HER3 can bind several ligands it is frequently reported to
lack an active kinase domain rendering it incapable of bin&imP [27]. However,
recent studies have shown that HER3 is locked in an inactive conformatiois and
capable of bindingATP yet remains catalytically inactivg28]. In the HER amily,
dimerisation of kinase domains occurs in an asymmetric conformation, leading to the
allosteric activation of one kinase domain by the off2®]. The activating kinase
domain does not have a catalytic role gegjing that the HER3 kinase domain may
function as a highly specialised allosteric activator of other HER recd@jtsHER2

has an active kinase domain but no known ligand. It exhibits the strongest kinase
activity of the HER familyf31]. HER-2/HER-3 dimers ar¢hought to behe most active
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and potent signalling heterodimers of the family. In addition, F¥Ed®ntaining dimers
undergo slower dissociation and endocytosis, and are more frequently recycled back to
the cell surface, prolonging the potent sigifd® 33] The potential ligand binding site

in HER-2 also differs significantly from that of EGFR and HBRresulting in a
receptor structurghat is constitutively poiseth an active conformationlt has also

been reported that HR2 fails to form homodimers as a result of this altered structure
[34]. The constitutively active formation of HER2 makes it the preferqeartner for

heterodimerisatiof5].
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1.4 HERZ? signalling pathways

The best characterised signalling pathways activated by the HER family are the
phosphatidylinositeB kinase/AKT (PISK/AKT) and the Ras/mitogactivated protein
kinase (Ras/MAPKpathwayqFigure 12].
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Figure 1-2: Activation of HER2signalling pathwayHER?2 is transported to the plasma
membrane by heat shock protein (Hsp) 90. Ligabithding induces HER2
heterodimerisation with EGFR, HER3 and HER4 activating the P13K/AKT, MAPK and
PKC pathways, promoting proliferation and cell survival. Cleavage of HER2 by A
Disintegrin and A Metalloprotease (ADAM) proteases produces an extracelthntein
(ECD), which is shed, and a truncated membiamend p95 fragment which is capable

of heterodimerisation and activates downstream signalling pathways. [Adapted from
[3711.

1.4.1 MAPK signalling pathway

Each of the HER receptors contain at least one docking site for Src homology 2
containing proteoncogene (Shc) in the cytoplasmic tail of the receptor. Shc is the most
common HER2 interacting protein adER2 has 5 docking sites for Shc. Shc has 3
known isofoms and it mediates signalling from numerous receptor tyrosine kinases
(RTKSs)[38]. Phosphorylation of Shc causes it to associate with Growth Factor Receptor
Bound 2 (Grb2)[39]. Grb2 can also bind directly to HER2 at tyrosine 1139. In the
cytosol, Grb2 is bound to the guaninacleotide exchange factor SoftSevenless,
(named for its homolog in drosophila), (Sos). The G828 complex binds to the
13



membrane bound protein Ralnactive Ras is bound to GDP, activated GHo2
catalyses the exchange of GDP to GTP leading to the activation {®ashis allows

Ras to bind several effector proteins, includindgR&. Activated BRaf phsphorylates

and activates MEK1 (also known as MAPK kinase). This in turn activates the
extracellular signatelated kinases ERK and ERK2 (p42/44 MAPK). This leads to
activation of members of the activator protein 1 {BFamily, the best characterisetl

which are jun and fos. Once activated, jun and fos translocate to the nucleus where they
form a complex and bind to an APmotif of DNA. This leads to the expression of

many genes which mediate cellular processes including proliferatiteredifiation and
cell survival Figure %3].

Ligand-activated growth
factor receptor

Inactive Ras

l nucleus
-

Proliferation Differentiation

Cell Survival

Figure 1-3: Schematic representation of growth factor receptor mediated actiwdition
the MAPK signalling cascade.
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1.4.2 PI3K/AKT signalling pathway
PhosphatidylinositeB kinases(PI3Ks), constitute dipid kinase family characteesl

by their ability tophosphorylatean inositol ring 3hydroxyl (OH) group ininositol
phospholipids. ClaskPI3Ks are heterodimersomposed of a catalytic subunit (p110)
and anadaptor/regulatory subunit (p85). This clas$uisher divided into the subclass

IA, which is activatedoy RTKs and the subclas$3) which is &tivated ly receptors
coupled with G proteinsActivation of PI3K occurs through binding of its p85
regulatory subunit to a phosphotyrosine residue on an RTK. While HER2 does not
contain a docking site for PI3K, HER3 contains 6 PI3K docking sites in its intracellula
domain[41]. PI3K can also bind to activated RG@3P which in turn activates PI3K.

The p110 subunit of active PI3K bindsgbosphatidylinosite#4,5-bisphoghate (PIR),

which is anchored to the lipid layef the cell membrane by two fatty acids. PI3K
phosphorylates PHPto phosphatidylinositeB,4,5trisphosphatgPIP;) [42]. PIR, and

PIP; act as docking sites for proteins containing a pleckstrin homology (PHxido

PH domains aréound in many proteins, includintpe protein serinefireonine kinase
36phosphoinositidelependent ikasel (PDK1) andAKT/PKB, both central for the
transforming effects of deregulated PI3K actiiiyd]. AKT binds to PIR resulting in

its translocation to the plasma membrane where it is phosphorylated by PDK1 at Thr
308. Full activation of AKT requires a second phosphorylation at Ser 473 which lies
within in the hydrophobic motif (HM) neah¢ Gterminal regulatory domain of AKT

[44]. So far, at least 10 kinases have been suggested to function as HM kinases or a so
called APDK2O0. T h e s e -adtivateda matetn (MAR)c kinase e :
activatel protein kinase 2 (MK2), integriinked kinase (ILK), p38 MAP kinase,
protein kinase C (PKC), NEK®6, the douldganded DNAdependent protein kinase
(DNK-PK) and the ataxia telangiesctasia mutated (ATM) gene pr{dibictHowever,
recent studies now suggest that mammalian target of rapamycin complex 2 (nTORC2)
is the exclusive kinase which phosphorylates AKT at Sef4434648]. Active AKT

is released into the cytosol where it phosphorylates multiple effector proteins which
mediate cell regulatory processes including apoptosis, protein synthesis and

proliferation [Figure :4].
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Figure 1-4: Schematic representation of the biological function of activated AKT. AKT
regulates the activity of irdacellular signalling proteins that trigger changes in the
expression of proteins involved in cell survival, cell cycle and proliferation and protein
synthesis [Reproduced frop9]].

1.4.3 Effects of activated AKT orell regulatory processes

1.4.3.1 Inhibition of apoptosis

Active AKT phosphorylates the ppoptotic proteins Be?2 antagonist of cell death
(BAD), pro-caspase 9 and members of the Forkhead family of transcription factors
leading to their inactivation ansubsequent inhibition of apoptods0]. AKT down
regulates the prapoptotic protein p53 by activating mouse double minute 2 homolog
(MDM2) which promotes p53 degradatifBil]. AKT adivation has also been linked to
resistance to TNHRelated Apoptosis Inducing Ligand (TRAIL) induced apopt{is3.

1.4.3.2 Cell cycle progression and cell proliferation
AKT inhibits glycogen synthaserkdse3 ( GSK3) p h o s-patepimwhichet i on
resul ts i n t hatenintoahe saucleus vahere ibimducesfthe expression of

Cyclin D leading to cell cycle progressif#g]. AKT also phosphorytes p21'FY/WAF:
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and p2#"™! which inhibits their antproliferative effects by retaining them in the

cytoplasm[50]. These effects lead to cell cycle progression and cell proliferation.

1.4.3.3 Inhibition of tumour sypessors

AKT lowers the concentration of Forkhead Box Class O (FOXO) proteins, a family of
tumour suppressors, via phosphorylation of FOXO proteins. Phosphorylated FOXO
proteins are substrates of the enzyme ubiquitin ligase which transfers ulpepitides

onto the proteins causing them to be degraded by the proteosome. Therefore AKT
blocksthe FOXOtumour suppressive effect on cell proliferat[64-56].

1.4.4AKT and equlation of protein synthesis

AKT plays a pivotal role in regulating protein synthesis through activation of the
mammalian target of rapamycin (mMTOR) pathway. mTOR forms two complexes,
MTORC1 and mTORC2. mTORC1 is composed of mTOR, regulatory assbcia
protein of mTOR (raptor), prolinech AKT substrate of 40 kD (PRAS40) and
mL ST 8 /[5Fp mTORC2 is composed of mTOR, rapamyiigensitive companion

of MTOR (rico r ) and mLSTS8/ @fidrole in the phodpthorylaiion of
AKT, mTORC2 is involved in the regulation of cell morphology and the cytoskeleton
[58]. AKT activates Ratiomologue enriched in brain (Rheb) which results in the
activationof mTORC1[57]. Activated mTORCL1 phosphorylates ribosomal S6 kinase 1
(p70S6k) and eukaryotic initiation factor 4hding protein (4EBP1). p70S6k,
promotes increased mMRNA translation by phosphorylating ribosomtdipr§6, and
promotes protein synthesis by phosphorylating eukaryotic elongation factor 2 kinase
(eEF2k)which inhibits its negative regulation of eukaryotic elongation factor 2 (eEF2)
[59, 60] mMTORC1 phosphorylation of 4BP1 results in the release of eukaryotic
translation initiation factor 4E (elF4E) which enhances mRNA transld@bh The
activation of mTOR signalling and its downstream pathways arerdtestin Figure %

5].
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Figure 1-5: Schematic representation of AKT mediated activation of mTOR and
subsequent downstreasignalling pathways. Arrows represent activationileviibars

represent inhibition. This diagram has been adapted [B&mn

1.5 Breast Cancer Treatment Strategies

The treatment of breast cancer can be categorisaitles conventional or targeted
therapy. Conventional therapy includes surgeagliation therapy and chemotherapy

while targeted therapy utilises drugsieh specifically target cancerous cells.

1.2.1 Conventional Therapy

Surgery is one of the oldest rmets of localised breast cancer treatment, of which there
are two distinct strategies, breast conserving therapy (BCT) and mastectomy. BCT is
the treatment of primary breast cancer without the removal of the entire breast tissue,

also known as a lumpectoni§3]. A mastectomy involves the removal of the breast
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(total mastectomy), the breast and auxiliary lymph nodes (modified radical mastectomy)
or the breast, lymph nodes and pectoral muscles (radical maste¢édifhygemoval of

the lymph nodes is not a curative measure but rather a means of determining if further
treatment is required, as the presence of cancerous cells in the lymph nodes indicates a
risk of metastasjswhich is the movement or spread of cancer cells from one organ or
tissue to anothe65]. Randomised trials that compared mastectomy with BCT (with
adjuvant radiotherapy) showed no difference in overall survival, hew8CT is

associated with a higher local recurrence [Gdé.

Radiation therapy, like surgery, is primarily used in the treatment of localised breast
cancers. The primary action of radiation therapy is to daDabfe either directly or by

the generation of reactive chemical species (such as oxygen free radicals) within cells.
Whole breast irradiation (WBI), in conjunction with breast conserving surgery, reduces
the risk of early breast cancer recurrence, leadsdignificant improvement in overall
survival and has become a standard treatment in the care of early breast cancer.
However, the long duration of conventional WBI regimens negatively impacts on
quality of life. An alternative approach is to deliver eddin to a limited volume of
tissue cavity only (partial breast irradiation) and delivering a larger than standard dose
of radiation with each treatment (accelerated partial breast irradiation, APBI). APBI
focuses treatment on the lumpectomy bed. Many oustlof delivering APBI have been
developed including: muktatheter interstitial brachytherapy, MammoSite balloon
catheter, single insertion multicatheter devices, 3D conformal exdeeaah radiation
therapy, permanent seed implant and intraoperatieigees using electrons or lew
energy photons. Studies of APBI have demonstrated excellent local control and
cosmetic outcomes in earbfage breast cancer patiefressiewed in[66], [67]].

Chemotherapy is the use of a chemical agent to kill cancer cells. The ultimate clinical
effectiveness of any anticancer drug requires that it kill malignantineliso at doses
that all ow enough c e ludséone marrowhaed gastdintestimat 6 s
tract) to survive to ensure that recovery can of88}. In general, anticancer drugs are

most useful against malignant tumours with a high proportion of dividing cells, ifihus
practical terms, chemotherapy alone is primarily effective against leukaemia and
lymphomas only. The most common tumours however, including those of breast cancer
usually have a low proportion of dividing cells and therefore are less susceptible to
treatrent with chemotherapy alone. Surgery and radiation therapy can often eradicate

primary or localised tumours but they are not effective once the cancer has metastasised
19



to other parts of the bodg9]. A systemictherapy such as chemotherapy is required to
control and eliminate metastatic cancer. Chemotherapy drugs often show increased
effectiveness when used in combinati¢ri8]. The combinations of chemotherapeutic
agerts used in the treatment of breast cancer are descrifebia 11. As the mode of
action of anticancer drugs is to attack cells which are dividing at an increasdtete,
also attack nowancerous cells of the body which naturally divide quickly, for example,
the bone marrow, the lining of the mouth and intestines, fobicles and blood cells.

This results in a number of known side effects including; hair loss, mouth sores, loss of
appetite, nausea/vomiting, infections (due to low white blood cell counts), excessive
bruising and bleeding (due to low platelet couats) fatigue (due to low red blood cell
counts)[68]. Some chemotherapeutic agents are also associated with chemaotherapy
induced heart failure; many cancer survivors now have a higher risk of cardiovascular

diseases thmof recurrent cancgr1].

Table 1-1: Chemotherapeutic regimens utilised in the treatment of breast cancer.

Information adapted frorfv2].

Abbreviation Components of chemotherapeutic regimen
AC doxorubicin [Adriamycin]; cyclosphamide
AC>T doxorubicin; cyclosphamide; paclitaxel [Taxol]
CMF cyclosphamide; methotrexateflsorouracil
FAC (CAF) 5-fluorouracil; doxorubicin; cyclosphamide
FEC100 5-fluorouracil; epirubicin; cyclosphamide

GT gemcitabine; paclitaxel

TAC docetaxel Taxotere]; doxorubicincyclosphamide
TC docetaxel; cyclosphamide

EC epirubicin; cyclophosphamide

AT doxorubicin; docetaxel

1.2.2 Targeted Therapy

Since the late 1950s the predominant modalities in the treatment of breast cancer have
been surgery, radiation and chemotherapy. Chemotherapy and radiation work primarily
by damaging proliferating cells at the level of DNA replication and inducing apoptoti

cell death as a secondary response to that damage. However, chemotherapy exhibits a
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lack of selectivity and a relatively high toxicity which has given rise to a need for novel
drugs with a more specific actiqi3]. In the late 1980s new signalling networks that
regulate cell proliferation and survival were discovered including: membrane growth
factor receptors, cytoplasmic signalling molecules, nuclear cell cycle proteins,
modulators of apoptosis and anggmesis promoter69, 74] Since thenmany new

drugs have been developed which target these profEmesfirst targeted therapy for
breast cancer, tamoxifen, which targets the ogstraeceptor, was discovered ovér

years agqg75]. The major classes of targeted therapeutic agents used in the treatment of
breast cancer are, small molecule tyrosine kinase inhibitors (TKIs), selective oestrogen

receptor modulators (SERMsromatase inhibitors and monoclonal antibo¢meabs).
1.6 HER2 targeted therapyi monoclonal antibodies

HER2 positive breast cancer is associated with a poorer prognosis than HER2 negative
breast cancgil7]. The discovery of trastuzumab, a monoclonal antibody which targets
HER2 revolutionised the treatment of HER2 positive breast cancer.

1.6.1 Trastuzumab

Xenograft studies using HER2 positive driven tumours indicated that targeting these
tumours with murinenAbs against HER2 was a viable treatment strategy. One of the
most active murineanAbs 4D5, was humanised to reduce immunogenicity yielding
trastuzumab (Herceptin ®, Genentech), the fingtb approved for the treatment of
breast cancef76, 77] [Figure 16]. As a single agent trastuzumab achieved response
rates of 26 34 % in HER2 positive metastatic breast cancer (MBC) patients afd 11

% response in HER2 positive MBC patients who had progressed after chemotherapy
[78-80]. A phase Il study of trastuzumab in combination with chemotherapy in HER2
positive MBC patients resulted in a greater overall respons€ORR), longer duration

of response, longer survivahd a 20 % decrease in the risk of death in patients treated

with the combination compared to chemotherapy al8hg
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Figure 1-6: Ribbon diagram of the human HER2 and trastuzumampéex
[Reproduced fronfi25]].

Theproposed mechanisno$ action for trastuzumainclude:

1) Reduction of ginalling through AKT and MAPKTrastuzumab disrupts HER&c
interactions which reduces PTEN phosphorglatthus increasing its activity. This

results in a dephosphorylation KT and inhibition of proliferatiori82].

2) ECDshedding:HER2 is cleaved byproteins containingA Disintegrin andA
Metalloprotease domaifADAMSs), the extracellular domain is shed and the truncated
kinase domain (p95ER?2) retains the ability to form heterodimers with HEB3] and

can be phosphorylated byrieguin [84]. Trastuzumab inhibits ECBheddingin vitro

[85] and the serum ECD levels of HER2 are lower in trastuzumab treated patients

compared to those not treated with trastuzufBéh

3) Trastuzumabensiises cells to apoptotic agentsid currently unclear as to whether
or not trastuzumab induces apoptosis in tumaurgvo [87, 88] but it does serisse
tumour cells to apoptosiaducing agents .g. maclitaxel and etoposidd89].
Trastuzumabhbalso enhances TRAHnduced apoptosi§d0], and prevents cells from

repaiing DNA damage caused by chemotherapg.(a@splatin) or irradiatiorf91].
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4) Inhibition of angiogenesid4ER2 overexpression correlates with elevated levels of
vascular endothelial growth factorVEGF) and increasd angiogenesis[92].
Angiogenesis is the growth of new blood vessels froreprsting ones and is essential

to the continued growth of a tumour. In a mouse model of HER2 positive breast cancer,
treatment wh trastuzumab resulted in a decrease in VEGF and angiogenesis and a

subsequent increase in the argiogenesis factor thrombospondifo3].

5) ADCC: Trastuzumab activates antibedlgpendent celnediated cytoticity

(ADCC) via recruitment of natural killer (NK) cells to the tumour. The NK cells express
an Fco r eR)esipadh dinds tp the Bc domain on trastuzumab. Trastuzumab
showed | ower-RRoockdowni mo & s e-positwempca[94e d t o
Response to trastuzumab was associated with increased ADCC activity in a neoadjuvant
study of HER2 positive breast can¢87]. A recent study also suggests thatreast

cancer cells where HERZ2 is nramplified but expressed at a low level, trastuzumab can
bind resulting in an ADCC responfgb].

As of January 2012 there were 499 clinical trials incorporating trastuzumab o
clinicaltrials.gov. Several novel agents are being investigated in combination with
trastuzumab including Hsp90 inhibitors, P13K/AKT/mTOR inhibitors, VEGF
inhibitors, IGFIR inhibitors and aromatase inhibitors. In addition, combining

trastuzumab with ot inhibitors of HERZ2 is currently being extensively investigated.

1.62 Pertuzumab

Pertuzumab represents a second generation of humanised monoclonal antibodies
targeting HER2. Pertuzumab binds to an epitope in HER2 which is distinct to the
trastuzumab Ioiding domain24, 25} In contrast to trastuzumab, pertuzumab is able to
inhibit the formation of HER2/HER3 heterodimers and activation of downstream
signalling cascadeq96-98]. Pertuzumab has been tested in combination with
trastuzumab and docetaxel in the Cleopatra study. The combinajentozumalplus
trastuzumab plus docetaxel, as compared with placebo plus trastuzumab plus docetaxel,
when used as firdine treatment for HERDositive metastatic breast cancer,
significantly prolonged progressidree survival(PFS)from 12.4 months in the contro

group to 18.5 months in the pertuzumab arm, with no increase in cardiac toxic effects
[99]. Pertuzumab is also being investigated in theadjovant setting in the Neosphere

trial. Patients giverpertuzumaband tastuzumab plus docetaxel had a significantly

improved pathological complete respor(p€R) rate (45.8 %), compared with those
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given trastuzumab plus docetaxel (29.0 %), without substantial differences in
tolerability [100]. These studies suggest an-gming role for pertuzumab in
combination with trastuzumab for the treatment of HER2 positive breast cancer.

1.6.3 TrastuzumabMI

TrastuzumatbM1 (T-DM1) is a novel antibody drug conjugate, whereby trastuzumab
is linked to a microtubule agent, DM1 (a derivative of maytansine) using a non
reducible thioether linker.-DM1 displayed superior activity compared to unconjugated
trastuzumaljl01]. The proposed mechanism otian of T-DM1 is to bind HER2 and
enter the cell via endocytosis of HER2-:DM1 then undergoes intralysosomal
proteolytic degradation resulting in aibulin associated cell deafti01]. Single arm
phasel and Il trials confirmed IDM1 had robust singlagent activity in patients with
heavily pretreated, HERzositive metastatic breast cancer and that it was well
tolerated at the recommended phase 1l dose (3.6 mg/kg every 3 \WE¥ks]03] In a
randomised phase Il trial ofDM1 versus trastuzumab and docetaxel in HEpR&itive
metastatic breast cancer, TBMshowed equivalent efficacy with clearly decreased
toxicity [104] and an improvement in progression free survij&5]. T-DM1 can
effectively inhibit the growth of HERpositive cancer cells that are resistant to
trastuzumab and lapatinib vitro andin vivo [106-108]. Two large multicentre phase

[ll clinical trials for T-DM1 are currently recruiting; MARIANNE and EMILIA.
MARIANNE compares single agent-DM1 with placebo, vesus FDM1 and
pertuzumab, versus trastuzumab in combination with a taxane (docetaxel or paclitaxel)
[109]. EMILIA compares single agent-DM1 versus the combination of lapatinib and
capecitabine in patients thi metastatic breast cancer previously treated with

anthracyclines, taxanes and trastuzufialo].
1.7 HER? targeted therapyi tyrosine kinase inhibitors

The development of trastuzumab revolutionised thenreat of HER2 positive breast
cancer spurring on the development of another group of agdmth varget HER2,
tyrosine kinase inhibitors (TKIs). TKIs differ fromAbsin several ways; TKIs can be
administered orally versus intravenously for mAbs, TKIsdkime intracellular domain
versts the extracellular domain for mAbs, the Hél of TKIs is usually shorter than
that of mAbs, and mAbs are thought to be more specific than, TasIsTKIs can

frequently target more than one kinase [revieweflLil]]. Table X2 summarises the
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HER2targeted therapies which are currently approved or under investigation for the

treatment of HER2 positive breast cancer.
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Table 1-2: The properties and current status of HER®2gted therapiesTKI (rev) denotesa reversible TKI, TKI (irrev) denotes an irreversible TKI
and mAb dentes a monoclonal antibody.

Drug Company Properties Targets Current Status in HER2 breast cancer
Trastuzumab Genentech mAb HER2 Approved
Pertuzumab Roche mAb HER2 and HER2 Phase lll: Docetaxdarastuzumab + pertuzumab

HERS3 hetendimers
T-DMI Genentech mADb conjugate HER2 Phase Il Trastuzumattaxane vs IDM1 + pertuzumab
Phase IIl: TDML1 vs lapatinibcapectabine
Lapatinib GlaxoSmithKline TKI (rev) EGFR HER2 Approved lapatinibcapecitabine intrastuzumab refractory MB(C
Phase llI: NeeadjuvantLapatinib + trastuzumab vs trastuzuma

Phase llI: Lapatinib * trastuzumab vs trastuzumab

Neratinib Pfizer TKI (irrev) EGFR HER2 Phase It Neratinib vs placebo

Afatinib Boehringer TKI (irrev) EGFR HER2 HER4 Phase I Trastuzumadvinorelbinevs Afatinib-vinorelbine
Ingelheim

MM-111 Merrimack bi-specific Ab  HER2 HER3 Phase IMM-111 + trastuzumab

U3-1287 AMG888) U3-Pharma mAD HER3 Phase I/li Trastuzumalpaclitaxel + AMG888

BMS-690514 Bristol-Myers TKI (rev) EGFR HER2 HERA4 Phase llietrozolelapatinib vs letrozold8MS-690514
Squibb VEGFR
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1.7.1 Lapatinib

Lapatinib (Tyverb ®, Tykerb ®) is an orally active, low molecular weigkit [Figure
1-7]. It is a selective, reversible inhibitor of EGFR ad&R2; it binds to the ATP
binding site of both receptors preventing signal transdud¢hioough both theVIAPK

and PISKAKT pathways, leadg to an increase in apoptosis and decrease in cellular

proliferation[112].

1.7.1.1 Pharmacodynamics of lapatinib

Lapatinib is a 4anilinoquinazoline which binds selectively to EGFR and HERZ2.
Lapatinib is one of the nsb specific kinase inhibitors approved for the tmeent of
cancer. When 20 kinase inhibitofat 10 uM) were compared in an vitro binding
assay against a panel of 113 substréagstinib wasone ofthe most specific, targeting
HER2 and EGFR with Xfbld greater affinity than any ctarget substrateq113].
Lapatinib inhibits HER2 with an I§3 of 9.2 nM, EGFR with an I§; of 10.8 nM, HER4
with an IGo of 0.367 uM and €Src with an 1G, of 3.5 UM making lapatinib a highly
selective HER2/EGFR inhibitdi14].

Figure 1-7: Chemical structure of lapatinib [Reproduced fridrb4]].

Lapatinib has a moderate rate of absorption after oral administration with peak plasma
concentrations at several hours pwweatment, and is assumed to have a low
bioavailability. Lapatinib is extensively distributen human tissues, including tumour
tissues, has a large volume of distribution at ledsidBexceeding the volume of body
water and (S extensi vely ;-4cid lglgcoproteir® &nto) p
albumin. Lapatinib undergoes metabolism via hepat iatestinal cytochrome P450
and is eliminated by biotransformation [reviewed145]]. The serum concentrations
of lapatinib peak four hours after treatment, increaske Wwcreasing dose and achieve
steadystate in 6 to 7 days, suggesting an effective-lifalfof 24 hours. At the dose of

27



1,250 mg dailythe peak plasma concentration of lapatinib in patients was 2.4 (@nl
uM), (ranging from 1.57 to 3.77 pg/m[L16], and another study has shown that the
steadystate trough concentrations of lapatinib range from 0.3 to 0.6 Y@B187
0.636 uM)[117], [118].

Lapatinib creses the bloebrain barrier

Overexpression of HER2 has been correlated with an increased risk of developing
central nervous system (CNS) metast4$é&9, 120] CNS may be a potential sanctuary
site in patients with HERPostive disease treated with trastuzumab, as evidence
suggests that trastuzumab does not penetrate the-tawdbarrier; trastuzumab levels

in cerebrospinal fluid were 36f@ld lower than thee in plasm§l121]. Gefitinib, which

is structurally similar to lapatinib, demonstrated objective response in brain metastases
in patients with norsmall cell lung cancer (NSCLQ)122], suggesting that TKIs can
cross the bloodbrain barrier.In a preclinical mouse model lapatinib inhibited the
formation of brain metastasis and reduced the phosphorylation of HER2 in the brain
metastasi$123]. Lapatinib as a single agent showed modest CNS activity in a phase Il
clinical trial in women with brain metastasis from HER2 positive breast cancer, who

had been previously treated with trastuzurjicil]

1.71.2 Early clinical trials with lapatinib

Phase | trials evaluating the safety and pharmacokinetics of lapatinib were conducted in
patients with advanced malignancies exhibiting overexpression of EGFR and/or HER2
and provided evidence of lapatinib &dty. These studies show that lapatinib is well
tolerated at doses of up to 1600 mg/d&lye predominant drugelated adverse events
repored werediarrhoea and rasjil7, 125] Lapatinib was then examined in phase Il
trials, with a focus on breast cancer as most patients who exhibited a partial response to
lapatinib in the phase | trials had breast candes. first-line therapy, lapatinib
monotherapy resulted in objective pesse and clinical benefit rates of 24% and 43%,
respectivelyin HER2amplified locally advanced or metastatic breast capt26].
Lapatinib monotherapy also showed clinical activity and manageablétyari¢tiER2
overexpressing breast cancer patients who had progressed on trastya@mjab
confirming the results of another study which also reported no activity in
chemotherapyefractory HER2negative breast caer[128]. Although lapatinib shows

modest clinical activity as a monotherapy, it was the increased efficacy observed when
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used in combination with capecitabine versapecitabine alonthat first lead to its

appoval as a breast cancer therapy.

1.7.1.3 Lapatinib and capecitabine

Lapatinib, in combination with capgabine, was approved by the US Food and Drug
Administration FDA) on March 13, 2007, for the treatment of patients with advanced
or HER2overexpressing metastatic breaahcer previously treated with trastuzumab
and an anthracycline,or taxane.Capecitabine (Xeloda®, Roche) is an orally
administered chemotherapeutigeat, that is enzymatically converted tdl&orouracil

in the tumour, where it inhibits DNA synthesis and sldiaesgrowth of tumour tissue
[129]. The efficacy of lapatinib in combination with capecitabine wast feeported in a
phase | study130]. The pivotal trial, which led to regulatory approval of lapatinib,
compared lapatinib plus capecitabine versus capecitabine alone, in HER2 positive,
locally advanced or metastatbreast cancer, that had progressed after treatment with
trastuzumab and an anthracycline, or taxartee median time to progression was 8.4
months in the lapatinib plus capecitabine group compared with 4.4 months in the
monotherapy group, without any meased toxicityf131]. Updated results suggested a
trend towards improved overall survival and a reduction in the risk for progression to
central nervous system disease in the combination ga8#j. A final analysis of the

trial results suggest a 20 % decrease in the risk of death for patients treated with the
combination versus capecitabine alonf#33]. Lapatinib in combinationwith
capecitabine is the first (and so far only) therapy to be approved for the treatment of

HERZ2-positive breast cancer that is refractoryrestuzumatlin the metastatic setting.

1.7.1.4 Mechanism of action of lapatinib

Lapatinib inhibits both MAPKERK1/2 and PI3KAKT signalling in lapatinibtreated
HER2 positive breast cancer cell lines, tumour xenografts and in clinical tumour
biopsies obtained from women with HER2 positive breast cancer treated with lapatinib

[112]. Several proposed mechanisms of action of lapatinib arénedtbelow.

Inhibition of HER2 and EGFR signalling

Sensitivity to lapatinib is independeaot the levels of EGFR in HER2 overexpressing
breast cancer cells. Thisdicates that the effects of lapatinib are as a result of inhibition
of HERZ signalling rather than a combination of EGFR and HER2 inhibition. In patient

samples, lapatinib responsiveness was also correlated with HER2 expression but not
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EGFR expression. ER2 overexpressing patients benefitted from lapatinib regardless of
EGFR expressiofll2, 114, 117, 134]

Induction of stressasponse pathways

As previously mentionedHER2 is essential for cardiac development and function.
Trastuzumab treatment is associated with increased incidence of dardcy
compared to chemotherapy alofi85], and anthracyclinérastuzumab combination
therapy is associated with higher cardiexicity compared to trastuzumab in
combination with noranthracyclinebased chemotheradg$36]. In contrast, lapatinib
treatment has been associated with a-lai@ of cardiac toxicity137]. GW2974, a
lapatinib analogue, protects cardiac myocytes from apoptotic stimuli by activating
AMP-regulated protein kinasAMPK), which switcles cells from an anabolic to a
catabolic state of metabolisfh38]. Trastuzumab does not activaf®PK which may
explain, in part, why lapatinib is associated with a low incidence of cardiotoxicity
compared to tistuzumab. This study suggests that activation of AMPK may be
necessary to preferentially induce apoptosis in tumour cells while sparing cardiac cells
[138].

Inhibition of drug efflux pumps

Drug efflux pumps arexpressed in a broad spectrum of tissue, including cancerous
tissue. Druegefflux is largely mediated by the AHBinding cassette (ABC) transporters
p-glycoprotein (Pgp) and beast cancerelated protein BCR [reviewed in[139]].
Lapatinib synergises with SBBB, (the active metabolite or irinotecan, a topoisomerase 1
inhibitor), leading to increased levels of apoptosis in a panel of breast, lung and
testicular cancer cell ling440]. The synergy between lapatinib and-S8lwas due to
SN-38 intracellular accumulation via inhibition of BCRP by lapatinib. In addition, high
dose lapatinib (10 uM) inhibited the efflux of mitoxantrone, a specific BCRP substrate,
in a manner shilar to fumitremorgin C, a BCRP inhibitor, suggesting that lapatinib is
an inhibitor of BCRP[140]. Lapatinib treatment has also been shown to increase the
expression of Bp in a lungcancer cell line with acquideresistance to paclitaxel,
however the increased expression e was not associated with increase drug

accumulation or activity141].
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Induction of apoptosis

Early studies with lapatinib report a-83d increase in apoptosis in HER2nplified
cells following lapatinib treatmerf12], and later studies, by the same group, show an
even greater enhancement of apoptosis wheatitap is combined with trastuzumab
[142]. Increasedpoptosis in lapatinib and trastuzumab treated addiscorrelates with
decreased levels of survivifil4d3]. Lapatinibmediated apoptosis has also been
associated with the upregulation of fh@-apoptotic protein BeR interacting mediator

of cell death (BIM) through inhibition of thAPK signalling pathway in breast cancer
cells with HER2 amplification[144]. Lapatinibmediated apoptosis can also be
increased through inhibition of the aafoptotic protein, myeloid celeukaemial
(MCL-1) [145].

Survivin is an inhibitor of apoptosis proteihAP) which when overexpressed can
protect breast cancer cells from apoptotic stinflil6]. Lapatinib inhibits survivin
expression in HER®verexpressing breast cancer cells leading to an increase in
apoptosis. In @ntrast, neither trastuzumab nor gefitinib resulted in a d@golation of
survivin. The dowrregulation of survivin was also seen in tumour samples of HER2
overexpressing breast cancer patients who participated in a phase 1 pilot study of
lapatinib [147]. Failure to dowrregulate survivin and/or increased accumulation of
survivin in response to HER2 inhibition has been proposed as a possible mechanism of

innate lapatinib and trastuzumab resistdads8].

Cell cycle arrest

Treatment of HER2 positive breast cancer cells with lapatinib results in cell cycle arrest,
with cells accumulating in the G1 phgdd4, 134] Lapatinib treatment has also been
shown to induce G1 arrest in gastric candel9], lung cancef150] and in bladder
cancer, specifically when used in combinationthwthe chemotherapeutic regime

gemcitabine, paclitaxel and cisplatin (GT[C%1].

Autophagy

Autophagy is a processvolving the formation of membrane bound vacuoles

containing lytic proteins which result in th#egadation of cellular proteins and

cytoplasmic organellel52]. Treatment of breast cancer cells with lapatinib results in

the induction of autophagy, which is dependent on the expression of §EF31kThe

authors of this study suggest that eEfr2&diated autophagy plays a protective role for
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breast cancer cells and that inhibition of autophagy in combination with lapatinib would
result in a better therapeutic outcome. Thigmisontrast to another study showing that
lapatinib in combination with a B& inhibitor, obatoclax, caused synergistic cell killing

by eliciting autophagic cell death indicating a frootective role for autophagy in these
cells[154]. Whether therapinduced autophagy functions as a direct mechanism of cell
death, or represents a sddfence mechanism for resisting therapgdiated cell killing

is still a matter for debateThe current belief is that autophagy iscell survival
mechanism activated in adverse conditions; continued exposure of the cells to adverse
conditions may result in cell death, whereas alleviation of the conditions may result in
cell survival[152]. The pole of autophagy in response to lapatinib has not yet been fully
elucidated.

1.7.1.5 Lapatinib in clinical trials

As of January 2012 there were 243 clinical trials with lapatinib listed on
clinicaltrials.gov. The hypotheses, study design and resultsevelwvailable, of several

of the most interesting clinical trials, including those already completed and those still

accruing, are summarised below.

Lapatinib withpaclitaxel

Lapatinib in combination with paclitaxeb microtubule interfering drudias been
evaluated as a firdine treatment for metastatic breast cancer (MB@jtents with
HER-2-negative or HER-untested MBC did not benefit from the additionlapatinib

to paclitaxel However, firstline therapy with paclitaxetlapatinib significantly
improved clinical outcomes in HER-positive patient4155]. Firstline lapatinib and
paclitaxel has show@RR in previously untreated HER2ostive MBC patient$156].
Lapatinib in combination with paclitaxel has also shown clinical benefiteatment
naive patients with inflammatory breast cancer (IB@%7]. Lapatinib is being
evaluated in combination with paelkel and gemcitabine as a neoadjuvant treatment
for HER2 positive breast cancer patients. A phiasiose escalatiostudy has been
published indicating that the combination is toleraldl&8]. There are currently 35
studies on clinicaltrials.gov examining combination of lapatinib and paclitaxel as a

therapeutic intervention.
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Lapatinib and docetaxel

Lapatinib in combination with another chemotherapeutic agent, docetaxel, is also being
investgated for the treatment of HER2 positive breast cancer. Initial phase | studies of
lapatinib in combination with docetaxel indicate that the combination isteletated

[159]. A phase I/1l study evaluating lapaitb in combination with docetaxel as fHigte
treatment for advanced or metastatic HER2 breast cancer is currently ofi@dhg
Docetaxel and lapatinib are being compared to docetaxel trastuzumab il phasm

I/l clinical trials including: a phase lleo-adjuvant study assessing TGBocetaxel,
Carboplatin and Trastuzumab), TGDocetaxel, Carboplatin and Lapatinib) and the
Combination of TCHL (Docetaxel, Carboplatin, Trastuzumab and Lapatinii®

currently underway in HER2gsitive breast cancer patierfts61].

Lapatinib with hormone therapy

Crosstalk between HER2 ariER signalling has been implicated in resistance to ER
targeted therapy [reviewed i[il62]], providing a rationale for combining HER2
inhibition with anttER based therapy. An initial phase | trial indicated the feasibility of
safely combining lapatinib and letrozold63]. Following this, a phase Il trial
comparing lapatinib plus letrozole, versus letrozole plus placebo resulted in significant
improvement inPFS in patients with ER positive and HER®plified MBC. The
addition of lapatinib did not result ingsificant benefit in HERzhegative patients
however it did result in a 23% reduction in the risk of progres$id®¥, 165] There are
currently 14 clinical trials oretlinicaltrials.gov evaluating lapatinib and letrozole as a
therapeutic interventiom ER positive breast cancer which is either HER2 positive or
HER2 negative

Lapatinib withtrastuzumab

Preclinical data suggests that lapatinib has a synergistic effect with used in combination
with trastuzumalj134, 143] A Phase lll study evaluated the effects of lapatinib alone
versus lapatinib plus trastuzumab in patients with HipR&titve breast cancer who had
progressed on trastuzumab and reported increased PFS and clinical benefit in the
combination group compared to lapatinib aloji®6]. The NeoALTTO trial, an
international, multicentre, randomised phase Il study, evaluating the efficacy of
lapatinib plus paclitaxel versus trastuzumab plus paclitaxel versus concomitant lapatinib

and trastuzumab plus paclitaxel, when given @sadjuvant therapy in patients with
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HER2 positive breast cancer has completed recruitment. First reported results showed
thatpCRwas significantly higher in the combination of lapatinib and trastuzumab plus
paclitaxel arm (51.3%) compared to either trastnab and paclitaxel (29.5 % (p <
0.01)) or lapatinib and paclitaxel (24.7% (p < 0.0f)%7]. The ALTTO (Adjuvant
Lapatinib and/or Trastuzumab Treatment Optimisation) trial was opened in April 2007
and is comparingthe activity of lapatinib alone, trastuzumab alone, trastuzumab
followed by lapatinib, and concomitant lapatinib and trastuzumab. The study has
recruited 881 patients and first reports on resate expected in 2013. Recently, the
lapatinibalone arm hs been discontinued, as lapatinib alone fatledneet the pre
specified criteriaof norrinferiority to trastuzumab alonwith respect to diseadece

survival[168].

Lapatinib is also being examined in ctal trials with angiogenesis inhibitors,
P13K/mTOR inhibitors, inhibitors of topoisomerase 1, and multiple cytotoxic agents
including epirubicin, temozolamide, carboplatin, docetaxel, vinorelbine and

gemcitabine [from www.clinicaltrials.goyv]

1.7.2 Neratirib

Secondgeneration tyrosine kinase inhibitors include HXA2 (neratinib) an irreversible
inhibitor of EGFR and HER2Neratinib inhibits HER2 with an Kg of 59 nM and
EGFR with an IG, of 92 nM. Neratinib inhibits HER2 phosphorylation and removal of

nemtinib from the cells does not restore phosphorylation of HER2, thus the inhibition is

irreversible[169]. In a phasdl study, neratinib monotherapy showed clinical benefit
among patients with HERzositive breast cancer who were {jbreated with
trastuzumab, the medidFSwas 23 weeks and the objective response rate was 24 %.
This study also evaluated neratinib as a monotherapy in HieRifive breast cancer
patients who had ndieen prereated with trastuzumab, interestingly the PFS doubled
to 40 weeks and the objective response rate rose to [368 @ Neratiniomonotherapy

is being evaluated in a phase Il trial in HER2 posibveast cancer following adjuvant
trastuzumab therapL71]. Neratinib is currently in multiple clinical trials including; a
phase I/l study in combination with paclitaf&l72], in combination with trastuzumab
[173], a phase Istudyingcomparing neratinib and paclitaxel versus trastuzumab and
paclitaxel (NEFERTT]174] and a phase Il study evaluating neratinib versus lapatinib

and capecitabine in HER2 positive advanced breast cHitsr
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1.7.3Afatinib

BIBW-2992 (afatinib) is also an irreversible inhibitor of EGFHER2 and HER4 with

an IGo of 14 nM for HER2 and 0.5 nM for EGFRL76, 177] Afatinib is being
examined extensi\e as a treatment for lung cancer in the LUXng program, and
early results indicate thataiib significantly prolongs PFS compared wjtlacebo in
pretreated patients with clinically acquired resistance to gefitinib or erl¢tiigy 179]
Afatinib has also been shown to overcoauguired resistance to cetuximab, an EGFR
monoclonal antibodj180]. Afatinib is also being investigated in several trials in HER2
positive patients including; alone and in combination with paclitaxel or &iiioe in
patients who have progressed on prior HE&®Zeted therapjl81], asa single agent
versus lapatinib or trastuzumab in HER2 positive treatment naive pdti&2isand
alsoin HER2 positivelBC [183]. A phase Il trial of afatinib in combination with
vinorelbine compared to trastuzumab and vinorelbine is currently underway in

trastuzumab refractory breast cand&4].

1.7.40ther rovel HERtargeting agents in preclinical and clinical development

In addition to theHERZ2targeting agents already descrip#itere are several agents
which target the HER family, which are currently in qoimical and clinical
development. MM111 is a bispecific HER2/HER3 antibody which forms a trimeric
complex with HER2 and HER3, effiaeely inhibiting HER3 signalling. MML11 also
inhibited the growth of cell line and xenograft models of HER2 positive breast cancer
[185]. MM-111 is currently being investigated as a monotherapy for HiRRve
trastuzumab refractory breast can¢&86] and in combination with trastuzumab or
lapatinib[187]. U3-1287 (AMG888) is a monoclonal antibody which targets HERS a

is currently in phase 1/11 trial in combination with trastuzumab and paclitaxel for the
treatment of newly diagnosed HER®sitive MBC[188]. BMS-690514 is a reversible

TKI inhibitor of EGFR, HER2, HER4 andEGFR that has been shown to be effective
in the treatment of erlotintbesistant NSCLC cell lingd89]. BMS-690514 is currently
being evaluated in combination with letrozdéte the treatment of endocrifesistant
HER2 positive and negative breast cancer pat{@8g).
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1.8 Resistancéo HER?2 targeted therapy

1.8.1 Mechanisms of resistance to trastuzumab

Although some patients with BC respond to trastuzumab, most patients develop
resistance to trastuzumab, while others fail to respond to trastuzumalpl@O&lThe
mechanisms of either thele novoor acquired resistande trastuzumalare not flly

understood but several potential mechanisms have been proposed.

1.8.1.1 Loss of PTENP13Kmutation

Phosphase and tensin homologue gene (PTEN) is a tumour suppressor which
functions to prevent the activation of the P18KT pathway, and loss of PTEN occurs

in approxmately50 % of breast cancef$91]. Mutations in the P13KA genes, which
encode P13K, havieeen reported in appriomately 30 % of breast cancef$92, 193]

The effect of PTEN loss or P13K mutation is the hyperactivation of the RK3IK/
pathway. Loss of PTEN has been implicated trastuzumab resigtavit® andin vivo,

and loss of PTEN is a predictvmarker for trastuzumab resistarigg, 194] In vitro
expression of mutant P13KCk HER2-amplified breast cancer cell linenfers
resistance to trastuzum@b95], and PBKCA mutations were associated with shorter

time to progression itrastuzumakreated breast canceatientg193].

1.8.1.2p95HER2expression

Truncation of HER2 idelieved to be prominent mechanism of trastuzumab resistance
and truncated HER2 is commonly referred to as-lHER2 [reviewed in196]]. p95

HER2 can be generated in two ways; via cleavage or expressiguicaf gariants.
ADAM10, a disintergin and a metalloproteinasmediates the cleavage of the
extracellular domain (ECD) of HER2 leaving pBiER2 bound to the membraf97].

In addition, a role has been suggested for alternative mRiNéirgy in the production

of p95HER2[198]. p95HER2has been shown to be an independent prognostic factor
in breas cancer, defining a subgroup BIEER2 positive breast cancer patients with a
significantly worse progosis[199]. Retrospective studies have shown that-HER2

levels in breast cancer tumours correlatgth trastuzumab resistand@00, 201]
Although these re#ts suggest that the presencep®5-HER2 shouldbe considered
when determining the treatment of a HER2 positive patient however, the detection of
p95-HER2 through current techniques is a controversial issue. The above mentioned

studies useWestern blotting[199], or immunofluorescence using two different
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antibodieq200, 201]to detect p99HER2 To date a clinically applicable agstor the
detection of p95 has yet to be developed.

1.8.1.3Ligand-dependant activation ¢iER3

HER2HER3 heterodimers can be activated in a ligdagenént or independent
manner. Trastuzumab inhibits the Ighindependent activity of HERBRER3
heterodimer but has ndfect on ligandstimulated HERZHER3 heterodimer formation
[202]. Ligand stimulation of breast cancer cells with heregulin can overcome the
inhibitory effects of trastuzumg203]. Knockdown of HER3 with shRNA resensitised
trastuzumabresistant cells to trastuzum§®04]. Increased expression of HER3 has
been shown in a cell line model of trastuzbmasistancg¢205]. However, neither the
expression nor phosphorylation of HER3 correlates with response to trastuzumab in a
panel of breast cancer cell lings94] or trastzumabtreated breast cancer patients
[206], suggesting that trastuzumab resistance may be mediated by lack ofHHERRR2

heterodimer inhibition rather than HER3 expression alone.

1.8.1.5Crosstalk withGF-IR

Increasd expression oinsulin-like growth factor receptor IGF-IR) correlated with
diminished trastuzumab activity in HERnplified breast cancer cell lind207].
HER2 heterodimerisedith IGF-IR in trastuzumafesistantcells but the same effect
was not seen in trastuzumab sensitive cells, and inhibition oflRG&ctivity increased

the sensitivity of trastuzumatesistant cells to trastuzumdgB08]. A further study
showed that hetodimerisation of HER2 with IGRR may not be limited to
trastuzumabesistant cells, and therefore may not be a causative factor in the
development of trastuzumab resistance. In addition, the study showed increased
expression of IGHR in a cell line modl of acquired trastuzumab resistance and also
shows enhanced activity of trastuzumab in combination witkI@RiIR therapy in
trastuzumab sensitive cellR09]. A recent study implicates the formation of a
heterotimeric complex of HERHER3IGF-IR in trastuzumadesistant cells, and
knockdown of HER3 or IGHR overcomes trastuzumab resistarj@@4]. Altered
secretion of IGFoinding proteins has also been associated wéistuzumab resistance
[210]. However, expression of IGIR does not predict response to trastuzumab therapy
in patients with metastatic HER2 positive breast cafi@, 211]
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1.8.1.6 Other mechanisms implicated in trastuzumab resistance

Several other pathways and proteins have also been implicated in trastuzumab
resistance. Briefly, these include; the inability of trastuzumab to inhibit EGFR
signalling [212], the overexpressionand/or amplfication of cyclin E[213], Met
receptor[214], EphA2 [215], the upregulation of miR1[216], escapefrom ADCC

[217], dysregulated glucose metabolig218], and epitope masking via expression of
mucin 4 (MUC4)[219], or CD44/hyaluronan compldg220, 221] both of which mask

the HER2 binding site preventing trastuzumab binding to HER?2.

1.8.2Lapatinib overcomes trastuzumab resistance

As prevously discusseda synergistic interaction between trastuzumab and lapatinib
has been seen in HERnplified cell lines[134, 143]and in clinical trials[167]. In
addition breast cancer cell lines exhibiting eith#e novoor acquired trastuzumab
resistance remain sensitive to HER2 inhibition with lapatib83, 194] indicating that

the mechanisms of lapatinib and trastuzumab resistance amvedapping. Several of

the proposed mechanisms of trastuzumab resistance do not seem to apply to lapatinib,
these include:

1.8.21 Loss of PTEN / mutations in PI3K

Loss of PTENor PIBKCA mutations correlates with trastuzumab resistance. However,
in preclinical studies, and clinical studies of women with HER2 positive breast cancer
treated with lapatinib, the activity of lapatinib did not correlate with PTEN sfaf4s

222, 223] In contrast to these studies, loss of PTEN and/or P13KCA mutations have
been implicated in lapatinib resistance in cell line and xenograft models of HER2
positive breast cancef224]. In addition, in HER2 positive patients treated with
lapatinib and capecitabine, P13K activation, defined as loss of PTEN or PI3K mutation,
was associated with lower clinical benefit andbwer ORR[224, 225] Analysis of
results from the NeoALTTO and ALTTO trials will hopefully determine the role of

these alterations in trastuzumab and lapatinib resistance.

1.8.2.2 Lapatinib inhilis p95HER?2 activity

Trastuzumab does not inhibit p¢HER2. Cell line and xenograft models of pd&ER?2
expression were resistant to trastuzumab however, they remain sensitive to lapatinib
[200]. Lapatinih asa monotherapy or in combination with capecitabivas equally
effective in patients with p9BER2 positive and p9b6ER2 negative HERpositive

breast tumour$226]. This is most likely due to the fact that5pBIER2 retains the
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active kinase domain of HER2 and loss of the extracellular trastuzbimading domain

does not inhibit the functionality or activity of the kinase donj2iv].

1.8.23 Alterations in IGFIR expression/activity
Alterations in IGFIR have been implicated in trastuzumab resistanceyeher,
treatment of trastuzumalesistant cells with lapatinib resulted in inhibition of HG¥E

signalling and induction of apoptosis, even in the presence ol |[GES].

1.8.3 Mechanisms of resistance to lapatinib

Since lapatinib gained FDA approval for the treatment of trastuzumab refractory HER2
positve breast cancan 2007 there has been increasederest in determiningts
mechanisms of action, biomarkers of activity and also elucidating mechanisms of both
de novoand acquired resistance. The mechanisms which have been proposed for

lapatinib resistance are outlined beJamd summarised ifable 13.
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Table 1-3: Published cell line models of acquired lapatinib resistance, the method and concentration used to tend#itsh and the proposed

mechanism of lapatinib resistan&elenotes greater than peak plasma concentration (2.5 puM)

Cell line Conditioning method  Lapatinib conc. Profiling technique Resistance mechanism Ref.

BT474 single cell cloning 5uM* Affymetrix array Upregulation of ER signalling [229]

BT474, SKBR3 single cell cloning 5uM* Affymetrix array Activation of RelA [230]

SUM190 continuous exposure  (0.251 2.5 uM) Immunoblotting Overexpression of XIAP [231]

BT474 single cell cloning 3 uM* phosphetyrosine Overexpression of AXL [232]
immunoblotting

HCT116 continuous exposure 10 uM* Immunoblotting Increased expression of MEL [233]

HCC1954 continuous exposure  (0.17 1 pM) Immunoblotting I ncrease d e X p-r [234]

BT474 integrin

SKBR3,MDA-MB-361, continuous exposure increasing conc. up to: phog_pheproteomic Increased SRC kinase activity  [235]

UACC893 1 UM or 2 uM profiing

BT474, HCC1954,

SUM190

BT474, UACC812 continuous exposure  (0.17 1 uM) Immunoblotting Upregulation of ER signalling [236]
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1.8.3.1Upregulation of ER signalling

Increased dependence &R signalling has been described in an acquired model of
lapatinib resistancf229]. ER signalling plays an essential role in breast cancer as over
60 % of breast cancers are ER posi{i287]. FOXO3a is a member of the Forkhead
family of transcription factors and it enhances ER transcriptional activity and its
activation is regulated b&KT [238]. A comparison of the gene expression peibf
acquired lapatito-resistantBT474 cells and sensitiv®T474 cells revealed increased
expression of several genes relating to ER signalling including FOX0O3a, suggesting a
switch from dependence on HER2 for signallingl arvival to cedependence on
HER2 and ER. Combining lapatinib with ER inhibition pretezl the emergence of
lapatinibresistantBT474 cells. Importantly, this study also reported increased ER
signalling in tumour biopsies from lapatinib treated breast cancer paf22§
Another study, which examined the effect of acquired lapatinib resistance on ER
signalling, found that acquired lapatinib resistance was associated with increased ER or
its downstream products BiT474 and UACC812HER2postive, IR positive cell lines

with acquired lapatinib resistance. They also stm¥llowing ER upregulation that
prolonged conditioning with lapatinib causes a switch from ER dependence back to
HER2 dependence in a BT474 model of acquired lapatinib resisfaB6¢ In a
different BT474 model of acquired lapatinib resistance, rémstant cells exhibited
increased expression of ER and were sensttivénhibition with a combination of
lapatinib and fulvestranf232]. In contrast to these studies, an-gbsitive, HER2
postive SUM190 cell line model of acquired lapatinib resistance exhibited decreased
expression of FOXO3f31]. In a HCT116 colon cancenodel of acquired lapatinib
resistance, which is HER@2ositive and ERpositive, resistance to lapatinib was not
associated with increased ER expression nor was the resistance overcome by the

addition of tamoxifen to lapatinif233].

1.8.3.2 Overexpression of AXL

By examining a BT474 model of acquired lapatinib resistance, the overexpression of
AXL protein was detected using phosgiycosine immunoblotting and identified using
mass spectrometgnd proposed as a mechanism of acquired lapatinib resi$gaie

AXL is a membrandound receptor tyrosine kinase containing a kinase domain closely
related to MET and an extracellular domain resembling that afaheell adhesion
molecules. AXLactivation is linked to several signal transduction pathway)dimg

AKT, MAP kinases and NB B [ Re v i[289y 240]. AXIn expression has been
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reported inbreast cancer cell lind241] and also in human glioma carcinomas, where
expression correlates with poorer progno§l?]. Inhibition of AXL restored
sensitiviy to lgpatinib in the lapatiniyesistant cell§232]. This study provides a
mechanism by which HER2 positive, Ei®sitive breast cancer cells acquire resistance

to lapatinib by increased expression of AXL.

1.8.3.3 Overexpressiaf MCL-1

Overexpression of myeloid cell factdr(MCL-1) has been reported inHCT116colon
cancer cell line with acquired resistance to lapat{2i®3]. The B-cell lymphoma2
(BCL-2) family of proteins consis of 25 preand antiapoptotic proteins that regulate

the intrinsic/mitochondriaapoptosis pathway. Aréipoptotic proteins, including MGL

1 associate with prapoptotic proteins, including BAX and BAK. When BAX and
BAK are released from the complextwiantiapoptotic proteins they fornopes in the
mitochondrial membranehich allowfor the release of cytochromeddd AIF leading

to apoptosis. Tumour cells take advantage of this pathway to maintain survival via
several mechanisms including: loss opeession of prapoptotic proteins (eg. BAX):
and/or overexpression of antapoptotic proteins (eg. MGL) [reviewed in[243]]. The
HCT116 colon cancer cell line with acquired lapatinib resistanad increased
expresion of MCL-1, decreased expression of BAX and decreased activation of BAX
and BAK. Unlike sensitive cellghe lapatinibresistant cells did not express activated
BAX following either serum starvation or lapatinib treatment. Knockdown of MGh
lapatinb-resistant cells enhanced lapatinib activity and this enhancement was abrogated
by knockdown of BAX[233, 244] Inhibition of MCL-1 has also been examined, in
combination with lapatinib, irSKBR3 and BT474breast cancer cell linesvhereby
treatment withcyclin-dependent kinaseCOK) inhibitors resulted in reduced MGL
expression and enhanced lethality of lapatifibeatment ofcells with the MCL1
inhibitor, obatoclax also enhanced the lethality of lapatinib in a synergistic fashion.
Overexpression of MCI1 or knocklown of BAX and BAK suppressettie enhanced
lethality. Ths effect was also reproducedvivo using xenograft models of BT474 cells
[145]. Collectively these studies suggest a mechanism whereby lapatinib resistance
results in overexpression of MEL rendering cells lessusceptible toBAX/BAK -

dependenapoptosisand tumarr cell death
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1.8.3.4 Overexpression BIAP

Acquired lapatinib resistance has been associated with overexpression of X inhibitor of
apoptosis protein (XIAP) in 8UM190model ofHER2 positivelBC [231]. XIAP is an
inhibitor of apoptosis protein (IAP) that bind® and inhibits the activation of
procaspas®, procaspasé and procaspasg leading to inhibition of both intrinsic and
extrinsic apoptotic pathways. In addition to its casgasding funcion, XIAP
regulates the activity oAKT, NFe B and survi vin. X1 AP i s
tissue compared to normal tissue including breast tumours and has been linked to
therapeutic resistance in cervical, ovarian and prostate cancers [reviey2¢b]jn
Expression of XIAP correlates with shorter overall survival and may act as an
independent prognostic biomarker for invasive ductal carcin@#@]. The SUM190
lapatinibresistant cells had approx-f@d higher expression of XIAP compared to
sensitive parental cells and stable expression of XIAP, using a lentiviral system,
induced resistance to lapatinibtime parental SUM190 cel[231]. Downregulation of

XIAP using embelin, a small molecule inhibitor which abrogates the XIAP/procaspase

9 interaction, resulted in decreased viabilitySi¥M190 lapatinibresistant cells. This
suggests that XIAP is required for the survival giinib-resistant cells and that XIAP

represents a rational target for IBC patients with resistance to lag2®iip

1.8.3.5 Upregulation a8RC family kinases

Phospheproteomic profiling of lapatinikresisant cells suggested increased SRC (or a
SRC family kinase) activity in a study of acquired lapatinib resistf28%]. The SRC
family of tyrosine kinasghas nine members including, YES, LYN an@&RC (SRC).
SRC has beeimplicated in pathways regulating proliferation, angiogensis, invasion
and metastasis, and bone metabolism [reviewe[24i7]]. Increased expression and
activity of YES was observed in BT474 and UACC893 cell line ewaf acquired
lapatinib resistance, and increased expression and activity of LYN was observed in a
HCC1954 cell line model of acquired lapatinib resistaft@s]. Treatment of the
lapatinibresistant cells with sarattiaib (AZD0530) or dasatinib, both ATP competitive
small molecule SRC inhibitors, resulted in inhibition of SRC phosphorylation, partial
inhibition of AKT phosphorylation and inhibition of cell growth in both cell lines.
Combined treahent of lapatinib seasitive breast cancecell lines with lapatinib and
saracatinib prevded the emergence of lapatisigsistant cells. Importantly this study
also showed that the expression of several SRC family memieeesipregulated in a

small cohort of primary HERZ2 pitve tumours following lapatinib treatmef35].
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1.8.3.6 Activation of RelA

Using a BT474 cell line model of acquired lapatinib resistance, caldependent
activation of RelA has recently been associated with lapatinib resi§23@e RelA is
asubunitoNF-a B, whi ch f unell$from apsptosio NEpB oft uercat ico n
activate antiapoptotic proteins which negate the jaqmoptotic effects of therapeutic
agents [reviewed in248]]. Lapatinib treatmenttriggered a cytoprotective stress
response iINSKBR3 and BT474HER2postive lapatinibsensitivebreast cancer cell

lines which was mediated by activation of RelA. Inhibition of RelA not only enhanced
the goptotic effects of lapatinib iBT474 and SKBR3 @ls, but could overcome
lapatinib resistance in BT474 model of acquired lapatinib resistar{@80]. There was

also a small yet significant change in RelA expression between lapatinib responders and

nonresponders itapatinib treated HERPostive breasiumoursampleg230].

1.8.3.7Upr e g u | a f-integrinrmediated signalling

By examining HCC1954 and BT474 cell line models of acquired lapatinib resistance,
the upregulation o6 ev er al ki nases wh i-ictdgrin lIhave beeho wn s
implicated in lapatinib resistand@34]. bl-intergrin is a critical mediator of breast
cancer initiation and progressiq849], has been associated with EGFR expression
[250] and linkedtot her apeuti ¢ resi stance | Antegriml t i p |
has been suggested as a predictive indicator for patientsdeitiovoresigance to
trastuzumald251]. Acquired lapatinibresistancein HCC1954 and BT474 lapatinib
resistant cellsywas associated with increased expression of focal adhesion kinase (FAK)
and SRC d own st r-integnm [284]. In @ddition, nhi bi t i-mtegin o f b
significantly inhibited the growth dapatinibresistant HCC1954 and BT47%lls but

did not significantly aff ec-ntegsireimacquird ve ¢
resistance to lapatinib.

1.8.3.8 Failure to downregulate survivin

Survivin is anlAP which when overexpressed can protect breast cancer cells from
apoptotic stimuli[146]. One of the mechanisms of lapatindetion is the down
regulation of survivinFailure to downregulate survivin was associated with lapatinib
resistance in JIMAL cells, which represenssHER2amplified cell line modelof innate
lapatinib resistanc§l48]. Thus, this suggesthat constitutive activation of survivin
protects the cells from lapatinimediated apoptosis. Knockdown of survivin in
combination with HER2 inhibition suppressed proliferation arldrgoformation of the

lapatinibresistat cells[148].
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1.8.3.9 Induction of @tophagy

Induction of autophagy in response to lapatinib treatment has been proposed as a
potential mechanism for lapatinib resistafi2g2]. Interestingly induction of autophagy

has also been suggested as a mechanism of action for lapatinib in lapatinib sensitive
breast cancer celld54]. The role of autophagy in lapatinib resistance has yet to be

fully explored or confirmed.

1.8.3.10Upregulation of Grb7

Growth factor receptebound 7 (Grb7) is an adaptor protein which is frequently co
amplified with HER2[253]. Lapatinib induces upregulation of Grb7 in cancelsadal

vitro and in vivo. P13K signalling normally represses Grb7. Inhibition of AKT by
lapatinib leads to Grb7 eepression, and thus increased Grb7 expression. Knockdown
of Grb7 reduces breast cancer cell viability and increases the activity of lapabd]b

This study suggests that Grb7 upregulation is a potentially adverse consequence of
HER2 inhibition and that preventing Grb7 accumulation and or/its interaction with

RTKs may increase the benefit of lapatinib.

1.8.3.10 Decreasegghosphorylation of eEF2

Unpublished data from our laboratory identified eukaryotic elongation factor 2 (eEF2)
as a protein whose phosphorylation is significantly altered in a modetafired
lapatinib resistancf255]. eEF2 is anonomeric GTPasthat plays an essential role in
regulating protein synthesis. Phosphorylation of eEF2 which results in its inactivation
can occur through various different pathwaws]uding the mTOR pathway [reviewed

in [60, 256]. A number of phosphorylated forms of eEF2 were $igantly decreased

in lapatinibresistanceSKBR3 cells compared téapatinibsensitive SKBR3ells[255].

This suggest that altered phosphorylation of eEF2 may play a role in lapatinib

resistance.
1.9 Quantitative methods used to iéntify alterations in lapatinib-resistant models

Various different techniques were utilised to identify the alterations discussed, ab
including; either unbiased pathwdg33, 244] or selective[231] immunoblotting
analysis; immunoblotting coupled with measgsectrometrybased peptide sequencing
[232]; phosphetyrosine proteomic$235] and humaraffymetrix oligonucleotide array
platform [229]. Below, the quantitative ntlods utilised in this study to identify

alterations in models of acquired lapatinib resistameediscussed
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1.9.1 Array Comparative Genome Hybridisation analysis (aCGH)

aCGH analysis, also known as molecular karyotyping, is a technique used to identify
copy number variations (CNV) in a genorwide screen [reviewed if257]]. This
technique utilises genomic DNA probes, known as oligos, which are robotically spotted
and immobilised onto glass microscope slidespvin as arrays. DNA from the test
material (e.g. resistant cell line), is labelled with a green fluorescent dye (Cy3) and
combined with the control material (e.g. sensitive cell line), which has been labelled
with red fluorescent dye (Cy5). The 2 samples eahybridised to the array and the
resulting ratio of fluorescence intensities is proportional to the copy numbers of DNA
sequences in the test and control genorfis. areas on the slide that appear green
indicate extra chromosomal material (duplicajian the test sample at that particular
region. Areaon the slide that appear red indicate relatively less test DNA (deletion) in
the sample at that specific sgéigure 18]. aCGH analysis has been used as a tool to
identify alterations in a broad spectrum of different cancer types includiragian
cancer [258, 259] prostate cancef260], melanoma[261], lung cancer [262],
lymphoma [263] and breast cancdl64, 265] It has also been used to identify
alterations in newly developed models of trastuzumab resisfafée 267] To date
aCGH technology has not been used to identify genomic alterations in a model of

acquired lapatinib resistance.
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Figure 1-8: Principles of the aCGH technologfa) DNA from the sample to lested

is Cy3 labelledand the control sample is Cy5 labelled. The samples are mixed and co
hybridised to the arrayb) The slides are scanned into image files using a specific
microarray scanner (c). An output of scanning depicts hundreds of spotsifieitand
ratios of thefluorescence intensitiegd). Sample output of aCGH analysis showing
alterations on a specific chromosome. [Image and legend reproduce@%ojn

1.9.2 SILAC proteomic based technology

Stable Isotope Labelling of Amino acids inCell culture (SILAC) isa proteomic
labelling strategywhich utilises the metabolic machinery of cells to incorporate isotope
labelled amino acids into the proteins of the cells [for review and pro@88]]. With
SILAC, the entire proteome of a given cell population is metabolically labelled with
i h e av yradioactive isotopic variants of amino acidsually [U-**C®-L-Lysine,
which alters the weight of the peptide fmagnts by 6 Daltonsthus making it
distinguishable from a second ntabelled cell line by mass spectrometry (MS).
Therefore two o more distinctly SILAClabelled celpopulations can be mixed and
analysed in one MS experiment which allows for accuratetgaton of proteins from
different cellular states. A conventional SILAC workflow involves culturing one
population of cells in media containing the heavy amino acid, and the second population
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of cells in media containing nasotope labelled lysingFigure 19]. The cells are
grown in their respective media fa@ minimum of 6 doublings to allow for full
incorporation( O 9 Bf théoheavy lysine, after which time the two populations are
combined, nalysed by masspectroscopy (MS). The signal intensities from the heavy
labelled and notabelled sampleprovidea quantitative comparison of their abundance

in the mixed populatiof268].

48



d Adaptation phase
Starting culture in DMEM

=
Media with / ~~__Media with
"light" AA (e "heavy" AA (%)
. >
-g)-' ’§ N
o [ — Begin SILAC = k)
E adaptation phase =
m/z mlz
> 2y
7 )
§ ° = Subculture cells, S Sl o
i as needed €L
miz m/z
> Culture desired =
c|e ggnumber of dishes, ee g
= & allowing five = 7=

mlz doublings miz

b Experiment phase

Control Perturbed
State A (light e) State B (heavy %)

\ Mix cells/lysate /
1:1

Optional protein or peptide fractionation
analyze sample with mass spectrometry

> % Intensity of MS signals between
@ light and heayy peptides give
‘QEJ ° relative protein abundance

between cell states A and B

milz

Figure 1-9: Overview of SILAC protocol The SILAC experiment consists of two

distinct phases (a) an adaptation and (b) an experimental phase. (a) Dthimg
adaptation phase, cells are grown in light and heavy SILAC mediahmtileavy cells

have fully incorporated the heavy amino acids (red star). dllosvs the two SILAC

cell pools to be fully distinguishable by MS (black dod red star, indicating light and
heavy SILAC peptides, respectively) and ¢aen be mixed rad processed as a single
sample.The adaptation phase can include the expansion of cells to reach the required
number of dishes for the experiment. (b) In the second phase, the twomalhtions

are mixed, digested to peges as a single pool and arsslgt by MSfor protein

identification and quantificatiofimage and legend reproduced fr¢268]].
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1.9.2.1Advantages of SILAC labelling over traditional methods

SILAC is advantageous over tlitional gel based proteomic methods such as
Difference InGel Electrophoresis (DIGE) for several reasons. DIGE allows samples to
be mixed and separated ontwo dimensionabel for the identification of alterations in

the expression levels of proteji®wever this technique is associated with greater run
to-run variability compared to SILAC. The lower variability associated with SILAC
allows smaller statistically significant differences in protein abundance to be detected
and requires fewer repetitionsaking the technique more high throughf2@9]. One of

the main differences between the capabilities of DIGE and SILAC is that DIGE is
incapable of identifying conigrating proteins. DIGE image software assismn spot on

a gel is homogeneous but it has been shown that some spots may contain multiple
proteins.As there is a limit on the maximum number of spots that can be observed on a
typical DIGE gel, many proteins will inevitably guigrate to the same sppbsition,

thus confounding their accurate quantitation and mass spectrometric identification
[270]. A major limitation of DIGE is inefficient detection of low abundant proteins,
proteins with high or low moleculaxeights and hydrophobic proteins. Proteins with
these characteristics are important in receptor tyrosine kinase signalling pathways and

are therefore of particular interest in cancer cell models.

1.9.2.2SILAC labelling coupled with phospftgrosine enrthment

Posttranslational modification events, such as phosphorylation, account for
approxmately 10 % of total protein in the cell, which results in a large number of non
phosphorylated peptides being present with a smaller population of phosphorylation
peptides. This adds unwanted complexity to the MS analysis which can mask signals
from the low abundant phospipeptides behind the higher abundant -non
phosphorylated peptides. Therefore robust separation and enrichment strategies for
purification of phospbrylated peptides from nephosphorylated peptides are highly
beneficial. There are several enrichment techniques that can be coupled with SILAC
analysis to yield more specific results [revieweddnl]]. Antibody based purification
methods utilise specific targeted antibodies to immunoprecipitate proteins of interest.
By utilising either a protein specific or phospsite specific antibody information about
other phosphaites on the protein of interest can dletained and it can also give
information about the binding partners of the phospiatein of interest. One antibody
based approach for the enrichment of phogptides is to examine tyrosine

phosphorylation sites. Phosphoproteomic approaches geneealbal only small
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numbers of tyrosine phosphorylation sites, due to the low level of phogmsine

sites compared to phospBerine and phospkbreonine residues. Using
immunoaffinity purification and revergehasechromatographythis technique allows

the investigator to obtain a global overview of tyrosine phosphorylation in the cell,
covering many classes of proteins without preconceived biases about where tyrosine

phosphorylation sites will be fourj@d72].

1.9.2.3 SILAC proteomicsa cancer research tool

SILAC proteomic based techniques have been used to identify alterations at the protein
level in various different cancer types including; IJ&@3], melanomdg274], ovarian

[269], prostate[275], and breast cancg276-278]. SILAC labelling has been used to
compare normal breast epithelial cells to HER2 positive amplified cells extracted from
HER?2 transfected micg78]. SILAC proteomic techniques hawdso been used to

identify alterations in cell lines models of lapatinib resistai285].

1.9.2.4 Limitations of SILAC proteomics

There are several limitations to SILASased proteomics; 1) SILAC is an unsuitable
method for performing proteaic analysis on clinical samples due to the requirement
for metabolic labelling, 2) Incorporation of the metabolic label is dependent on the rate
of intracellular protein turover requiring optimisation on a cell line to cell line basis,

3) and the costfanedia containing isotopicalhabelled amino acids is high which is a

deterrent to performing multiple comparisons with additional replicates.
1.10 Summary

Lapatinib is approved for the treatment of metastatic HER2 positive breast cancer and
although itprovides effective treatment for some patients, many patients fail to respond
to lapatinib or develop resistant after an initial period of response. Thus, resistance to
lapatinib is a significant clinical issue and identifying mechanism of how tumours
becane resistant to lapatinib would aid in the development of therapeutic strategies to
prevent the onset of resistance. In this study, we developed a number of celldele mo

of HERZpositive lapatinibresistant breast cancer and applied genomic and prigteom

profiling techniques to investigate mechanism of lapatinib resistance.

51



1.11Study Aims

The aims of this study were as follows:

1.

To developnew cell line models of acquired lapatinib resistaiicdeveloping
additional models of lapatinib resistance miagip identify mechanisms of
resistance that are present in a subset of HER2 positive breast cancers, thus
helping to predict the subset of patients likely to present with the same
mechanism of resistanc@here are very few published cell line models of
aqquired lapatinib resistance and many of these cell lines were conditioned with
lapatinib concentrations in excess of the peak plasma concentration of lapatinib

achievable in patients.

To characterise the resistant phenotype of iaeduapatinib resistance celis
extensive characterisation in the form of growth assays, drug sensitivity assays
and immunoblotting for members of key signalling pathways provides a context
additional alterations to be examined and allows for the cosgranf newly

developed cell lines to previously published models

To utilise aCGH and SILAC proteomic based technology to identi&rations

in acquired lapatindvesistant cellsi global profiling techniques suggest
alterations at the genomic and ptec level which may predict lapatinib
resistance for provide a target for the treatment of lapatesistant breast

cancer

To examine the role of eEF2 phosphorylation in lapatinib resistapcevious
phospheproteomic work in our laboratory idengfil that the phosphorylation of
eEF2 was decreased in acquired lapatiedistant cells, thus identifying the
mechanism(s) responsible for the decreased phosphorylation of eEF2 may

provide a target for the treatment of lapatingisistant breast cancer

To explore alterations in HER2 signallimgnate lapatinikresistantcells - many
patients exhibit innate resistance to lapatinib and by examining alterations in the
key signalling pathways using a panel of HER®itive breast cancer cells

lines, some of wich exhibit innate lapatinib resistance, biomarkers which may
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predict or correlate with response could be found which could improve the

outcome for these patients.
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Chapter 2

Materials and Methods
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2.1 Cell lines, cell culture andeagents

Nineteen human breast cancer cell lines were used in this study, inclutiing
established cell linesy lapatinibconditioned HER2 overexpressing breast cancer cell
line (SKBR3L), which wasselected for longerm growth in drugcontaining medium
andits parent cell line (SKBRpar). The cell linesBT474, HCC1419, HCC1954nd
SKBR3 were obtained from the American Type Culture Collection (ATCC).
UACC812, HCC202HCC2218, HCC1569, EFM92A, SUM225, SUM190, ZHS5,
UACCB893, UACC732, MDAMB-361andMDA-MB-453 and were obtained from the
University of California Los Angeles, USAIIMT-1 cells were purchased from the
German Collection of Microorganisms and Cell Cultures (DSMZ). The growth
conditions for each cell line are describedrable 21. SKBR3-L cells were generated

by Dr Brigid Browne throughcontinuous -culturingof SKBRS3 cells in RPMI
supplemented with 250 nM lapatinibr 6 months[255]. All cell lines were routinely
tested for the presence of mycoplasma, and found to be negative. Lapatinib (Tykerb ®)
was obtained from GlaxoSmithKline, NWVAREW541 from Novartis, BMS36924 from
Bristol-Myers Squibb, gefihib was purchased from Sequoia Research Products
LY294002 from Merck, andU0126 andNH125 from Calbiochem. Unless otherwise
specified all reagents were of laboratory or electrophoresis grade. All cell culture
procedures were performed as per the gudsliset out in NICB SOPs [#001, #002

02 and #0031]. In addition, mitochondrial NA from all cell lines, including newly
developed lapatinioesistant cell lines, was sequenced to confirm their correct identify
[this was performed in collaboration withr . Nei | O6Brien and Dr
UCLA].
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Table 2-1: Growthmedia, foetal calf serum (FCS) and supplements for each of the cell

lines used in this study

Cell line Media FCS Supplements

BT474 RPMI 1640 10% None

EFM-192A RPMI 1640 10% None

SKBR3 RPMI 1640 10% None

HCC1419 RPMI 1640 10% None

MDA-MB-453 RPMI 1640 10% None

HCC1954 RPMI 1640 10% None

JIMT-1 DMEM 10% glutamine

UACCS812 L-15 15% glutamine

MDA-MB-361 L-15 15% glutamine

SUM190 DMEM-F12 10% 10e g/ mL i nsulin, 1 ¢

SUM225 DMEM-F12 10% 10 e€g/ mL insul i n, 1

HCC1569 RPMI 1640 10% glutamine, Dglucose?, sodium pyruvaté

ZR7530 RPMI 1640  10% glutamine, Dglucose, sodium pyruvate

HCC202 RPMI 1640  10% glutamine, Dglucose, sodium pyruvate

HCC2218 RPMI 1640  10% glutamine, Dglucose, sodium pyruvate

UACC732 MEM 10% glutamine, 1% MEM nonessential amino
acids, sodium pyruvate

UACCB893 L-15 15% glutamine, 20ng/ml EGF, 10 pg/ml insulin,

10 pg/miglutathione

1 2 mmol/L glutamine

21 umol/L sodium pyruvate

4.5 g/LD-glucose
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2.2 Preparation of cell lysates

Cells were grown induplicate wells in évell platesand whole cell lysates were
prepared as follows: cells were washed twice with qudsphate buffered saline
solution PBS and 150 pl/well RIPA buffer (Sigma, R0278p mM TrisHCI pH 7.4,

1% NR40, 0.1% SDS, 150 mM NaCl, 1% Triton100) containing 1x Protease
Inhibitor cocktail (Calbiochemm53913), 2 mM PMSF(Sigma, P7626)and 1 mM
sodium orthovanadat€¢Sigma, 6508)was adde@nd e&lls were incubated on ice fod 2
minutes. Cells were scraped into lysis buffer. The lysis buffer was collected and
centrifuged at 16,100 x fpr 10 minutes at 4C. The pellets were discarded and the
supernatants collected and stored88fC. Protén quantification was performed using
the BCA quantation kit (Pierce, 23227

2.3 Immunoblotting

Protein (30 pg) wa®lectrophoretically resolved on5 % (Lonza, 59501) or 10 %
(Lonza, 59502)denaturing polyacrylamide gelsThe resolved proteins werdien
transferred to nitrocellulose membranes (Invitrogen, IB30WOusing the iBlot transfer
system (Invitrogen, IB1001). Protein transfer was visually confirmed using Ponceau S
staining (Sigma, P7170). Membranes were blockét skimmedmilk powder (Bie

Rad, 1766404)in PBStween(Sigma, P1379) (0.1%hand incubated overnight at’@

with primary antibodies. The blotting conditions for each antibody used in this study are
described inTable 22. Proteins were visualised using horseradish persgida
conjugated arimouse, antgoator antirabbit antibodieSigma’i seeTable 22 for

full detail and ECL plus reagent GE Healthcare, RPN2132Membranes were
washed with 0.1 % PB&veen 3 times for 10 minutes each, both prior to and following
incubation with secondary antibodid¢&otein bands werdetected using the Typhoon
9400 (Amersham Biosciences) system. Densitometry was performed using the
ImageQuant software ((version 5.2), (Amersham Biosciences)) on biological triplicate
i mmunobl ots and t he r etabulinass loadmgoetroln or mal i
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Table 2-2: List of antibodies, blotting conditions, secondary antibodies, companies and catalogue numbers for all antibodies s$edyinvthere
PBST is PBSTween, PTG is ProteinTech Group, SCB is Santa Cruz Biotechnology and CST is Cell Signalling Techviélégi¥B-468 positive

control lysate was provided by Dr. Brendan Corkery, and Hela cell lysate was purchased from BD transduction laborawt@s, (61

Antibody Phosphasite  dilution  blotting conditions Secondary + ve control company Cat no.
anti-Rabbitsecondary 1:1000 2.5 % milk/0.1 % PBS Sigma A6154
antFmouse secondary 1:1000 2.5 % milk /0.1 % PBS Sigma A6782
antigoat secondary 1:500 2.5% milk /0.1 % PBS Sigma A5420
U-tubulin 1:1000 2.5% milk /0.1 % PBS  Mouse Sigma T6199
antrHER2 1:1000 5 % milk /0.1 % PBST Mouse BT474 Calbiochem OP15
anti-phospheHER?2 Tyrl221/1222 1:1000 2.5% milk /0.1 % PBS  Rabbit BT474 CST #2249
antrEGFR 1:250 2.5% milk/0.1 % PBY  Mouse MDA-MB-468 Neomarkers MS-665-P
antiphospheEGFR Tyrl173 1:1000 2.5% milk /0.1 % PBS  Rabbit MDA-MB-468 CST #4407
anttHER3 1:1000 2.5% milk /0.1 % PBS  Rabbit BT474 CST #4754
antiphospheHERS Tyrl289 1:1000 2.5% milk /0.1 % PBS  Rabbit BT474 CST #4791
anttHER4 1:500 1 % milk /0.1 %PBST Rabbit MCF7 CST #4795
antrAKT 1:1000 2.5% milk /0.1 % PBS  Rabbit SKBR3 CST #9272
antiphospheAKT Serd73 1:1000 2.5% milk /0.1 % PBS  Rabbit SKBR3 CST #9271
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Table 2-2: Continued

Antibody Phosphasite  dilution  blotting conditions Secondary + ve control company Cat no.
ant-rERK 1:1000 2.5% milk /0.1 % PBS  Rabbit SKBR3 CST #9102
anti-phospheERK Thr202/Tyr204  1:1000 2.5 % milk /0.1 % PBS  Rabbit SKBR3 CST #9101
anti-XIAP 1:1000 2.5% milk/0.1 % PBS  Mouse SUM190 BD Biosciences 610717
antrER 1:200 3% milk /0.1 % PBST Mouse MCF7 SCB sc-8002
ant-tSRC 1:1000 2.5% milk/0.1 % PBS  Rabbit MCF7 CST #2108
anti-phospheSRC Tyrd16 1:500 1% milk/0.1 % PBST Rabbit MCF7 Millipore 05677
anttMCL-1 1:1000 2.5% milk/0.1 % PBS  Rabbit A549 CST #4572
ant-IGF1R 1:500 5% milk /0.1 % PBST Rabbit BT474 SCB sc-713
anti-phosphelGF1R Thr1131 1:1000 2.5% milk /0.1 % PBS  Rabbit BT474 CST #3021
antireEF2 1:1000 2.5% milk /0.1 % PBS  Rabbit MDA-MB-453 CST #2332
antiphospheeEF2 Thr56 1:1000 2.5% milk/0.1 % PBS  Rabbit MDA-MB-453 CST #2331
anti-p70S6K 1:1000 2.5% milk/0.1 % PBS  Rabbit UACC732 CST #2708
antiphosphep70S6K  Thr389 1:1000 2.5% milk/0.1 % PBS  Rabbit UACC732 CST #9234
antreEF2k 1:1000 2.5% milk /0.1 % PBS  Rabbit HELA CST #3692
antiphospheeEF2k Ser366 1:1000 2.5 % milk /0.1 % PBST  Rabbit HELA CST #3691
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Table 2-2: Continued

Antibody Phosphasite  dilution  blotting conditions Secondary + ve control company Cat no.
anti-phospheeEF2k Ser359 1:200 2.5% milk /0.1 % PBS  Rabbit HELA SCB sc-21644
antiphospheeEF2k Ser396 1:200 2.5% milk/0.1 % PBS  Rabbit HELA SCB sc¢21646
antrmTOR 1:500 1% milk /0.1 % PBSI Rabbit MDA-MB-453 CST #2983
antiphosphemTOR Ser2448 1:500 1% milk /0.1 % PBSI Rabbit MDA-MB-453 CST #2971
ant-rEPB1 1:1000 2.5% milk /0.1 % PBS  Goat HELA SCB sc-68478
anti-CDKI 1:500 2.5% milk /0.1 % PBS  Rabbit MCF7 CST #9112
anti-phospheCDK1 Tyrl5 1:500 2.5% milk /0.1 % PBS  Rabbit MCF7 CST #4539
antrGAPDH 1:1000 2.5% milk /0.1 % PBS  Mouse MCF7 R&D systems mab5718
antrSELENBP1 1:1000 2.5% milk /0.1 % PBS  Goat MCF7 SCB sc160788
antiSET protein 1:1000 2.5% milk /0.1 % PBS  Goat HELA SCB sc-5655
anttSTARD3 1:1000 2.5% milk /0.1 % PBS  Rabbit MCF7 PTG 202921-AP

60



2.4 Proliferation Assays

Cells were seeded into 9¢ell plates at the following densities, 3000 cells/well SKBR3
cells, 2000 cells/well HCC1954 cells and 5000 cells/well HCC1419 ckfter 24
hours, cells were treated with tappropriate méia supplemented withO % FCSwith

or without serial dilutions of lapatinib, NVPAEW541, BME36924, gefitinib, NH125

or rapamycin.Proliferation was measured after five day@ng the acid phosphatase
assay For the acid phosphatase assagdia was removed and each well rinsed with
PBS,; 100 ¢l of a c i (10 mphpaitsophlereplphspleate €Siglipas t r a t
1040 in 0.1 M sodium acetate (Sigm&2899, 0.1% tritonX-100 (BDH, 900293-1),

pH 5.5)was then added to each well followedihgubation at 37C for 60 minutes, at
which ti me %Sigma £588i)as addedtd each well and the absorbance
was read at 405 m with 620 nm as a referencProliferation or inhibition of
proliferation was calculated relative to urared contrad. Each assay was carried out in

triplicate.
2.5 Growth inhibition T cell count method

HCC1954 and HCC1419 cells were seeded intovéHl plates. Once the cells reached
approx. 40% confluence, cells were treated with a range of lapatinib concentrations:
100, 200 and 300 nM for HCC1419 cells and 750, 1000 and 1250 nM for HCC1954
cells. Following 4 days of treatment, the media was removed from the cells, they were
washed with PBS and 100 pL of trypsin was added to each well. Once the cells had
detached, 100 lpof media containing 10 % FCS was added to each well. In a +ound
bottom 96well plate, 100 pL of cell suspension was added to 100 pL of ViaCount
reagent (Millipore, 400@40). Cell counts were performed using the Guava EasyCyte
((version 5.3), (Millipore) in triplicate and mliferation or inhibition of proliferation

was calculated relative to untreated controls
2.6 Lapatinib conditioning of cell lines

HCC1419 and HCC1954 cells were conditioned with lapatinib. Four day growth assays
(described in section 2.5) were performed to determine the concentration of lapatinib to
condition cells withEach cell line was grown in duplical@5 flasks containing etter
control media or conditioned media, and media was replaced twice weekly for 6
months.HCC1419 cells were conditioned with 250 nM lapatinib and HCC1954 cells

with 1000 nM lapatinib.The effects of lapatinib conditioning on the cells were
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examined by matoring cell morphology and sensitivity to lapatinib atwéekly

intervals during the conditioning process.
2.7 Doubling time assays

Doubling time assays were performed by seeding 3000 cells into each well of a 24 well
plate. After 24 hours, cells weredated with and without 100 nM trastuzunmabl100
nM lapatinib.Cell counts were performed at day 0, 3, 5 and 7 as follows: the media was
removed from the cells, they were washed with PBS and 100 pL of trypsin was added to
each well. Once the cells had aelted 100 pL of media, containing 10 % FCS was
added to each well. In a roubdttom 96well plate, 100 pL of cell suspension was
added to 100 pL of ViaCount reagent (Millipore, 46040). Cell counts were
performed using the Guava EasyCyte ((version @Rlipore)) in both technical and
biological triplicate. Doubling times were calculated between days 5 andhilé the
cells were growing exponentiallysing the formula;
NV D é B

Doubl in gwn?jeg%
whereT; is the end time @nt andTy is the beginning time point (days), which in this
case were 7 and 5, respectively.

2.8 Drug withdrawal assays

Drug withdrawal assays were performed by culturing lapatoifditioned cells for an
extended period of time (up to 4 months) in #iesence of lapatinib. Proliferation
assays, to assess the sensitivity of the cells to lapatinib, were performed at 4 week

intervals using the acid phosphatase method, as described in section 2.4.
2.9 HERZ2 fluorescentin situ hybridisation analysis

2.9.1Preparation of cell donor paraffin blocks

Cells (5 x 16) were resuspended in 10 ml of a 10 % (v/v) neutraffered formalin
solution, containing formaldehyde solution (Sigma, 252549), sodium dihydrogen
phosphate (Fisher Scientific, 7538-4) and disodim hydrogen phosphate (Fisher
Scientific, 755880-7), and incubated overnight at room temperature. Cells were
pelleted by centrifugation at 500 x g for 10 minutes, washed with PBS aelleted.

Cells were resuspended in a 0.8 % agarose (Sigma, A9538@}ien and transferred to

a 1.5 ml microcentrifuge tube, from which the tapered end had been removed. The
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agarose plug was left to solidify within the tube, removed via the cap end and
transferred to an embedding cassette (Fisher Scientifi20®802E). The cassettes

were placed in a slide bath and were washed for 1 hour each in the following solutions:
ultra-high purity (UHP) water, 50 % ethanol (Merck, 100983), 70 % ethanol, 90 %
ethanol, 100 % ethanol. This was followed by 2x 1 hour washes in 100léxbexy
(Applichem, A0663), before being placed into melted paraffin (McCormick Scientific,
561006) for 2 hours. Using the Leica EG1150H machine the cassettes were placed in
plastic moulds (SKS Science, M475), embedded with paraffin and left to cool. Once the

paraffin was set the cell culture blocks were stored at 4 °C prior to sectioning.

2.9.1 Sectioning and daaraffinisation of slides

Sectioning of cell culture blocks and subsequent FISH analysis were carried out by Ms.
Al i son Pr ender g aietsity HdSgital, DMblinh ére ovéndew of he
procedure is outlined below.eStions(4 um)were cut from the cell blocks, mounted on
silanised slides and incubated overnight at 56 °C. Slides wepard&inised using a
Paraffin pretreatment kit (Abboft32-80120Q. All buffers were supplied with the kit
unless otherwise specified. Briefly, slides were immersed in 0.2 M hydrochloric acid
(HCL) (Fluka, 382887) for 20 minutes at room temperature and then wasthedash

buffer with agitation for 5 minutesSlides were immersed in pieatment solution at

80 °C for 30 minutes, washed in wash buffer with agitation for 5 minutes, then
incubated with protease solution at 37 °C for 30 minutes before repeating wash step.
Slides were immersed in 4 % neutral lewéEfd formalin solution (containing
formaldehyde solution (Sigma, 252549), sodium dihydrogen phosphate (Fisher
Scientific, 755879-4) and disodium hydrogen phosphate (Fisher Scientific, -BB58

7)), at room temperature for 10 minutes and the wash stepepaated. Slides were
dehydrated by consecutive 1 minute washes in 70 %, 85 % and 100 % ethanol (Merck,
100983) and air dried at 37 °C.

2.9.2PathVysion HER2 DNA ProbeHybridisation

All subsequent steps were performed using the PathVysion-HBRIA ProbeKit
(Abbott, 02J01030), and all reagents were supplied with the kit unless otherwise
specified. LSI HER2/neu SpectrumOrange/CEP 17 SpectrumGreen DNA Probe
mixture (10 ul) was applied to each slide and covered with a coverslip, sealed and
placed in a humdified hybridisation chamber (HYBrite) overnight. Slides were then
immersed in poshybridisation wash buffer at room temperature to remove the

coverslip and then immersed in pastridisation wash buffer, which had been-pre
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heated to 74 °C, for 2 minewith gentle agitation, transferred to a 70 % ethanol
(Merck, 100983) solution for 20 seconds and air dried at 37 °C. DAPI counterstain (10
pl) was applied to the slides. Slides were covered with a coverslip, sealed and stored at

4 °C prior to signal enueration.

2.9.3 HER2/CEP17 ratio enumeration

Signal enumeration was performed using a fluorescence microscope equipped with
appropriate excitation and emission filters allowing visualisation of the intense orange
and green fluorescent signals. The filteeguired for signal enumeration are DAPI,
FITC and TRITC. Normabhnd amplified Vysis ProbeChek HER/neu control slides

were included and they met the acceptable range for HER2/CEP17 ratio (Normal 0.75
1.25; Amplified 1.662.00) (Abbott, 02J05030, 02J04030). Enumeration was
performed on 60 interphase nuclei giving a HER2/CEP17 ratio for each nucleus,
yielding a ratio of the HER/neu gene to chromosome 17 copy number. Images of the
FITC stain, TRITC stain and DAPI stain were taken and overlaid to creadenposite

image using the fluorescence microscope.
2. 10 Senesc e ngalatosidass activityadsayd b

The actigualbygtobi Base wagalactnsEdase stairend kityCell n g
Signalling Technology, #9860). Briefly, media was reea¥om the cells, followed by

2 washes with PBS and cells were then incubated with fixative solution (containing 2 %
formaldehyde and 0.2 % glutaraldehyde in UHP water) for 15 minutes at room
temperature. Following 2 washes with PBS, staining soluticedded. The staining
solution contains 40 mM citric acid/sodium phosphate (pH 6.0) , 0.15 M NaCl, 2 mM
MgCl, to which 10 pl/ml of both 500 nM potassium ferrocyanide solution, 500 nM
potassium ferricyanide solution and 50 pl/ml of 20 mg/mya{ B-bromo4-chloro-3-
indolyl-b Bgalactopyranoside powdedissolved inN-N-dimethylformamide(DMF)

was added. Note, all reagents for fixative and staining solutions were supplied with the
kit. The volumes of each fixative solution and staining solution required deamc

per flask are described fable 23. The cells were incubated in staining solution at 37

°C overnight. After incubation cells were washed twiath PBS and then examined
for the presence of bl ue st ai-galactogidase.i t hi
Triplicate representative images were taken of each treatment condition using unbiased

cell selection and all experiments were repeatediatodical triplicate. Treatment of
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cells with 50 pMbromodeoxyuridingBrdU) (Sigma, B5002) was used as a positive
c o nt r eghlactbsawase drtivity.

Table 2-3: Volumes of fixative and staining solutions required for eacferint cell

cul ture vessel us e d -gélactosidasa gpaming. ment s i nv ol
Cell culture vessel Volume of solution required
24-well plate 500 ul / well
6-well plate 1 mil/well
T25 flask 2.5 ml/ flask
T75 flask 4 ml / flask

2.11 RNAextraction

RNA was extracted from HCC1419 and SKBR3 cells using the following method.
Media was removed from the cells and they were washed twice with PB®agant
(Sigma, 93289) was added to the flask (1 ml / T75), cells were scraped into-the Tri
reagent using cell scrapers, and the RNA lysates was stor&@ 4C until required. To
extract RNA from the lysate, lysates were thawed on ice and 200 pl/ml of chloroform
(Lab-Scan Analytical Systems, AR1027E) was added. Samples were mixed by
inversion (5 tmes) and left to sit at room temperature for 15 minutes. Samples were
then centrifuged at 15,700 x g for 15 minutes at 4 °C, resulting in the separation of the
sample into 3 distinct layers. The top, clear layer of the sample was removed to a new
eppendorto which 500 pL of icecold isopropanol (Fluka, 34965) was added. Samples
were mixed by inversion (5 times) and left to sit at room temperature for 10 minutes.
The samples were then centrifuged at 13,400 x g for 30 minutes at 4 °C and the
supernatant theremoved. Following this, 750 pl of 75 % ethanol (Merck, 100983) was
added to the samples, samples were vortexed to detach the pellet and centrifuged at
16,100 x g for 5 minutes at 4 °C. The supernatant was removed and discarded and the
ethanol wash stepepeated. The pellet was thenstespended in 20 ul of Ridefree

water (Ambion, 9932) and left to sit at room temperature for 20 minutes. Samples were

then stored ai80 °C or on ice for immediate use.
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2.12 Reverse transcription ptymerase chain reaction (RFPCR)

The concentration of total RNA in extracted samples was determined using the Nano
Drop SpectrophotometdiThermo Scientific). Stock solutions of 2 pg /10 pl were made
by dluting RNA-extracts with RNasé&ee water (Ambion9932). Using a high capacity
cDNA Reverse Transcription Kit (Applied Biosystems, 4368814), a 2X master mix
solution was prepared as peable 24. Foreach reactionlO pl of RNA sample and 10

pL of master mix were combined in PCR tubes, briefly centrifuged to spin down
contents and loaded into the theroyxler (G-STORM) and the reverse transcription
run as peifable 25. The samples were then stored at 4fd€ immediate use, or a80

°C until required. Controls were included at this point; st@mget control (NTC) which
was prepared without the RNtemplate, and a minus reverse transcriptase control (
RTC) which was prepared without the reverse transcriptase enzyme.

Table 2-4: Components afaster mix for RTPCR experiments

Component Volume / Reaction (ul)
10X RT buffer 2.0
25X dNTP Mix (100 mM) 0.8
MultiScribe ™ Reverse transcriptase 1.0
RNasefree water 4.2
10X RT random primers 2.0
Total per reaction 10.0

Table 2-5: Thermacycler steps, indicating the temperature and durationRTIePCR

experiment

Step Temperature (°C) Time (minutes)
1 25 10

2 37 120

3 85 5

4 4 hold
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2.13 Quantitative reattime polymerase chain reaction (qQrtPCR)

Using cDNA obtained from the RPCR step, qrPCR for the following assays was
performed; pl15(Applied BiosystemsHS00793225 m1), pl6 (Applied Biosystems,
HS04189686_m1), p21 (Applied Biosystems, HS00355782 amt p27 (Applied
Biosystems, HS00153277_m1), with GADPH (Applied Biosystems, HS02758991 g1)
as an endogenous control. Briefly, the cDNAnpées were diluted with 30 pl of
RNasefree water (Ambion, 9932) and 2 pl of this stock was added towell6PCR
reaction plate (Applied Biosystems, 4346906) and combined with 18 pl of assay master
mix. The assay master mix consisted of 10 pTafiman Wiversal PCR Master Mix
(Applied Biosystems4364340, 7 ul of RNasdree water (Ambion, 9932) and 1 ul of

the specific assay (primer), per reaction. The PCR plate was then sealed using Optical
Adhesive film strips (Applied Biosystems, 4360954). The-RffR reaction was
performed on the ABI7900HT fast system using Sequence Detection System (SDS)
automated controller software (version 2.2) (Applied Biosystems). The procedure for
grt-PCR was 10 minutes at 95 °C followed by 40 cycles of 15 seconds at 95 fiizand

1 minute at 60 °C. Once complete the cycle threshold (Ct) values were exported to
Excel and relative RNA expression levels calculated using the DeltaCt method where
pCt was the Ct value of the sample minus
ppCt values were <calculated as the @Ct
calibration sample (e.g. treated minus control). The relative quantity ratios (RQ) of each

sample were calculated using the equation:
v VY y h h h h
Yo ¥ Y y C

Where, Ct,X is the cycle threshold of the gene of interest and Ct,R is the cycle threshold

of the endogenous reference gene.
2.14 Array Comparative Genome Hybridisation analysis (aCGH)

The fdlowing aCGH experimental protocol was used, and supplied, by Dr. Lee
Anderson (UCLA) who carried out the aCGH experiments described in this study.

Genomic DNA was extracted frogell linesusing the DNeasy Kit (Qiagen) with the
following modifications: 70% ethanol was substituted for Buffer AW2 in the final
wash, and DNA was eluted in 50 pl of sterile water (Invitrogen). The concentration and
quality of the DNA were measured by NanoDrop &y electrophoresis in% agarose.

Labelling and hybridiation of Agilent 105K oligonucleotide CGH arrays was
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performed according to the manufacturerd
Oligo Microarray Kit, Version 5.0 (Agilent Technolog)e8riefly, 1 ug oftestcell line

and 1 ug of the control cell line were digested with Alu | and Rsa | restriction enzymes
(Promega) for 2 hours, then labelled with @3TP (estcell line) and CyadUTP
(controlcell line) using the Agilent Genomic DNA Enzymatic ledling Kit for 2 hours

at 37°C followed by 1418 hours at room temperature. Unincorporated nucleotides
were removed using Amicon spin filter units (Millipore), and incorporation and yield
were measured with the NanoDrop Spectrophotometer. Laliek¢dnd control cell

line DNAs were combined, annealed with GODNA (Invitrogen) and 10X Blocking
Agent (Agilent Technologies) for 30 mitesat 37°C after boiling, then hybrided to
Agilent 105A arrays for 40dursat 65°C accor di ng t o nstrbiceonsma n u f
After hybridisation, arrays were washed according to Procedure B (which includes an
ozone blocking wash), and scanned using an Agilent Scanner (G2565BA). Files were
extracted using Agilent Feature Extraction softw@ersion9.5) with the deéult CGH
protocol. Extracted arrays with a DRL Spread < 0.3 were included in the analysis. CGH
Analytics softwargversion4.0.85 (Agilent Technologies) was used for copy number
analysis, employing the ADM2 algorithm (Threshold 5), with Fuzzy Zero and
Centralization corrections to minirse background noise. All map positions were based

on the March 2006 NCBI36/hg18 genome assembly. A minimum of 3 consecutive
probes was required to define a region as amplified or deleted. The data was also
filtered by reqiring a minimum absolute average foratio of 0.58. All data was
inspected visually using the interactive view. Eogtios larger than 1 were considered
amplified and logratios larger than 2 highly amplified, forptios smaller tharl were
consideredhemizygous deletions and fogatios smaller than2 were considered

homozygous deletions.

2.15 Stable Isotope Labelling with Amino acids in Cell culture (SILAC)i based

proteomic profiling of cell lines

Labelling of cells with[U-**C%-L-Lysine (heavy) mino acid was performed using
SILAC RPMI 1640Flex media (Invitrogen, MS10031) and media were made up using
the kit components, as p@mble 26. L-Arginine, L-Lysine HCL and[U-'*C%-L-

Lysine were resuspended in 1 ml of basal-sapplemented media prior to addition.
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Table 2-6: Media components of heavy and light SILAC RPMI 1646x media

Reagent Volume (ml)

Heavy SILACmedia Light SILAC media

RPMI 1640Flex 877.5 ml 877.5 ml
Glucose solution (200 g/L) 10 ml 10 ml
L-Glutamine 200mM (100X) 10 ml 10 ml
Phenol Red solution (10 g/L) 0.5 ml 0.5 ml
Dialysed Fetal Calf Serum (ml/L) 100 mi 100 mi
L-Arginine (100 mg) 1ml 1mi
L-Lysine HCL (100 mg) - 1ml
[U-13C%]-L-Lysine (100 mg) 1 ml -
Total volume 1000 ml 1000 ml

2.151 SILAC labelling and protein extraction
SKBR3-par cells were cultured in heavy SILAC media and SKBR&lIs cultured in
light SILAC media. Thrediologically different passages of SKBRar and SKBRa.

cells were grown independently of each other and termed replicates 1, 2 and 3. Each

biological replicate for each cell line consisted of twelve T175 ftasks of cells,
which was calculated to givan approx. total cell number per replicate of 2 % ddlls.

The cells were grown foapprox.15 days in the SILAC mediahich allowed for
maximum labelled amino acid incorporation and enabled the cells to reach 80%
confluence. At this stage each of theeBlicates for each cell line was split in half; 6 of
the flasks were fed with the appropriate SILAC media while the other 6 flasks were
treated with SILAC media containing 1 puM lapatinib. After exactly 24 hours, the cells
in 6 of the flasks were lysedsing RIPA buffer and stored aBO °C for protein
validation The remaining 60 flasks were lysed using cell Iysigfer supplied as a
component of the downstream purification kit, Phosflean (CelSignaling
Technology, #7900). Note, unless otherwise dpetiall reagents for downstream
purification were supplied in this kit. This lysis buffer consisted of: 1 ml of 10X lysis
buffer mix ((20 mM HEPES (pH 8.0), 9M urea, 1 mM sodium orthovanadate, 2.5 mM
sodium pyrophosphate, 1 mMdicerophosphate)), 5.4 gaa and 0.2 ml of sodium
vanadate in 10 ml of mass spectrometry (MS) grade water (Fisher Scientific,
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W/0112/15). To lyse the cells, 5 ml of lysis buffer solution was added to one flask and
cells scraped into buffer, the same buffer solution containingl lgsls was added to

the second flask (of the same biological replicate) the second flask of cells was scraped
into the lyse buffer and so dnuntil the cells from all 5 flasks were contained in the
same 5 ml of lysis buffer. All samples were preparethis manner. The lysates were

then cooled on ice for 15 minutes and sonicated at 15W output with 2 bursts of 30
seconds each. The samples were cooled on ice between bursts. The samples were then
cleared by centrifugation at 20,000 x g for 15 minutes aadtipernatant collected and

stored at80 °C.

2.15.2 Phosphtyrosine enrichment of SILAC labelled samples

Protein concentration was determined using the BCA assay (Pierce, 23227), and
comparison samples were mixed at a 1:1 ratio based on protein coteeritrgield 6
samples with a total of 30 mg of protein each. The downstream processing of one such
sample is outlined below. Carboxamidomethylation of proteins was performed to
inactivate enzymatic activity, by adding 1/10 volume of 45 aitfliothreitol (DTT) to

the supernatant and incubating at 60 °C for 20 minutes. The solution was then cooled to
room temperature and then 100 mM idoacetamide, at an equal volume to that of DTT,
was added and the solution was incubated in the dark at room temperatdfe for
minutes. Lysates were then diluteefeld (e.g. a 10 ml lysate was diluted with 1 ml
DTT, 1 ml iodoacetamine, 3 ml di0X lysis buffer mix and 25 ml of MS grade water
(Fisher Scientific, W/0112/15) yielding a 40 ml lysate). A small aliquot (100 ul)tbke
solution was removed and stored-&® °C. After dilution, 400 ul of a 1 mg/ml trypsin
TPCK solution was added to each sample and digested overnight at room temperature.
The digestion was assessed by resolving 20 pl of digested and undigested sahfple o

% gels and staining with colloidal Comassie blue reagent (Pierce, 242@@)gested
samples yield multiple protein bands whereas digested samples do not. The peptide
solution was then acidified to contain 1 % trifluoracetic acid (TFA) (Pi@@@04) left

to stand at room temperature for 10 minutes, centrifuged for 5 minutes at 1,800 x g and
decanted into a new tube. The solution was then purified usingp&@ekis columns;

the column was connected to a 10 cc syringewaewith 5 mls of 1006 Acetonitrile

(ACN) (Sigma, 34967), washed with 7 ml of 0.1 % TFA, loaded with the lysate, washed
with 12 ml of 0.1 % TFA and peptides were eluted using 6 ml (3 x 2 ml) of a 0.1%
TFA, 40% ACN solution. The eluted peptides were store@@fC overnight ad then

lyophilised for 2 days, to remove all traces of TFA. The lyophilised peptides were re
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suspended in 1.4 ml of IAP buffer (50 mM MOPS (pH 7.2), 10 mM sodium phosphate,
50 mM NacCl)), and left to stand for 5 minutes at room temperature followed by 30
minutes of gentle shaking. The-saspended peptides were then sonicated at 15W
output with 2 bursts of 10 seconds each. The pH of theuspended peptides was
checked using pH indicator strips (Santa Cruz3687), and if found to be acidic, the

pH wasadjusted to pH 7.0 using a concentrated Tris (Sigma, 93352) solution, which
had not been adjusted for pH. The neutraduspended peptide solution was cleared by
centrifugation for 5 minutes at 1,800 x g at room temperature and transferred to-a micro
centifuge tube containing 80 pl of phopsityrosine mouse monoclonal antibody (P
Tyr-100) beads. The mixture was incubated for 2 hours, on a rotator at 4 °C and then
centrifuged at 1,500 x g for 1 minute at 4 °C and the supernatant was discarded. All
subsequet steps were performed on ice. A wash step was performed; IAP buffer (1 ml)
was added to the beads, mixed by inversion (5 times), centrifuged at 1,500 x g for 1
minute at 4 °C and the supernatant removed and discarded. The IAP wash step was
repeated a fiiner 2 times followedy 2 washes (as above) with M@ade water. The
peptides were eluted from the beads using adi®p process; using first 55 pL of 0.15

% TFA was added to the beads, mixed by gentle tapping, left to stand for 10 minutes at
room temgrature, centrifuged at 1,500 x g for 1 minute and the supernatant removed to
a new micrecentrifuge tube. The above step was repeated with 45 pl of 0.15 % TFA
and the supernatant combined with the first eluate and mixed. The eluate was divided
into 7 aliquots of 14 ul each. A ZipTip (included with kit) was peet with 10 ul of 40

% ACN, 0.1% TFA twice, equilibrated by washing the tip with 4 x 10 pl washes of 0.1
TFA and pipettes were bound to the tip by drawing each of the 7 aliquots fully into the
tip and pipetting each aliquot 10 times. The tip was washed 4 times with 10 pl each of
0.1 % TFA and peptides eluted with 20 ul of 40% ACN, 0.1 % TFA by pipetting 4
times up and down and transferring to a new mgaotrifuge tube. The eluted samples
were then ded to completion under vacuum and transferred to the Mass Spectrometry
Facility (UCLA Pasarow Mass Spectrometry Laboratory), where they were sto&l at

°C prior to analysis.

2.15.3 Analysis of total protein from SILAGbelled samples

A comparison ofthe expression of total protein between cell lines was performed by
mixing 10 pg of sample from each cell line and resolving the mixed samples on a 10 %
gel (Lonza, 59501). The gel was stained with colloidal Comassie blue reagent (Pierce,
24590)for 1 hou, and destained wita 40 % methanol (Sigma, 34860), 5 % acetic acid
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(Sigma, 45754) solution overnight. Each lane on the gel was cut into 32 gel bands with
a fresh disposable scalpel blade, and each band was further cut into 6 pieces. The gel
pieces werdransferred to a MS form&@6-well plate, washed with M8rade water
(Fisher Scientific, W/0112/15), suspended in 70 pl of 200 mM ammonium bicarbonate
(NH4HCGO;) (Sigma, 09830) and incubated for 10 minutes at 37 °C in a thermoshaker
(ThermaScientific) at 00 x g. This was followed by a series of wash steps each carried
out for 10 minutes at 400 x g at 37 °C; 100 pl of 200 mM4NEOs, ACN (2:3);
followed by 100 pl of 50 mM NEHCO; and then 100 pl of 100 % ACN. The gel
pieces were incubated in 50 pl of 10 niMT (Sigma, 43817) in 100 mM NHCO;

for 60 minutes at 400 x g at 56 °C, liquid removed and replaced with 50 pl of 50 mM
iodoacetamide (Sigma, L1149) in 100 mM MHCO; at 400 x g for 30 minutes at
room temperature in the dark. This was followed by; airtute incubation with 150 pl

of 100mM NHHCO; at 400 x g and 37 °C; a 15 minute incubation with 150 pl of
100mM NHHCOs/ACN (1:1) at 400 x g and 37 °C and then a 10 minute incubation
with 100 pl of 100 % ACN at 400 x g and 37 °C. Following removal of AQHN
samples were incubated with 30 pl of gold grade trypsin (12.5 ng/ul) (Promega, V5280)
at 37°C overnight. The liquid was transferred to a new plate and the gel pieces were
incubated with 100 pL of extraction buffer (5 % formic acid (Sigma, 06440))/ACN 1

for 10 minutes at 400 x g and 37 °C. The liquid from each was added to the new plate
and this extraction step was repeated and extracts were pooled. The plate was
transferred to a vacuum centrifuge and dried down. The dried down samples were then
trarsferred to the Mass Spectrometry Department (DCU) where they were ste?éd at

°C prior to analysis.

2.154 MassSpectrometry
The phospheenriched samples were analysed by Dr. Julian Whitelegge (UCLA) and

the total protein samples by Mr. Michael Henry (@DCusing the below method.
Digested samples were-seispended i0.1% TFA,2% ACN and analysed by nanokC
MS/MS using an Ultimate 3000 system (Dionex) coupled to a nanospray LTQ Orbitrap
mass spectrometer (Thermo Fisher Scientific), using a linear acétogitrdient from

0% to 65%ACN over45 minutes. Buffers used for nano LC separation contained 0.1%
Formic acid as the ion pairing reagent. The flow rate wasnB0@inute. The LTQ
Orbitrap was operated in dad@pendent acquisition mode with Xcalibur seite.
Survey scan MS data were acquired in the Orbitrap on the2800m/z mass range

with the resolution set to a value of 60,000 at 489. The five most intense ions per
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survey scan were selected for MS/MS fragmentation and the resulting fragmeats we
analysed in the linear trap. Collision energy was set to 35%. Dynamic excluagon w
employed within 6GecondsFull scan mass spectra were recorded in profile mode and

tandem mass spectra in centroid mode.

2.15.5 Peptide/Protein Identification
The resulting RAW files of MS data from both the phosplod total protein

experiments were analysed using TurboSEQUEST software (Bioworks Browser
(version 3.3.1), Thermo Fisher Scientific)) using the UniProt_SwissProt_Human
database (downloaded in Mar2B11). The following filters were applied: for charge
state 1, Xorr> 1.5; for charge state 2,c¥%;> 2.0; for charge state 3, > 2.5; for
charge state 4, 24> 3.0.Modification of peptidescarbamidomethylation of cysteines

and SILAC modification of +6.0204 Daltons on Lysine, were set. Peptide probability
was set as p O 0.05 gi ving 95 % conf i
identifications were accepted if they had at leasinRueidentified peptides. SILAC
ratios of heavy to light (H/Lamino acid were calculategsing the irbuilt SILAC

search function. For each protein identified with a SILAC ratio a manual examination of
MS and MS/MS data was performed to ensure accurate identification of both heavy and
light lysine containing peptasb. Lists of identified phosphand total proteins and their
corresponding SILAC ratios were exported to Excel.

2.15.6 Statistical cuoff for identified proteins

For an identified protein to be considered significant and subject to further anilysis

had to meet the following criteria: i) only proteins which were identified in all three
biological comparisasm were considered for inclusion) proteins had to have a
corresponding SILAC ratio (and have manually verified heavy and light peptide
identifications) ii) devi ation of the ratio argivyoss t
SILAC ratiosi ndi cati ng a -fbld |Adhordist af prteins @hich mex

these statistical requirements were then generated and subjected to bioinformatical

analysis.

2.156.1 Panther
Shortlisted proteins were analysed using PANTHER Classification System [available
from www.pantherdb.orly The PANTHER Protein ANalysis TH rough Evolutionary

Relationships) Classification Sysh is a unique resourdkat classifies genes by their

functions, using published scientific experimental evidence and evolutionary
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relationships to predict function even in the absence of direct experimental evidence
[279]. The shortlisted proteins were analysed for; Molecular Pathways, Molecular
function, Biological Processes, Protein Class and Cellular Component.

2.17.6.2 Pathway studio

Protein function, regulation and interaction were investigated by analgsogjisted
proteins in Pathway Studio 8(@riadne Genomics)This software was used to build
protein networks based an silico literature mirng. When features of interestere
identified the literature for that node was assessed.

2.16 Statistics

Drug ICsp values were calculated using CalcuSyn (version 1.1.0.0) software. Analysis
of the difference of comparisons in protein levels and response to treatment was
performed using the Studenttest (twotailed with unequal variance). Bariant
scattergraph and Spearman rank correlations were performed using StatView (version
5.0.1) (SAS institute Inc.). Theeotf f f or statistical signif
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Chapter 3

Development of HCC1954L, a HER?Z positive cell line modé of

acquired lapatinib resistance
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3.1 Introduction

Lapatinib, the dual EGFR and HER2 tyrosine kinase inhibitor has shown promising
results in clinical trials. However, resistance to lapatinib is an emerging clinical
problem. Patients can exhibit eitral novo(innate) or acquired resistance to lapatinib,
the mechanisms of which are currently poorly understoutl the number of cell line
models of resistance available is limitefio investigate mechanisms of acquired
resistance to lapatinib, a cell limeodel of acquired lapatinib resistaneasdeveloped
using theHER2 amplified breast cancer cell linélCC1954, which issensitive to
lapatinib. The development and characterisatiothefresistantell line is detailed in

this chapter

3.2 Development od cell line model of acquired lapatinib resistance

3.2.1 Lapatinibconditioning of HCC1954 cells
HCC1954 cells overexpress HER2 and thus represent a cell line mbd#ER2

positive breast canceHCC1954 cd$ are resistant ttrastuzumatbut are moderately
sensitive to lapatinib with an kgof 0.430 £ 0.027 puMFigure 31]. A lapatinib dose
response assay was performedider to select the concentration of lapatinib which
would result in 70 % growth inhibition over a 4 day treatment. Treatment of HCC1954
cells with 1 pM lapatinib inhibited the growth of the cells by 71.5 + 1.2 % compared to
untreated controls (p = 0.004Figure 32]. Therefore lapatinib conditioning of
HCC1954 cellsvas initiatedwith twice weekly treatments of 1 uM lapatinib.
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Figure 3-1: Proliferation of HCC1954 cells following aday treatment with lapatinib
(071 5 uM). Growth is expressed relative to untreated control cells. Error bars represent

the standard deviation of triplicate experiments.
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Figure 3-2: HCC1954 cells treated with varying concentrations of lapatinib over a four
day period. Cell counts were performed using ViaCoeagentand Guava Software

and expressedelative to control untreated cells. Error bars denote the standard
deviation of triplicate cell counts from triplicate experiments. Percentages shown on
graph represent the percentage of growth inhibition compared to control cells across
three independerg X p er i me nt gest wa tpdortnedntd d@termime significant

differencesdetween treatments and controtlenotes p < 0.05; ** denotes p < 0.01

77



3.2.2L apatinibconditioning 3 months

HCC1954 cells were seeded into two flasks, one flask wasutgfeated but was
passaged alongside the treatment flask, and these cellsavaeeHCC1954par cells.

The other flask of cells was treated with 1 uM twice weekly and throughout the
conditioning process and characterisation these cells reéraed toas HCC1954L.
During the conditioning procesthe morphology of both cell lines and the sensitivity of
the cell lines to lapatinib was monitored. The morphology of HCC19&4dlIs did not
alter during the first 3 months of lapatinib conditionifggure 33]. After 3 months of
conditioning the sensitivity of the cells to lapatinib was testéde lapatiniblCs, for
HCC1954par cellswas 0.42 + 0.01 pM, which issimilar to the original HCC1954
cells. The lapatiniblCso for HCC1954L cellswas0.75 + 0.0 uM [Figure 34]. This
represents 1:&Ild change decrease in sensitivity to lapatinib. At this stage of the
conditioning process thiapatinib ICso of HCC1954L cells had not yet reached the
critical threshold for resistance (1 pMjoweverthey had begun to actively proliferate

in the presece of lapatinibThe concentration of lapatinibas therefore increaséem

1 uM to 1.25 puM andconditioningcontinued with this concentration for a further 3

months.

HCC1954par (3 months) HCC1954L (3 months)

Figure 3-3: Images of(A) HCC1954par and (B) HCC1954L cells after 3 months of
lapatinib conditioning at 100X magnification.
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