Investigating a role of HER3 in anti-HERZ2 target

therapy in breast cancer

Kenji Hashimoto
St. John’s College

University of Oxford

A thesis submitted for the degree of

Doctor of Philosophy

Trinity 2014




ABSTRACT

Thesis title: Investigating a role of HER3 in anti-HER?2 target
therapy in breast cancer

Author: Kenji Hashimoto
College: St. John’s College
Submission for degree: Doctor of Philosophy in Medical Oncology

Term of Submission: Trinity 2014

Background

HER2-positive breast cancer is a poor prognostic subgroup, even if treated with
anti-HER2 directed therapy. Trastuzumab is an important HER2-targeting
antibody but only limited patients respond to this drug, and acquired resistance
is a common problem. HER3 has been shown to be a key candidate in mediating
resistance to trastuzumab and other ErbB inhibitors. The aims of the project are
to investigate the resistance mechanisms and the relevant biomarkers in relation
to trastuzumab treatment and resistance in HER2-positive breast cancer, in

particular, HER3 subcellular localisation and HER3 phosphorylation.

Methods



Effects of trastuzumab on HER3 subcellular localisation and HER3

phosphorylation in relation to MET receptor were studied using western blots,

nuclear fractionation, confocal microscopy, and immunoprecipitation in a panel of

HER2-positive cell lines, including SKBr3 and BT474 breast cancer cells in which

trastuzumab resistance was induced by long-term drug exposure. Effects of drug

and knockdown experiments were tested by cell viability and proliferation assays.

HER3 and MET expression was assessed by immunohistochemistry in xenograft

tumours and human tissue samples, and clinical impact was assessed in different

cohorts of HER2-positive breast cancer patients.

Results

Acquired trastuzumab resistant SKBr3 cells showed an increase of nuclear

HER3100kp, Which was derived from C-terminus of HER3. Nuclear HER3100kD

could be due to the proteolytic cleavage of HER3 since it was reduced by

ADAML17 or y-secretase inhibitor. In a panel of HER2-positive cell lines and

xenograft samples, nuclear HER3 was observed only in the resistant cells. In

addition, nuclear HER3 was associated with poor progression-free and overall

survivals in HER2-positive breast cancer patients. It was also found that HER3



phosphorylation was maintained in acquired trastuzumab resistant cells, which

was contributed by the ligand independent interaction of MET and HERS. Higher

MET expression was associated with better overall survival in HER2-positive,

breast cancer patients who were not treated with trastuzumab.

Conclusions

Nuclear HER3 was found in trastuzumab resistant cells and appeared to result

from HER3 proteolytic cleavage mediated by ADAM17 and y-secretase. Further

studies are required to investigate its mechanism and to identify the HER3

cleavage sites. MET was a key factor in maintaining HER3 phosphorylation

during trastuzumab resistance. Lastly, nuclear HER3 and MET could be two

potential biomarkers in HER2-positive breast cancer.
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Chapter 1 Introduction

CHAPTER 1. INTRODUCTION

1.1 Breast cancer

Breast cancer is one of the leading causes of cancer death in women in the US™.
In the UK, breast cancer is the most common cancer. About 50,000 patients were
diagnosed with invasive breast cancer and about 12,000 patients died from

invasive breast cancer in 2011 (http://www.cancerresearchuk.org/cancer-

info/cancerstats/types/breast/). Due to the improvement of mass screening and

treatment, the 5-year survival rate of breast cancer is approximately 85%?2. Breast
cancer is a histopathological diagnosis and is subdivided by tumour morphology
into different subtypes such as ductal carcinoma, lobular carcinoma, mucinous
carcinoma, and some others3. Moreover, tumour grade, tumour size, lymph node
and other organ metastases, oestrogen receptor (ER) and progesterone receptor
(PgR) expression, human epidermal growth factor receptor-2 (HER2, ErbB2,
HERZ2/neu), and patient age are considered in decision making to plan
treatment®. Although breast cancer is a heterogeneous disease, some distinctive
phenotypic variants are identified due to the recent advance of molecular biology.
By using microarray technique, breast cancer is divided into 5 intrinsic subtypes

including basal-like, HER2, normal-breast-like, and luminal/epithelial type A and
-1 -
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BS. Subsequently, these molecular subtypes have been identified as having
prognostic significance®. Basal-like and HER2 subtype are identified as poor
prognostic subgroups. Although basal-like and triple-negative breast cancer
(TNBC: ER-, PgR- and HER2-) have been used interchangeably, not all TNBC
are basal-like; and there are also basal-like breast cancers that are not TNBC,
which highlights the heterogeneity problem in TNBC”8, In clinical practice, basal-
like tumours can be defined using immunohistochemistry (IHC) staining for basal
cell markers, e.g. CK5/6 positive and/or EGFR positive”®. Breast cancers with
HER?2 molecular subtype usually correlate with the HER2 positivity as determined
by IHC or FISH (fluorescence in situ hybridisation)/CISH(chromogenic in situ
hybridisation)®®, but there are discrepancies and some of these cancers have

been found to be TNBC?.

HER2-positive breast cancer consists of 15-20% of all breast cancer, which
is defined as HER2 expression 3+ by IHC or 2+ by IHC and HER2 amplification
by FISH°. The current FDA approved HER2-directed therapies include
trastuzumab (anti-HER2 monoclonal antibody, Herceptin®), lapatinib [epidermal

growth factor receptor (HER1 or EGFR) and HER2 dual tyrosine kinase inhibitor,
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Tykerb® or Tyverb®], pertuzumab (anti-HER2 dimerisation arm monoclonal
antibody, Perjeta®), and T-DM1 (trastuzumab emtansine, Kadcyla®)!!. The
median overall survival for metastatic HER2-positive breast cancer patients has
been estimated to be 25-40 months!?13, and approximately 50% of patients on
HER2-directed therapy experience relapse within a year?13, Overcoming

resistance of anti-HER2 directed therapy is warranted.

1.2 Trastuzumab

Trastuzumab is a humanised anti-HER2 monoclonal antibody, which binds
to domain IV of HER2%. Trastuzumab has been in clinical use since 1998. It is
well known that only 10-30 % of HER2-positive patients respond to trastuzumab
monotherapy, and trastuzumab and chemotherapy combination treatment yields
about 50-60 % of response!>-?1, However, the majority of responding patients in
the metastatic setting become resistant to trastuzumab within a year*>17.19, The
mechanism of action by which trastuzumab acts as an anti-tumour agent is not
fully understood. The proposed action is that trastuzumab induces Antibody-

Dependent Cellular Cytotoxicity (ADCC)??, inhibits phosphatidyl inositol 3-

-3-
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kinase/protein kinase-B (PI3K/AKT) signalling?, induces cell cycle arrest through
p27 restoration and CDK2 suppression?324, disrupts HER2-HER3 interaction?,

or induces PTEN expression to inhibit AKT signalling?®.

The proposed trastuzumab resistance mechanisms include PI3K pathway
activation by mutation or PTEN loss?/, SRC activation?®, Insulin-like growth
factor-1 receptor (IGF1R) activation 2°, MET receptor activation®®, HER2
extracellular domain shedding to maintain HER2 kinase activation3!. Previous
work from our group suggested that HER ligand shedding by a disintegrin and
metalloproteinase (ADAM) 10 and ADAM17 proteases contributes to activate
other HER family receptors and leads to trastuzumab resistance3?33. Despite
these findings, there is no available biomarker in clinical practice to predict

trastuzumab response.

1.3 The HER family and ligands

Human epidermal growth factor receptor (ErbB/HER) family comprises four
closely related class | transmembrane tyrosine kinase receptors: EGFR/Erbl,

HER2/ErbB2, HER3/ErbB3 and HER4/ErbB43435, All the members of the ErbB

-4 -
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receptor family have a ligand binding extracellular domain, single transmembrane
domain, and intracellular domain which has protein tyrosine kinase domain. The
extracellular domain of the HER family consists of four domains, domain 1, II, IlI,
and IV. Domain Il is the dimerisation arm and it is tethered between domain II
and domain IV. It can be exposed for dimerisation on ligand stimulation since
ligand can bridge domain | and 111143436 (Figure 1.1). Normally, ErbB receptors
exist as a monomer to inactivate their tyrosine kinase domain3’. Upon ligand
stimulation, conformational change is initiated to form a stabilised structure to
expose the dimerisation arm, which results in homo or hetero dimerisation3#3%

(Figure 1.1).



Chapter 1 Introduction

Figure 1.1

Damain | il
Diamain ||
Daomaln Il

hr

Domain IV

“. Dimerisation

Extracellular damain affm

Tyrosine
kinase

Intracellular domain

Figure 1.1 Schematic diagram of human epidermal growth factor receptor (HER)
conformation change and dimerisation by ligand stimulation (Modified from: Baselga J et
al., Nat Rev Cancer 2009; 9: 463-475, modified).
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HER2 has no known ligand probably because its dimerisation arm is
exposed without ligand binding, rendering HER2 constitutively activated®’. EGFR
is regulated by at least 7 known ligands including EGF, transforming growth
factor-a, and betacellulin®®. HER3 and HER4 share 4 neuregulins3’38, Heregulin
(HRG) is an isoform of splicing variant of neuregulin 1, and is known to promote
HER2-HER3 dimerisation?®3%49, Dimerisation is essential for phosphorylation of
carboxyl-terminus tyrosine residues of ErbB receptors, which results in signal
diversification of their downstream pathways, leading to cell proliferation,
migration, and differentiation. For example, HER3 is phosphorylated by
heterodimerising with HER2, and phosphorylated HER3 is recognised by Src
homology 2 (SH2) domain of PI3K subunit p85. As a result, phosphatidylinositol
(4,5)-bisphosphate  (PIP2) is phosphorylated and is converted to
Phosphatidylinositol (3,4,5)-trisphosphate (PIP3) (Figure 1.1). HERZ2 is able to
recruit growth factor receptor bound 2 (GRB2) through Src homology 2 domain
containing (Shc). As a result, GRB2 recruits Son of Sevenless (SOS) followed by
the activation of Rat sarcoma protein (RAS). These effects result in activations
of the mitogen-activated protein kinase (MAPK) and the PI3K-AKT pathways*'-44

(Figure 1.1). A structure based study suggests that asymmetric kinase domain
-7 -
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dimerisation is required for EGFR activation®. EGFR, HER2, and HER4 contain
catalytic kinase domains and can form heterodimeric pairs with each other, while
HER3 has an inactivate kinase domain although it can form heterodimers with
other receptors for transphosphorylation*. Notably, HER3 cannot homodimerise
on HRG stimulation?®. Interestingly, recent studies have shown that the ligand

stimulation is not essential for forming asymmetric kinase domain dimerisation

25,47-49

1.4 HER3 in normal tissue and cancer

It has been reported that HERS3 is expressed in normal gastrointestinal tract,
respiratory tract, urinary tract, reproductive, skin, and nervous systems. EGFR is
mainly expressed in skin and gastrointestinal tract and HER2 expression is
observed in gastrointestinal tract, respiratory, reproductive, urinary tract, skin,
placenta, and breast®%-52, One of the main functions of HER3 in normal tissue is
for mammary gland development and neural crest differentiation®3**. HER2 and
HER3 are the preferential binding partners for each other and HER3 is usually

co-expressed with HER2, which results in the oncogenic activity®>%6. Indeed,

-8-
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knockdown of HER3 in HER2-positive cells results in rapid tumour regression®®.
Somatic mutations of HER3 have been reported, which render the cells to be
HRG independent®’. The PI3K/Akt pathway is driven predominantly via
transphosphorylation of HER3 since HER3 is the only ErbB receptor that has Tyr-
X-X-Met motif, the p85 SH2 domain recognition sequence®®t, HER3 has at least
6 docking sites recognised by the p85 of PI3K directly while EGFR and HER2
interact with PI3K through Grb2 or GRB2-associated binding protein 1 (Gab1)343,
Thus, PI3K signalling is crucial for HER3-driven cancer cells®,

HER3 expression is reported in several cancers including colorectal, breast,
skin, bladder, cervix, ovarian, laryngeal, oesophageal, gastric, lung, pancreatic,
head and neck cancer, and melanoma®'-’6. The meta-analysis covering all cancer
types identified that HER3 expression is associated with poor prognosis’’.
However, some studies suggest that HER3 expression in regards to the
prognosis is controversial. In uveal melanoma, HER3 has been detected in the
nucleus and nuclear HER3 is related to good overall survival, whereas
cytoplasmic HER3 has not been indicated as a prognostic factor’?. The HER2
expression status is not measured in this study. Yoon et al (2014) have identified

that HER3 expression in cytoplasm is associated with HER2 expression and
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there is a trend that HER3 expression is related to better survival’®. In breast
cancer, HER3-positivity is significantly correlated with poor progression-free
survival for 125 HER2-positive patients treated with taxane and trastuzumab’®. In
triple-negative breast cancer or non-selected breast cancer subtypes, HER3
expression has been reported to be associated with poor progression-free
survival and overall survival’®8, Moreover, HER3 gene amplification has been
identified in non-selected breast cancer subtypes, which is associated with poor
disease-free survival while protein expression of HER3 is not®. Recently, HER2-
HER3 dimerisation detected by proximity ligation assay as well as EGFR-HER2
and HER2-HER4 dimerisation have been suggested as predictors of poor
progression-free survival and overall survival in breast cancer. Although HER2-
HER3 dimerisation is measured in this study, it is not identified as a prognostic
marker in the limited HER2-positive patient samples®. In most of the studies,
HER3 has been found in the cytoplasm and membrane, while nuclear HER3 is
not fully investigated although it can be observed clearly in several figures®®.73,
Interestingly, HER3 can be detected in the nucleus on human tissue sections by
both HER3 antibodies raised against C-terminus and N-terminus, although

nuclear positivity is not mentioned by authors®/4, Therefore, there is
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considerable uncertainty around the existence of nuclear HER3, and the

prognostic significance of HER3 expression.

1.5 HER3 as a key player for resistance to HER family targeting drugs

The significance of HER3 in mediating resistance to HER family targeted
therapies has been reported in HER2-positive cells. HER3 expression is induced
by AKT inhibition via recruiting Forkhead box O (FOXo) to the HER3 promoter,
while AKT activation negatively regulates HER3 expression®3. Similarly, HER3
expression is induced by a PI3K inhibitor and its expression is inhibited by FOXo
knockdown®*. Upregulated HER3 is phosphorylated by HER2, resulting in the
maintenance of PISK/AKT pathway®. HER3 feedback via FOX protein is also
identified in RAF/MEK inhibitors86-88,

Trastuzumab is an anti-HER2 monoclonal antibody but it has a minimal
effect on HER2 expression and phosphorylation after extensive
investigation?®26:32, However, trastuzumab can decrease AKT phosphorylation as
well as HER3 phosphorylation probably by disrupting ligand-independent HER2-
HER3 dimerisation or inducing PTEN expression®>2¢, Narayan et al. have

reported that long-term trastuzumab treatment increased HER3 and EGFR
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expression®, while others reported that HER3 expression is similar despite a
decrease of phosphorylation of HER32>28, In our laboratory, trastuzumab has
been reported to decrease HER3 phosphorylation. However, HER3
phosphorylation recovered when cells become resistant to trastuzumab after long
exposure to trastuzumab?®?. This may be due to ligand release via proteinase
activity. All these previous reports suggest that the HER3/PI3K/AKT pathway
activation is involved in trastuzumab treatment, and blockade of PI3K seems to

be effective in inhibiting the growth of trastuzumab resistant cell lines®°.

1.6 Crosstalk of HER3 and insulin-like growth factor receptor 1 (IGF1R) in
trastuzumab treatment

Aberrant activation of other receptor tyrosine kinases has been reported in
response to HER family targeted therapy®. Lu et al. have identified that forced
expression of insulin-like growth factor receptor 1 (IGF1R) in SKBr3 cells renders
the cells resistant to trastuzumab. Trastuzumab sensitivity is recovered by
addition of IGF binding protein 3, which suppresses IGF1R signaling®®. In this
report, it is mentioned that addition of IGF, a ligand for IGF1R, may reduce

sensitivity to trastuzumab in IGF1R overexpressing MCF7/HER?2 cells?®. Indeed,
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Huang et al. (2010) suggest that enhanced HER2-IGF1R or HER3-IGF1R

interaction is observed exclusively in trastuzumab resistant cells and the

knockdown of HER3 or IGF1R leads to recovery of the sensitivity to trastuzumab

in the resistant cells®!.

1.7 Crosstalk of HER3 and MET in trastuzumab treatment

MET is a receptor tyrosine kinase for hepatocyte growth factor (HGF) and plays
a critical role for tumorigenesis in many cancers. MET is synthesized as a
precursor (170kD) followed by maturation in the endoplasmic reticulum. The
matured heterodimeric MET (190kD) is formed through disulfide bonds,
posttranslational glycosylation, and proteolytic cleavage. MET consists of
extracellular ligand binding domain a (50kD) and transmembrane domain
(145kD) which has a tyrosine kinase domain®2. The a and B subunits are bound
by disulfide bonds. MET is activated by ligand induced-dimerisation.
Phosphorylation of Tyr1234/1235 leads to autophosphorylation of Tyr 1349/1356,
which results in recruitment of Gab1, Grb2, and SRC%. MET signaling is mainly

mediated by the MAPK and the PI3K/AKT pathways. Similar to the ErbB family
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receptors, MET is internalised through endocytosis and degraded or recycled.
Unbalanced MET recycling sustains MET signaling in cancer®.

In tissue development, the role of MET is to mediate invasive growth®.
During placental development, MET is required for the migration of myoblasts,
liver construction, and nerve outgrowth®. During adult life, MET is essential for
liver regeneration and wound healing in the skin®. Thus, aberrant MET activation
in cancer allows intense cell proliferation, metastasis, and alternation of
microenvironment which results in angiogenesis®. MET is also important during
placental development since HGF-MET signaling directs mesenchymal cells to
their final destination®’. MET expression is associated with triple-negative breast
cancer, which potentially has a mesenchymal signature with a poor prognosis®8-%°,

MET activation is achieved mainly by 3 routes: HGF autocrine or
paracrine loop, MET overexpression, and MET point mutations. HGF autocrine
loop has been observed in several cancers including breast’®, MET
overexpression is frequently observed at the transcriptional level rather than gene
amplification, and MET expression is induced by various oncogenes including
Ras and RET!%%, Overexpression of MET can increase the sensitivity to HGF or

promote interaction with other receptors, which results in reciprocal activation
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without ligand stimulation®®. MET point mutations lead to constitutive activation of
MET kinase which confers invasive phenotypel®?. MET overexpression or
amplification is associated with poor prognosis in several cancers including
breast cancer?9:103-113,

MET is reported to be increased by trastuzumab treatment and aberrant
MET expression confers trastuzumab resistance®. Inhibition of MET increases
the sensitivity to trastuzumab®°. MET and HER3 interaction is also reported in
gefitinib (EGFR tyrosine kinase inhibitor) resistant lung cancer cellst4. MET
amplification causes gefitinib resistance by driving HER3-dependent activation of
the PI3K/AKT pathway!!4. In addition, MET and HER3 co-expression in Chinese
hamster ovary (CHO) cells results in HER3 phosphorylation''*. MET tyrosine
kinase inhibitor decreases the phosphorylation of HER3 as well as
phosphorylation of MET although HGF, a putative ligand for MET does not
increase HER3 phosphorylation®, MET knockdown leads to a decrease of
HER3 and AKT phosphorylationt!4. While direct interaction between MET and
HER3 is not reported, it is suggested that pre-existing MET amplified cells can be
selected by HER family targeted therapy plus HGF stimulation. Therefore, the

cells selected by HER targeted therapy and HGF stimulation show MET
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overexpression. MET overexpression in these cells contributes to the protection
of HER3 phosphorylation from HER family targeted therapy''®. These results

suggest that MET is important for activating the HER3/PI3K/AKT pathway3®.

1.8 The HER family and MET in the nucleus

All HER family receptors are known to exist in the nucleus!'’-1?°, The HER
family receptor internalisation followed by nuclear localisation is mediated by
endosome-mediated nuclear translocation of full-length receptors, and also by
proteolytic cleavage!!®!?!, EGFR'?2123 HER2'%4, and HER3'?® are known to exist
in the nucleus as full-length receptors. Nuclear EGFR is identified in normal basal
cells with high Ki67 index, and EGF ligand stimulation induces nuclear
localisation of EGFR and phosphorylated EGFR 23, Nuclear EGFR can bind
directly to the promoter region of cyclin D1, and overexpression of cyclin D1
shortens cell cycle arrest and accelerates cell proliferation'?3. Nuclear HER2
binds to the promoter region of the gene encoding cyclooxygenase enzyme COX-
2. COX-2 overexpression enables cells to increase anti-apoptotic and metastatic

potentialt?4126, HER4 undergoes two step proteolytic cleavage by ADAM 17 and
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y-secretase upon HRG stimulation, and the cleaved COOH terminus of HER4
translocates into the nucleus!®, Nuclear HER4 interacts with ER and sensitises
the cells to tamoxifen?’. Nuclear HER4 is also known to be co-localised with

STATS5A which activate B-casein promoter'?8,

HER3 and HER4 have similar sequences and share the same ligand,
HRG?38. HER3 is known to translocate into the nucleus!!®. HER3 has several
fragments below HER31sokp, which is full-length HER3%?°. These fragments are
identified by C-terminus HER3 antibody. Several HERS3 truncated transcripts are
identified but all encode part or all of the receptor extracellular domain except one
in human; thus they are considered to be secreted and circulate in the serum or
stay on the plasma membrane!3®132, Hence, there might be a truncated nuclear
HER3 protein since the majority of HER3 fragments detected by C-terminus
antibody are produced by an unknown mechanism. Nuclear HER3 in Schwann
cells interacts with promoter region of Ezrin and High Mobility Group Box
(HMGB)*?°, Several reports suggest that HER3 has also nuclear variants'2%132,

and 80kD HERS3 in the nucleus is known to interact with cyclin D112,
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Nuclear HER4 expression seems to be associated with low tumour grade
and low tumour mitosis in breast cancer'®? although our laboratory has shown
that nuclear HER4 is correlated with poor prognosis in HER2-positive breast
cancert34, Nuclear EGFR expression and nuclear HER2 expression in some
cancers have been reported as poor prognostic factors3>-13°, Nuclear HER3 in
prostate cancer is associated with hormone-refractory status and high Gleason
score'®, Nuclear HER3 expression is shown to be affected by the
microenvironment. Tumours from prostate cancer cell lines implanted into the
mouse femur have nuclear HER3 expression while the same cell lines implanted
in the skin show HER3 mainly in cytoplasm!4!, There is a possibility that HER3
expression in the nucleus can be an alternative pathway for cell proliferation
instead of classical signaling pathways including the AKT and the MAPK

pathways!41,

Trafficking of ErbB receptors from the cytoplasm to the nucleus is proposed
to be through endosome-mediated nuclear translocation and retro-translocation
by endoplasmic reticulum-associated trafficking machinery*?. Indeed, the HER

family receptors have nuclear localisation sequences, which are recognised by
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nuclear transporter importin proteins''’-120, It has been reported that HER3 has 3
nuclear localisation sequence (NLS)'®132 (Figure 1.2). Retro-translocation is the
process that the internalised receptors are transported to the endoplasmic
reticulum membrane followed by releasing into the cytoplasm. The receptors are
stabilised by HSP70 before entering into the nucleus directed by the importin
proteins. Furthermore, it is reported that leptomycin B, a drug that blocks nuclear
export, can concentrate nuclear expression of HER3, suggesting that HER3 can
shuttle from the membrane and cytoplasm to the nucleus, then from the nucleus
to the cytoplasm and membrane'?>. HRG has a functional effect on HERS3. In the
absence of HRG, HER3 accumulates in nucleoli, and exogenous HRG can shift
HER3 from nucleoli to the nucleus then to cytoplasm in immortalised non-
malignant cells'?>, HRG is known to have an NLS and is transported into the
nucleus#?. Recently, HRG is identified in the nucleus in glial cells'*3. It is possible
that HER3 subcellular localisation might bypass the anti-proliferative effect of

trastuzumab or other HER family targeted therapy'44.

MET is also known to exist in the nucleus although its role in the nucleus is

still unclear. MET is internalised rapidly after HGF stimulation via endocytosis
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mediated by dynamin and clathrin, and is localised to the nucleus through
importin and Gab1°145146_ |n turn, MET in the nucleus initiates calcium
signalling!4®. A report suggests that a 60kD fragment from C-terminus localises
to the nucleus although the mechanism of the nuclear localisation is unclear!4’.
Nuclear MET is often seen in the cells with mesenchymal phenotypes'#’ although

the clinical significance of nuclear MET expression should be clarified 14148,
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Figure 1.2
Nuclear localisation sequences
485 666 1119
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1 1342
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HER3

Figurel.2. Domain structure of HER3 showing nuclear localisation sequences (NLS)
Cys: cysteine rich domain, TM: transmembrane domain. NLSs are shown in red.
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1.9 Ligand release and ADAM (A Disintegrin And Metalloproteinase) family

The ADAM proteins are a family of metalloproteases that shed membrane-
anchored cytokines, growth factors, and receptors'¥®., The ADAMs are
transmembrane proteins and 21 ADAMs have been identified. Of these 21, only
13 possess proteolytic activity and other proteolytic inactive ADAMs play roles as
an intracellular communicator®®%.151, Activation of ADAMSs begins with the removal
of pro-domain by furin-like protein followed by metalloprotease domain activation.
Here, | would like to discus ADAM17, a heavily investigated isoform which is
implicated in the shedding of HER4 and HER receptor ligands!!®152, ADAM17
recognises several different sequences for cleavage and there are no similarities
in the sequence near the cleavage sites, however, most cleavages occur at 10-

15 amino acids from the plasma membrane®®2.

More than 50 ADAM17 substrates such as HER4 and some HER family
ligands including pro-HRG, pro-betacellulin, and pro-transforming growth factor-
a (TGFa) have been identified'>? (Table 1.1). A soluble form of cleaved ligand is
released from the membrane by the ADAMs and, thus the ADAMs regulate
autocrine, juxtacrine, and paracrine signalling. Due to the wide variety of

substrates that are regulated by ADAM17, its activation is associated with cancer,
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inflammatory disease including rheumatoid arthritis, stroke, cardiovascular
disease, renal disease, respiratory disease, metabolic disease, and Alzheimer’s
disease'®. ADAM17 has been a target for cancer therapy since ADAM17 is
involved in the cleavage of HER4 and growth factors''®152, In our laboratory,
ADAML17 is found to be up-regulated after trastuzumab treatment and, thus it
maintains HER family phosphorylation through ligand activation, which results in

trastuzumab resistance32.

HER4 has two different spliced isoforms, JMa and JMb, which have
different sequences in juxtamembrane region'®3. Only the JMa isoform can be
recognised by ADAM17, which cleaves HER4 between His651 and Ser652
although each protein cleaved by ADAM17 has a different ADAM17 recognition
site1521%4 A HER3 fragment has been reported to exist in the nucleus!?®132,
However, HERS cleavage by any protease has not been identified, although it is
possible that this could have been missed due to technical factors'?®132, ADAM17
is an attractive target for cancer treatment. Several ADAM17 inhibitors exist,
including INCB4298, a highly selective ADAM17 inhibitor used in this project*®®,

and these are at different stages of clinical trials'>2. A recent study suggests that
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co-inhibition of ADAM17 and ADAM10 has clinical activity *°¢, and suggests that

the selection of target patients and proper biomarker (s) are necessary.

1.10 The y-secretase complex for ligand release and HER4 cleavage

The y-secretase complex has important roles in ligand shedding and
HER4 cleavage. The y-secretase complex exists in the plasma membrane and is
composed of presenilin, nicastrin, anterior pharynx-defective 1 (APH-1), CD147,
and presenilin enhancer 2 (PEN2)'’. The y-secretase complex cleaves type |
transmembrane proteins including HER4, B-amyloid precursor protein, CD44,
and Notch in their transmembrane domains!!8158-160 (Taple 1.1). Receptor
internalisation is required for y-secretase activation'®l, The y-secretase complex
activity can be higher when the length of the receptor extracellular domain is
shorter'®l, It is controversial whether the y-secretase complex recognises a
specific sequence for cleavage!®t162, Presenilin is the active site of y-secretase
and the other 3 components support catalytic activity of presenilin. Loss of PEN2
activity leads to a reduction of presenilin level*®® and presenilin endoproteolysis
which produces an active form of presenilin'®4, and loss of proteolytic activities®®,
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while overexpression of PEN2 results in an increase of y-secretase activity6:167,
Since HER3 and HER4 share the same ligand and have similar sequences, there

is a possibility that HER3 can be cleaved by these proteolytic enzymes and that

truncated HERS3 could translocate into the nucleus.
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Table 1.1. Representative ADAM17 and y—secretase substrates

ADAM17 Substrates vy—secretase substrates

Cytokines and growth factors

proTNF—-a (tumour necrosis factor) proNRG1 (neuregulin)

proTGF-B (transforming growth factor) proNRG2 (neureguliin)

proBTC (betacellulin) proBTC (betacellulin)
proNRGa—2C (neuregulin, heregulin) Deltatl
proHB-EGF (epidermal growth factor)

Receptors
HER4 VEGF-R1
Notch VLDL receptor
CD30 Notch
CD40 HER4
IL6Ra (interleukin) IL6Ra (interleukin)
LDL receptor Insulin receptor

Adhesion molecules

ICAM-1 (intercellular adhesion molecule) EpCAM
VCAM-1 (vascular cell adhesion

CXCL16
molecule)
CD44 CD44
Others
APP (amyloid precursor protein) APP (amyloid precursor protein)
MUC-1 MUC-1

Modified from: Arribas J et al, Curr Pharm Des 2009; 15: 2319-35
Modified from: Haapasalo A et al, J Alzheimers Dis 2011; 25: 3-28
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1.11 HER3 and MET as a druggable target

There is some evidence that HER3 signalling is involved in resistance to HER
family targeted therapies, and HERS3 is a highly interesting target for cancer
treatment?585114 HER3 downregulation in an in vivo model clearly suggests anti-
proliferative activity°®-168, However, due to the lack of kinase enzyme activity of
HERS3, it is challenging to target this protein. Thus, the strategy to target HER3
has mainly utilized various antibodies against the HER3 extracellular domain.
Some HER3 antibodies (MM121, LIM716, SGP1) have been generated to bind
in the ligand binding site (domain | and Ill) or to lock HER3 in the tethered
conformation, thus theoretically preventing ligand dependent and independent
HER3 signalling'®®172, Other HER3 antibodies generated against the
extracellular domain (U3-1287, AV-203) lead to downregulation of HER3 through
increased endocytosis!’3. There are also several anti-HER3 antibodies in clinical
trials although the mechanism of action is not documented
(GSK2849330, RO5479599). AZD8931 is a unique tyrosine kinase inhibitor for
EGFR and HER2 and its ability to inhibit HER3 phosphorylation is higher than

gefitinib and lapatinib!’4,
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LIM716, which locks domains | and Ill of HER3, is shown to decrease the
phosphorylation of HER3 and AKT. However, it seems that AKT and HER3
phosphorylation return after 24 hours of treatment'’*. In preclinical study, LIM716
and trastuzumab combination treatment can improve survival in micel’t. Another
HER3 antibody, U3-1287, reduces phosphorylation of HER3, and the
combination of trastuzumab with U3-1287 has an additional effect on cell
survivall’3, MM121 blocks HERS activation upon HRG stimulation and single use
of MM121 seems effective in some cell lines, however, HER2-overexpressing
BT474 cells are resistant to MM121, probably because BT474 cells do not
express measurable HRG'’0, Although preclinical results are promising, the
clinical efficacy of these antibodies seems limited'’>17¢, The reasons for this

could include the selection of target patients and limited availability of biomarker

(S)-

MET also draws much attention as a drug target since MET is also a key
regulator of the AKT/PI3K and MAPK pathways®3. There are several approaches
to inhibit MET activity through blocking HGF binding to MET, MET antibodies,

and MET tyrosine kinase inhibitors®3177. A MET monoclonal antibody that blocks
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HGF binding to MET, onartuzumab, is one of the most promising antibodies which
is now in phase lll trial for MET-positive lung cancer patients in combination with
erlotinib (EGFR tyrosine kinase inhibitor)'’8. Since MET is known to be
overexpressed and interact with HER3 in gefitinib resistant cells, the combination
therapy of MET targeted drug and EGFR inhibitor has been suggested!!®, No
additional benefit of onartuzumab was found in the phase Il trial that compares
erlotinib alone to erlotinib and onartuzumab for non-small cell lung cancer
patients!’®. However, patients with positive MET expression gain survival benefit
from onartuzumab treatment compared to those whose tumours are MET-
negative, suggesting that MET expression can be a biomarker for this
treatment!’9189, There are also several MET monoclonal antibodies in preclinical

use including AF276 which promotes internalisation of MET77:181,

MET tyrosine kinase inhibitors are at a more advanced stage of clinical
development than monoclonal antibodies. MET tyrosine kinase inhibitors are
designed to compete in the ATP binding site!8l. Tivantinib, however binds to
inactive, non-phosphorylated MET and keeps MET in silent mode!®?, Tivantinib

is a highly selective MET kinase inhibitor, which is now under investigation in
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several phase lll trials and is the most advanced in drug development among all
the MET inhibitors. In a randomised phase Il trial, the efficacy of tivantinib and
erlotinib was assessed in non-small cell lung cancer patients. Tivantinib and
erlotinib combination therapy improved progression-free survival significantly
(16.1 months vs. 9.7 months). MET gene amplification detected by FISH was
assessed as a biomarker for tivantinib treatment, but no benefit for patients with
MET amplified tumour was identified*®3. However, tivantinib as a second-line
treatment for hepatocellular carcinoma was found to be effective in MET-
overexpressing tumours!84, These results indicate that MET overexpression may

be associated with a favourable response to these MET targeting agents.

1.12 Aims of the project

This study is based on the hypothesis that HER3 plays a role in the response to
anti-HER2 treatment, especially focusing on trastuzumab. There are 2 main

projects and subtopics regarding this project in this thesis.

1. Assessing the clinical impact of HER3 subcellular localisation on response to

trastuzumab treatment
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® To investigate nuclear HER3 expression in HER2-positive breast

cancer cell lines with regard to trastuzumab response

® To clarify the mechanism of nuclear HER3 translocation

® To assess the clinical impact of nuclear HER3 in HER2-positive breast

cancer patients

2. Understanding the relationship of HER3 phosphorylation and MET receptor

on response to trastuzumab treatment in HER2-positive breast cancer

® To assess HER3 phosphorylation upon trastuzumab treatment

® To assess MET expression in HER2-positive cell lines and its relation

with trastuzumab response

® To understand whether MET and HER3 interact in breast cancer cells

® To identify the clinical significance of MET expression in breast cancer

patients

-31-



Chapter 2 Material and Methods

CHAPTER 2. MATERIALS AND METHODS

2.1 Cell lines

The SKBr3 and BT474 cell lines were obtained from Cancer Research UK
(Lincolns’ Inn Fields laboratory). The MDA-MB-361 and MDA-MB-453 cell lines
were purchased from ATCC. The HCC1954, HCC1569, and UACC732 cell lines
were provided by Prof. John Crown’s group (St. Vincent's University Hospital,
Dublin). The NCI-H2170, MKN-7, and Calu-3 cell lines were obtained from Dr.
Fumiaki Koizumi (National Cancer Centre Hospital, Tokyo), and the SKOv3 cell
line was provided by Dr. Ahmed Ahmed (University of Oxford). The SKBr3, MDA-
MB-361, UACC732, and Calu-3 cell lines were kept in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum
(FBS) and penicillin-streptomycin. The BT474, NCI-H2170, MDA-MB-453,
HCC1954, HCC1569, and MKN-7 cell lines were maintained in RPMI
supplemented with 10% heat-inactivated FBS and penicillin-streptomycin.
SKOv3 cell line was kept in McCoy’'s Medium supplemented with 10% heat-
inactivated FBS and penicillin-streptomycin. Trastuzumab and lapatinib were

purchased from the Pharmacy department at the John Radcliffe Hospital, Oxford.
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Non-specific human and goat IgG antibodies were purchased from R&D systems.
Trastuzumab-resistant cells were generated in the laboratory. The cells were
continuously treated with trastuzumab at 40 pg/mL for more than 8 months to
generate acquired trastuzumab-resistant cells®2. Lapatinib was also used to
generate acquired lapatinib-resistant SKBr3 cells by dose escalating exposure to
lapatinib up to 250 nM for 8 months. The lapatinib resistant cells were provided
and generated by another laboratory member, Dr. Fenix Leung. All the cells were
kept at 37 °C in 5% CO2 and 95% of humidity. The mycoplasma test was regularly

performed by multiplex PCR assay (Qiagen).

2.2 Cell viability assay

Optimal cell density for the viability assay was predetermined based on the
proliferation rate of individual cell lines. The viability of the cells was determined
by resazurin assay (CellTiter-Blue, Promega) to confirm acquired trastuzumab or
lapatinib resistance. Briefly, the cells were seeded in 96-well plates and were
treated with trastuzumab or lapatinib for 5 days. The fluorescent signal was

measured by 560ex/590em Nnm and a fitted curve was drawn from 3 independent
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experiments in triplicate using GraphPad Prism. The effects of ADAM17 inihibitor

(10 uM of INCB4298, Incyte) and gamma-secretase inhibitor (25 pM of y-

secretase inhibitor 1X (DAPT), Calbiochem), anti-HER3 monoclonal antibody

(SGP1), HERS3 knockdown, and MET knockdown were examined by the colony

formation assay. Predetermined density of the cells were seeded onto the 6-well

plates and were treated with the indicated drug(s) or the vehicle for 14 days. The

medium was replaced every 3 days. The colonies were fixed and stained by 0.2

% methylene blue in 50% of ethanol. The images were captured by Multiimage II

(Alpha Innotech) and the colonies were counted by image J. The cell counting

assay was used to assess the cell growth on treatment with MET monoclonal

antibody and MET tyrosine kinase inhibitor. Equal numbers of cells were seeded

in 6-well plates and were treated with MET antibody (AF276, R&D systems) or

MET tyrosine kinase inhibitor (SU 11274, Sigma-Aldrich) for 5 days. The cells

were trypsinised and counted with cell counter (Coulter counter).

2.3 Western blotting

The cells were grown and treated in 6-well plates or 100 mm-dishes. The

plate was then placed on ice and washed with ice-cold PBS twice. The cells were
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scraped into lysis buffer (No17, R&D systems) after 10 minutes of incubation on

ice. For immunoprecipitation, the following lysis buffer was used: 10mM EDTA,

20mM Tris (pH7.5), 150mM NaCl, 10mM Naz2P207, and 100mM NaF with 1%

Triton X-100, protease inhibitor cocktail (Roche), and phosphatase inhibitor

cocktail 2 and 3 (Sigma-Aldrich). A fractionation kit (NE-PER, Thermo Scientific)

was used for nuclear extraction. The samples were centrifuged at 4 °C and the

supernatants were collected. The protein concentration was measured by

Bradford assay and equal amounts of protein were loaded and separated on

NuPage 4-12% gels at 120V, and were semi-dry-transferred to PVDF (Millipore

Corp) membrane at 12V for 2 hours. The membrane was blocked with 5% bovine

serum albumin (BSA) in TBS-tween (0.1%), and the primary antibody was applied

overnight at 4 °C. HRP-conjugated secondary antibody (GE Healthcare) was

applied at room temperature for 1 hour and was visualized with enhanced

chemiluminescence (ECL) system (GE Healthcare). The following antibodies

were purchased from Cell Signalling Technology: anti-pHER3 (Y1289, Y1197),

anti-AKT, anti-pAKT (S473, T308), anti-MET, anti-pMET (1234/1235), anti-HER?2,

anti-pHER2 (Y1221/1222), anti-Calnexin, anti-NaK ATPase, anti-Histone HS3,

anti-GAPDH, and anti-actin antibody. Anti-HER3 (ab34641) and anti-Golgin
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antibody were obtained from Abcam. The concentration and incubation time for

these antibodies are summarised in Table 2.1. Heregulin (HRG) (R&D systems)

at 100 ng/mL and HGF (R&D systems) at 50 ng/mL were used to stimulate HER3

and MET respectively.

-36 -



Chapter 2 Material and Methods

Table 2.1. The list of antibodies for western blotting.

antibody concentration |r.1cubat|on Supplier
time

HER3 (Rabbit pAb) 1:1000 overnight Abcam
pHER3 (Y1197) (Rabbit mAb) 1:1000 overnight  Cell Signaling
pHER3 (Y1289) (Rabbit mAb) 1:1000 overnight  Cell Signaling
MET (Rabbit mAb) 1:1000 overnight  Cell Signaling
pMET (Y1234/1235) (Rabbit mAb) 1:1000 overnight  Cell Signaling
HER2 (Rabbit mAb) 1:1000 overnight  Cell Signaling
pHER2 (Y1221/1222) (Rabbit mAb) 1:1000 overnight  Cell Signaling
AKT (Rabbit mAb) 1:1000 overnight  Cell Signaling
pAKT (S473) (Rabbit mAb) 1:1000 overnight  Cell Signaling
pAKT (T308) (Rabbit mAb) 1:1000 overnight  Cell Signaling
Calnenix (Rabbit mAb) 1:1000 overnight  Cell Signaling
NaK ATPase (Rabbit pAb) 1:1000 overnight  Cell Signaling
Histone H3 (Rabbit mAb) 1:1000 overnight  Cell Signaling
GAPDH (Rabbit mAb) 1:1000 overnight  Cell Signaling
B-actin (Rabbit mAb) 1:1000 overnight  Cell Signaling
Golgin 97 (Rabbit pAb) 1:1000 overnight Abcam
ADAM17 (Rabbit pAb) 1:1000 overnight Abcam
PEN2 (Rabbit mAb) 1:1000 overnight  Cell Signaling
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2.4 siRNA transfection and quantitative real-time PCR (qRT-PCR)

The cells were transfected with two different short interfering RNAs

(siRNA) for HER3 (Qiagen) and MET (Qiagen). The cells were plated to be 30-

40% confluence prior to transfection before DharmaFECT1 (Thermo Scientific)

and the siRNA (final concentration, 20nM) in serum-free OptiMEM was added

into the well and incubated overnight. The medium was then replaced with full-

serum medium. AllStars non-targeting siRNA (Qiagen) was used as a control.

Total RNA was isolated using Total RNeasy Mini Kit (Qiagen) after 48 hours of

transfection and cell lysates for western blotting were collected 72 hours after

transfection. The purity of RNA extracts was determined by measuring the

absorbance ratio 260 nm (A260) to 280 nm (A280) in a Nanodrop spectrometer.

The preparation of cDNA was done using Highcapacity cDNA Reverse

Transcription Kit (Applied Biosystems) according to the manufacturer’s

instructions. Briefly, 2 ug of RNA in 20 ul was used for reverse transcription. The

following thermal cycle was used: 10 minutes at 25 °C, 120 minutes at 37 °C, 5

minutes at 85 °C, and hold at 4 °C. cDNA products were stored at -80°C.

Following cDNA preparation, the quantitative RT-PCR assays were performed

using standard SYBR-Green methodology. Briefly, 20 ug of cDNA was mixed with
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gPCR master mix (SensiMix SYBR Hi-ROXX gPCR) and final volume of 50 pl

were analysed. The following primers were designed

(http://www.lifescience.roche.com) and used for qRT-PCR: HER3 forward; 5'-

CTG ATC ACC GGC CTC AAT-3', HER3 reverse; 5-GGA AGA CAT TGA GCT
TCT CTG C-3', MET forward; 5'-TGA AAT TCA TCC AAC CAA ATC TT-3', MET
reverse; 5'-AAT AGA AAA CTG ACA ATG TTG AGA GG-3', beta-actin forward;
5'-ATT GGC AAT GAG CGG TTC-3', beta-actin reverse; 5-GGA TGC CAC AGG
ACT CCA T-3'. The gRT-PCR assay was carried out on the Mx3005P QPCR
System. Thermal cycling was initiated with 5 minutes at 95°C, followed by 40
cycles of 10 seconds at 95°C and 1 minute at 60°C. The exponential route of Cr
value was converted into a linear form using the 2 22CT-relative calculation

method. For this purpose, B-actin was used as the house-keeping gene.

2.5 Co-immunoprecipitation

The cells were grown to 80% confluence in 150mm-dishes and were

collected as described above. The protein amount was measured before applying

non-specific IgG antibody. The non-specific protein was immunoprecipitated by
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incubation with 5 pg of non-specific IgG antibody for 1 hour at 4 °C followed by 1
hour incubation with 50 pl of anti-mouse antibody coated beads at 4 °C (TureBlot®
, Rockland Pharmacy). The mouse IgG-beads complex was removed by
centrifugation (3000 rpm, 10 minutes, 4°C) before applying the primary antibody.
The lysate was incubated with primary antibodies (5 ug of antibody for 1000 ug
of protein) against HER3 (RTJ2, Abcam), MET (B2, SantaCruz), or non-specific
mouse IgG (Abcam) for 1 hour at 4 °C, and the protein-antibody complex was
captured with anti-mouse antibody coated beads overnight at 4 °C (50 ul of beads
for 5 pg of antibody). The beads were washed with lysis buffer [LOmM EDTA,
20mM Tris (pH7.5), 150mM NaCl, 10mM Naz2P207, and 100mM NaF with 1%
Triton X-100, protease inhibitor cocktail (Roche), and phosphatase inhibitor
cocktail 2 and 3 (Sigma-Aldrich)] more than twice after the removal of the
supernatant and boiled for 10 min at 95 °C with 2 xLDS buffer. Samples were
centrifuged (3000 rpm, 10 minutes, 4 °C) and supernatants were applied to SDS-

PAGE for western blotting.
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2.6 Confocal microscopy

Approximately 20,000 cells were seeded onto coverslips in 24-well plates.

Coverslips were washed with PBS twice and were fixed with

4% paraformaldehyde (PFA) for 10 minutes. The cells were permeabilised with

0.5% Triton-X for 10 minutes. Samples were blocked with 10% BSA and 0.5%

FBS overnight at 4 °C. Primary antibodies for HER3 (ab34641, abcam and

sc292557, SantaCruz) were then applied in 5% BSA for overnight at 4 °C. The

cells were rinsed with PBS over 1 hour at room temperature with gentle shaking

and secondary antibody conjugated to Alexa 488 (Invitrogen) in 5% BSA was

applied for 1 hour at room temperature in the dark. The cells were rinsed with

PBS over 1 hour at room temperature with gentle shaking and mounted with DAPI

(4',6-diamidino-2-phenylindole) Fluoromount-G (Southern Biotech). Mid-slice

images to detect nuclear proteins were captured by Zeiss LSM510 confocal

microscope.
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2.7 Immunohistochemistry (IHC)

Cell pellets and xenograft samples used in this project were provided by Dr. Neil
O’Brien at the UCLA except for the SKBr3 and trastuzumab-resistant SKBr3 cell
line pellets. All cell pellets samples prepared for IHC were parental cell lines
except for trastuzumab-resistant SKBr3 cells. For the SKBr3 and the trastuzumab
resistant SKBr3 cell lines, cells were grown in 15cm-dish up to 80% confluence
and cells were collected by trypsinisation. Cells were fixed with 4% PFA at 4 °C
overnight and the fixed cell pellets were resuspended in 400 pl of agarose mixture
(2% agarose and 4% formaldehyde in PBS) at 60 °C. The cells were immediately
centrifuged at 13500 RPM for 1 minute. The gelled pellets were set in a cassette
for paraffin processing. The cassettes were processed at the Oxford Centre for
Histopathology to be embedded in paraffin blocks. Samples were sectioned at 4

Mm using a microtome (Leica) to be set on the slides (VWR).

Xenograft samples were generated in 6-week-old CD-1 athymic nude mice.
Xenograft samples were developed subcutaneously. All the samples used in this
project were duplicated xenograft for each cell line!®, Briefly, tumours were
measured 3 times a week by a caliper after becoming visible. Trastuzumab at

10mg/kg in PBS was given intraperitoneally twice a week for a period of 7 weeks.
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Tumours were then excised, formalin fixed, and paraffin-embedded?*®®.
Responders were defined as no tumour growth or observed tumour decrease in
size after trastuzumab treatment. Non-responders were all others. For the cell
pellet samples, responders were defined by three dimensional proliferation assay
as previously described'®, Briefly, cells were seeded on agarose gel with or
without 15 pg/mL of trastuzumab and allowed to form colonies for 3 weeks. The
sensitive cell lines were defined as the cells with a 220% decrease in colony

numberies,

The human tissue samples used in this study were provided by the Breast
Cancer Campaign, the FinHER trial, and a locally conducted prospective study in
Cremona, Italy. The use of TMA slides from the FinHER trial was approved by
the Helsinki University Central Hospital Ethics Committee (331/E6/07, 17 Oct
2007). The human tissue samples from a locally conducted prospective trial in
Cremona were obtained with appropriate local ethical approval (Protocol CE-
21392/2012). The TMA samples from the Breast Cancer Campaign were
transferred in an agreement between the laboratory and the organisation. The

samples from the Breast Cancer Campaign and the FinHER trial were Formalin-
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Fixed Paraffin-Embedded (FFPE) tissues mounted as a tissue microarray, and

all cores were duplicated. These samples were surgically resected tumours as a

definitive surgery for early breast cancer patients. No neoadjuvant therapy had

been administered to these patients. The samples from Breast Cancer Campaign

included HER2-positive and HER2-negative samples, however, clinical data were

available only for HER2-positive patient samples. The FinHER trial samples were

all HER2-positive samples. Samples from a locally conducted prospective trial in

Cremona were biopsy samples and surgically removed samples for the patients

with HER2-positive early breast cancer and received trastuzumab and

chemotherapy as a neoadjuvant therapy.

The same procedure was used for all the samples used for IHC. Sections

of 4 ym were mounted on glass slides. The slides were heated at 65 ‘C and were

immersed into Histoclear (National Diagnosis) followed by rehydration in ethanol.

H202 (3%) in methanol was used for peroxidase blocking for 30 minutes. The

antigen retrieval was performed by the target retrieval solution (DAKO S2375) at

97 C for 40 minutes for MET staining. The antigen retrieval for HER3 staining was

performed using the target retrieval solution (DAKO S2031) at 121 C for 15
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minutes. Following blocking in 10% horse serum in PBS for 10 minutes, the
following antibodies were applied: the primary HER3 antibody (ab34641, abcam)
at a dilution of 1:1000 at 4C overnight, or the primary MET antibody (CVD13,
Invitrogen) at a dilution of 1:100 at room temperature for 1 hour in antibody diluent
(s2022, DAKO). The primary antibody was visualised by EnVision systems
(DAKO k4063) followed by counterstaining of haematoxylin. All HER3 and MET
staining was evaluated by Dr. loannis Roxanis (a NHS consultant pathologist)
and myself by immunoreactive scoring system (IRS)!®” (Table 2.2). Only the
invasive component was evaluated and clinical data were blinded at the time of
evaluation. The cut-off point was set based on the median IRS score for HER3
cytoplasm expression (IRS = 6) and nuclear expression (IRS = 2). For MET

expression, the cut-off value was explored in this study.
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Score for staining intensity Score for distribution of positive cells

0 = negative 0=<1%

1 = weak 1=1-10%

2 = intermediate 2 =11-50%

3 = strong 3 =51-80%
4 =>80%

IRS score is calculated intensity x distribution (range: 0-12)

Table 2.2. Immunoreactive scoring system (IRS).
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2.8 Statistical analysis

Statistical analysis was performed using the statistical software, GraphPad

Prism version 5.04 and SPSS (version 19). For western blot analysis, intensities

of target proteins were semi-quantified by Image J from three different

experiments and were normalised to the loading control unless specified. One-

way ANOVA test with Bonferroni correction was used to test the means between

three or more groups. For the technically and biologically repeated experiments

(QRT-PCR and colony formation assay), two-way ANOVA with Bonferroni

correction was performed. To compare 2x2 tables, chi-square test was applied

unless specified. Tumour response was evaluated by caliper measurement for

human tissue samples and for xenograft samples. For survival analyses, survival

curves were drawn by Kaplan-Meier method and log rank test was used to detect

the statistical significance. The progression-free survival was calculated from the

date of surgery or date of randomisation to the date of disease progression or

any cause of death. The distant metastasis-free survival was calculated from the
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date of surgery to the date of the detection of distant metastasis. Contralateral

breast tumour was not regarded as distant metastasis. The overall survival was

calculated from the date of randomisation or surgery to the date of any cause of

death. The cause specific survival was calculated from the date of surgery to the

date of death caused by breast cancer. Cox multivariate analyses were

performed to determine independent factors associated with survival. All the

statistical significance was set at less than 0.05 by two tailed manner. Statistical

analyses for the FINHER trial samples were performed by the FINnHER trial data

centre.
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CHAPTER 3.

ASSESSING HER3 SUBCELLULAR LOCALISATION IN
RELATION TO TRASTUZUMAB RESPONSE AND

RESISTANCE

3.1 Introduction

HER3 is the preferential dimerisation partner for HER2 and is important for cell
survival in HER2-positive breast cancer®®1%8, As discussed in chapter 1, HER3
has a nuclear variant, HER3sokp, which is known to interact with the promoter
region of cyclin D1 in the nucleus, which increases the proliferation rate!®?.
However, the exact mechanism of HER3 nuclear localisation is still unclear. It
was previously shown that trastuzumab induces HER4 cleavage and nuclear
translocation in HER2-positive breast cancer cells'**. In cells treated with
trastuzumab, it is not clear what factors determine HER3 localisation.
Furthermore, the clinical impact of nuclear HER3 has been unclear. Therefore,

this chapter aimed to assess HERS3 subcellular localisation and its mechanisms.
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3.2 Results

3.2.1 The generation of trastuzumab resistant HER2-positive cell
lines

To assess the clinical impact of HER3 subcellular localisation in relation to

trastuzumab treatment, a panel of HER2 highly expressing cell lines were first

tested for their trastuzumab sensitivity. The SKBr3 and BT474 cells are two

representative HER2-positive cell lines and were sensitive to trastuzumab

treatment (IC50; 0.17 uyg/mL and 0.06 ug/mL, respectively) (Figure 3.1). The IC50

values of all other cell lines was not obtainable since their cell viability did not

decrease below 50%. However, the viability of NCI-H2170, MDA-MB-453, and

MDA-MB361 cell lines was found to be decreased by approximately 30% (Figure

3.1). It should be noted that the NCI-H2170 and Calu3 cells are lung cancer cell

lines, the SKOv3 cells are ovarian cancer, and MKN-7 is a gastric cancer cell line.
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Figure 3.1
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Figure 3.1 Trastuzumab sensitivity in a panel of HER2-positive cell lines. Predetermined

number of cells were seeded in 96-well plates and the cells were allowed to attach to the plate

before starting trastuzumab treatment at different doses for 5 days. The cell viability was

determined by resazurin assay. Each point represents a mean of 3 independent experiments in

triplicate and fit curve was drawn. The IC50 was calculated for the BT474 and SKBr3 cells based

on the fit curve.

-51 -



Chapter3. Assessing HER3 subcellular localisation in relation to trastuzumab response and resistance

The SKBr3, BT474, MDA-MB-453, MDA-MB-361, and NCI-H2170 cells
were continuously treated with trastuzumab at 40 ug/mL until the cells became

resistant to trastuzumab (Figure 3.2).

Figure 3.2
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Figure 3.2. Generation of acquired trastuzumab resistant cells by long-term trastuzumab
treatment. The SKBr3 (A) and BT474 cells (B) were pre-treated with trastuzumab for indicated
durations before starting the viability assay. Predetermined number of cells were seeded in 96
well plates without trastuzumab at different concentrations. The cells were allowed to attach for 8
hours before starting trastuzumab treatment. The Resazurin assay was applied as shown in
Figure 3.1. Similarly, the MDA-MD-361 (C), MDA-MB-453 (D), NCI-H2170 (E) cells were
continuously treated with trastuzumab for indicated durations, and sensitivity to trastuzumab was

assessed.
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3.2.2 HER3 fragment at 100kD is a specific immunoreaction.

HER3 has been reported to have several different fragments below 180kD, which
is the size of full length of HER3'?°. To identify the specific immunoreactivity of
several HER3 bands in western blot, the cell lysates were immunoprecipitated
with HER3 antibody (RTJ2, C-terminus) and immunoblotted with another HER3
antibody (ab34641, C-terminus). There were several products below 180kD
detected by this HER3 antibody, but only HER31isoka and HERS31ocokp were
immunoprecipitated and detected in both the parental and acquired resistant
SKBr3 and BT474 cells (Figure 3.3A, B). The non-specific mouse IgG was used

as a negative control and HER3100kp Was found to be undetectable by this 1gG.
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Figure 3.3
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Figure 3.3 The detection of immunoprecipitated HER3100kp and HER31s0kp by two different
HER3 antibodies raised against C-terminus. A, Equal amount of proteins from the BT474 and
acquired trastuzumab-resistant BT474 cells (BT474-TR) were subject to immunoprecipitation (1P)
with HER3 antibody (RTJ2) or non-specific mouse IgG followed by immunoblotting (IB) analyses
of HER3 (C-terminus, ab34641). For input, 3% of total amount of proteins used for
immunoprecipitation were loaded. B, Similarly, equal amount of proteins from the SKBr3 and
acquired-trastuzumab resistant SKBr3 cells (SKBr3-TR) were subject to IP followed by IB with
HER3 antibody.
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Since HER31s0ko and HER3100kp were the only 2 bands immunoprecipitated and
detected in these cell lines, it was hypothesised that HER3100kp could be a
specific immunoreactive form of HER3. To confirm this result, HER3 was knocked
down in these cell lines and immunospecificity was assessed. Two SiRNAs
against HER3 were optimised and HER3 mRNA level was quantified by qRT-
PCR (Figure 3.4A). Following the optimisation of HER3 knockdown, the
specificity of the antibody was assessed by western blot. Immunoblotting of the
cell lysates from HER3 knockdown showed a significant decrease of the HER3
protein expression at both 180kD and 100kD in the BT474 (Figure 3.4B) and
SKBr3 cells (Figure 3.4C). HER3 localisation was visualised by confocal
microscopy and was found to be in the cytoplasm and the nucleus. Interestingly,
membrane HER3 staining was not very obvious as compared to the previous
reports. 67980125129 HER3 knockdown decreased HER3 expression in the
cytoplasm and the nucleus (Figure 3.5). These results indicate that HER3100kp iS
a specific immunoreactive product of the HER3 gene, and HER3 can be localised

to the nucleus as well as the cytoplasm.
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Figure 3.4
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Figure 3.4 HER3100kp as a specific immunoreactive form of HER3. A, The BT474 cells were
transfected with 2 different siRNAs against HER3 (HER3_5 and HER3_6) or non-silencing siRNA
for 48 hours. RNA was extracted and quantified by real-time PCR (HER3 normalised to actin).
HER3 mRNA level was compared to the control (non-silencing siRNA). Two-way ANOVA and
Bonferroni correction was used to detect the statistical significance of 3 independent experiments
in triplicate. Bars show means with SEM. Similarly, the BT474 (B) and SKBr3 cells (C) were
transfected with 2 different siRNAs against HER3 or non-silencing siRNA. Equal amount of

proteins from these cells were subject to immunoblotting with HER3 and actin.
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Figure 3.5
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Figure 3.5 HER3 in cytoplasm and nucleus. Predetermined number of cells were seeded onto
the cover slip in 24-well plate and transfected with non-silencing siRNA or siRNA against HER3
(HER3_5) for 72 hours. Cells were fixed and permeabilised followed by blocking. Primary HER3
antibody and secondary antibody conjugated with Alexa488 (green signal) were applied. Nuclei
were stained with DAPI (blue). Cells were visualised with confocal microscopy (Scale bar = 10

um).
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3.2.3 An increase in nuclear HER3100kp in acquired trastuzumab-
resistant SKBr3 cells

To detect HER3 subcellular localisation, two different HER3 antibodies were

used: antibodies raised against HER3 N-terminus and C-terminus. HER3 was

detected in the nucleus by both antibodies in parental SKBr3 cells (Figure 3.6A).

However, the detection of HER3 N-terminus in the nucleus was decreased in

acquired trastuzumab-resistant SKBr3 (SKBr3-TR) cells, while the C-terminus of

HER3 in the nucleus was increased (Figure 3.6A). In the BT474 cells, HER3

detected by N-terminus and C-terminus antibody was similar in both parental and

acquired trastuzumab-resistant cells (Figure 3.6A). The HERS3 localisation of the

parental MDA-MB-361 and MDA-MB-453 cells were also compared with their

acquired resistant cells but the observation seen in the SKBr3 cells was not found

(Figure 3.6B). These results indicate that HER3 may be cleaved, and only HER3

from the C-terminus part translocated to the nucleus, and thus the detection of

N-terminus HER3 was reduced in the nucleus when the SKBr3 cells became

resistant to trastuzumab.
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Figure 3.6
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Figure 3.6 | pps HER3 HER3 HER3
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Figure 3.6 An increase of nuclear HER3 from C-terminus in the acquired-trastuzumab
resistant SKBr3 (SKBr3-TR) cells. A, The SKBr3, SKBr3-TR, BT474, acquired-trastuzumab
resistant BT474 (BT474-TR) cells were seeded onto the cover slip in 24-well plate. The cells were
fixed and permeabilised followed by immunostaining with HER3 antibodies (green) (HER3
antibody raised against its C-terminus and N-terminus). Nuclei were stained with DAPI (blue).
Cells were visualised with confocal microscopy. The parental cells were treated with human IgG.
B, Similarly, MDA-MD-361, acquired-trastuzumab resistant MDA-MD-361 (MDA-MB-361-TR),
MDA-MD-453, and acquired-trastuzumab resistant MDA-MD-453 (MDA-MD-453-TR) were
stained with HER3 antibodies raised against C-terminus and N-terminus of HER3. Scale bar = 10
um
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To address the decrease of N-terminus HER3 and the increase of C-terminus

HER3 in the SKBr3-TR cells, nuclear extraction experiments were performed.

Nuclear extracts of SKBr3-TR cells showed an increase of HER3100kp and a

decrease of HER31soko compared with parental cells (Figure 3.7A, B, C). This

result indicates that HER3 was cleaved and HER3100kp Was more likely to be

detected in the nucleus. As a result, the full-length HER31s0kp was detected less

in the nucleus in the SKBr3-TR cells. The possibility of contamination of the

nuclear extracts with other subcellular components seems unlikely since plasma

membrane marker (Na-K ATPase), Golgi marker (golgin), and the endoplasmic

reticulum marker (calnexin) were at very low levels (Figure 3.7A). Interestingly,

the SKBr3 cells treated with trastuzumab for 2 months did not show an increase

of HER3100kp in the nucleus although they were resistant to trastuzumab at this

point (Figure 3.7A). This result suggests that only long-term trastuzumab

treatment induced enriched nuclear HERS3, possibly due to the selection of pre-

existing cells since 30-40% of the BT474 and SKBr3 cells were able to survive

trastuzumab treatment even at a high concentration (40 ug/mL) (Figure 3.1).

Taken together, C-terminus HER3100kp In the nucleus was increased in the

SKBr3-TR cells.
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Figure 3.7
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Figure 3.7 An increase of nuclear HER3100kp from C-terminus in the acquired-trastuzumab
resistant SKBr3 (SKBr3-TR) cells. A, Equal amount of proteins from whole cell lysates (left 3
lanes) or nuclear extractions (right 3 lanes) of SKBr3 parental, pre-treated with trastuzumab for 2
months, or acquired trastuzumab-resistant SKBr3 cells were subject to immunoblotting with
HER3, GAPDH, Calnexin, Golgin, Na-K ATPase, and Histone H3. The control cells were treated
with human IgG. Statistical analysis was performed by using semi-quantification of HER3 at
180kD (B) and HER3 at 100kD (C) for SKBr3 parental and SKBr3-TR cells from 3 different
experiments. Bars indicate means + SEM. Paired t-test was used to detect the statistical

significance from 4 repeated experiments.
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3.2.4 Translocation of HER3icoko to the nucleus in lapatinib
treatment and short-term trastuzumab treatment

To assess nuclear HERS localisation on treatment with lapatinib (dual tyrosine

kinase inhibitor for EGFR and HER?2), acquired lapatinib resistant SKBr3 (SKBr3-

LR) cells were generated in our laboratory (generated by Dr. Fenix Leung) by

gradual increase in lapatinib concentration over 8 months up to 250nM (Figure

3.8A). The lapatinib IC50 of SKBr3-LR cells was approximately 1000 times higher

than that of parental SKBr3 cells (77.0 uM vs. 95.9 nM). The SKBr3-LR cells were

cross-resistant to trastuzumab (Figure 3.8C), while SKBr3-TR cells have a similar

sensitivity to lapatinib compared to the parental SKBr3 cells (Figure 3.8B). These

results indicate that SKBr3-TR cells were sensitive to lapatinib but SKBr3-LR cells

were not sensitive to trastuzumab.
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Figure 3.8
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Figure 3.8 Response of lapatinib-resistant SKBr3 cells to lapatinib or trastuzumab.

Acquired lapatinib-resistant SKBr3 (SKBr-LR) cells were raised by continuous exposure to

lapatinib for more than 8 months. A, Predetermined number of cells were seeded in 96-well plate,

and cells were allowed to attach for 24 hours before starting lapatinib treatment at different

concentrations. Resazurin assay was applied to detect the cell viability after 5 days of treatment.

Fit curve was drawn from 3 independent experiments in triplicate. . B, Similarly, parental and

trastuzumab-resistant SKBr3 (SKBr3-TR) cells were seeded in 96-well plate. Cells were treated

with lapatinib at different doses for 5 days and resazurin assay was applied. C, Similarly, the cells

were seeded in 96-well plate and the cells were treated with trastuzumab at different doses for 5

days. Resazurin assay was applied. Bars indicate SEM.
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It was hypothesised that lapatinib resistance may induce nuclear HER3
translocation as seen in trastuzumab resistance. However, the detection of C-
terminus of HER3 (HER3100kp) and a loss of N-terminus of HER3 in the SKBr3-
TR cells was only observed in trastuzumab resistance since the SKBr3-LR cells
did not show nuclear enrichment of the C-terminus of HER3, nor a loss of nuclear
N-terminus of HER3 (Figure 3.9A). To confirm this result, nuclear extraction of
HER3 was assessed by immunoblotting and it was shown that the level of
HER3100kp in the nucleus was similar to that of SKBr3-LR cells (Figure 3.9B). This
result indicates that lapatinib did not influence nuclear HER3 localisation, and
enriched nuclear HER3100kp was observed only in trastuzumab resistant SKBr3

cells.
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Figure 3.9 C-terminus HER3i00kp in lapatinib resistant SKBr3 cells. A, The SKBr3 and
acquired lapatinib-resistant cells (Lapa-R) were seeded onto the coverslip in 24-well plates. The
cells were fixed and were subject to immunostaining for confocal microscopy. Nuclei were stained
with DAPI (blue). The parental cells were treated with vehicle (Dimethyl sulfoxide, 0.1%). B, Equal
amount of proteins from whole cell lysates (WL) (left 2 lanes) or nuclear extractions (Nuc) (right 2
lanes) of SKBr3 parental and acquired lapatinib-resistant SKBr3 (Lapa-R) cells were subject to
immunoblotting with HER3, GAPDH, Calnexin, Golgin, Na-K ATPase, and Histone H3. Scale bar
=10 um.
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To examine whether nuclear HER3 localisation is induced by short-term

trastuzumab treatment, the SKBr3 cells and BT474 cells were treated with

trastuzumab for 1 hour, 4 hours, and 24 hours. Altered nuclear HERS3 localisation

as seen in the SKBr3-TR cells was not observed at these time points. HER3

membrane localisation detected by N-terminus HER3 antibody was enriched in

both SKBr3 and BT474 cells. Taken together, trastuzumab induced HER3

nuclear localisation was only observed after long-term trastuzumab treatment

probably due to the selection of resistant cells by trastuzumab, and an increase

in nuclear HER3100kp localisation appeared to be associated only with the

phenomenon of trastuzumab resistance in the SKBr3 cells.
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Figure 4.3
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Figure 3.10 Nuclear HER3 localisation on short-term trastuzumab treatment. The SKBr3 and

BT474 cells were seeded onto the coverslip in 24-well plate and treated with trastuzumab at

indicated durations or human 1gG for 24 hours. The cells were fixed and were subject to

immunostaining with anti-HER3 antibodies (green) (raised against C-terminus and N-terminus).

Nuclei were stained with DAPI (blue). Scale bar =10 ¢ m
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3.2.5 Nuclear HER3100kp Was reduced by ADAM17 and y-secretase
inhibitor.

HER4 has been previously shown to undergo a two-step proteolytic cleavage

mediated by ADAM17 and y-secretase!!8. It was therefore hypothesised that the

enriched nuclear HER3 at 100kD which was derived from C-terminus in the

SKBr3-TR cells may be produced by proteolytic cleavage as seen in HER4. The

expression of cleaved ADAM17 was found to be upregulated in the SKBr3-TR

cells (Figure 3.11A). On the contrary, PEN2 expression, a component of y-

secretase complex, was decreased in the BT474-TR cells while it was maintained

in the SKBr3-TR cells (Figure 3.11A). An ADAML17 inhibitor and a y-secretase

inhibitor significantly reduced HER3iooko in the nucleus and both inhibitors

increased HER31sokp in the nucleus in the SKBr3-TR cells (Figure 3.11B, 3.12A,

B). These results indicate that the production of HER3100kp Was mediated by

ADAM17 and y-secretase in the SKBr3-TR cells since cleaved ADAM17 and

PEN2 expression was maintained in these cells. Nuclear HER3 translocation was

not observed in the BT474-TR cells, possibly due at least in part to the lower

expression of PEN2. Taken together, the results suggest that both ADAM17 and

y-secretase activity should be increased to induce HER31o0kp in the nucleus.
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Figure 3.11
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Figure 3.11 A reduction of nuclear HER310kp by the ADAM17 (A Disintegrin And
Metalloproteinase 17) inhibitor (ADAM17i) and the y-secretase inhibitor (GSi) in the
acquired trastuzumab-resistant SKBr3 (SKBr3-TR) cells. A, Equal amount of proteins from
SKBr3 parental and SKBr3-TR cells or BT474 parental and trastuzumab resistant BT474 (BT474-
TR) cells were subject to immunoblotting with ADAM17, presenilin enhancer 2 (PEN2), and actin.
B, Statistical analysis was performed by using semi-quantification of PEN2 and ADAM17
expression for SKBr3 parental, SKBr3-TR, BT474, and BT474-TR cells from 3 different
experiments. Bars indicate means + SEM. Paired t-test was used to detect the statistical
significance. C, Equal amount of proteins from whole cell lysates (left 3 lanes) or nuclear
extractions (right 3 lanes) of the SKBr3-TR cells treated with solvent (0.1% Dimethyl sulfoxide,
DMSO) for 24 hours, ADAM17i (10 uM of INCB4298 for 24 hours), or GSi (25uM of DAPT for 4

hours) in serum starved condition were subject to immunoblotting with HER3, GAPDH, Calnexin,

Golgin, Na-K ATPase, and Histone H3.
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Figure 3.12
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Figure 3.12 Semi-quantification of nuclear HER3 at 180kD and 100kD for SKBr3-TR cells
treated with vehicle (DMSO), ADAM17, or gamma-secretase inhibitor. HER3 expression at
180kD and 100kD from 3 independent experiments were semi-quantified and were normalised to
Histone H3. DMSO was used as a control. One-way ANOVA with Bonferroni correction was used

to detect the statistical significance from 3 repeated experiments. Bars show means with SEM.
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As shown previously, HERS in the nucleus detected by the C-terminus antibody

was increased in the SKBr3-TR cells (Figure 3.6A). To examine whether

ADAML17 inhibitor or y-secretase inhibitor could reduce nuclear HER3 as

visualised by immunofluorescence, SKBr3-TR cells were treated with these

inhibitors. Confocal microscopy images showed that the SKBr3-TR cells treated

with these inhibitors reduced nuclear HER3 detected by the C-terminus HER3

antibody (Figure 3.13). The enriched nuclear HER3 was decreased and this

corresponded with a decrease of HER31o00kp in the nucleus as seen in western

blotting (Figure 3.11B). These results suggest that HER3 detected in the nucleus

by the C-terminus antibody was derived from HER3100kp, and both ADAM17 and

y-secretase were necessary to mediate HER3io00kp cleavage and nuclear

translocation.
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Figure 3.13
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Figure 3.13 Reduction in nuclear HER3 by ADAM17 and y-secretase inhibitor. The
trastuzumab resistant SKBr3 (SKBr3-TR) cells were seeded onto the coverslip and the cells were
allowed to attach in full serum media. The media were washed out and replaced with serum
starved media. Then the cells were treated with DMSO, ADAM17i, or GSi as shown in figure 3.12.
The cells were fixed and immunostained by the HER3 antibody raised against C-terminus (green).
The nuclei were stained with DAPI (blue). The images were visualised by confocal microscope.

Scale bar =10 um
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Two-step proteolytic cleavage of HER4 has been reported to begin within 10-15
minutes of HRG binding to HER4'8. The next experiment tested whether
exogenous heregulin stimulation had an effect on HER3 cleavage. Heregulin
stimulation for 10 minutes induced HER3isokp translocation into the nucleus
(Figure 3.14A, B), while nuclear HER3100kp remained similar on heregulin
stimulation (Figure 3.14A). These observations indicate that HER3 could undergo

proteolytic cleavage independently of exogenous heregulin stimulation.
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Figure 3.14
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Figure 3.14 An increase of nuclear HER31gkp but not HER3i00kp by heregulin (HRG)

stimulation. A, The SKBr3 cells were serum-starved overnight and treated with 100 ng/mL of

heregulin (HRG) or saline for 10min. Equal amount of proteins from whole cell lysates (left 2

lanes) or nuclear extractions (right 2 lanes) of the SKBr3 cells treated with or without HRG were

subject to immunoblotting for HER3, GAPDH, Calnexin, Golgin, Na-K ATPase, and Histone H3.

B, Semi-quantification of nuclear HER3 at 180kD relative to histone for the SKBr3 cells treated

with HRG or saline. Paired t-test was used to test statistical significance from 3 repeated

experiments. Bars show means with SEM.
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3.2.6 HERS3 is important for HER2-positive breast cancer cell
survival and modification of HER3 subcellular localisation affects
trastuzumab response in the resistant cells.

It is suggested that HER3 is important for cell survival in HER2-positive cell
lines®>>%6, Therefore, HER3 knockdown was assessed in the SKBr3-TR cells.
HER3 knockdown significantly reduced the number of colonies in the SKBr3-TR
cells and BT474-TR cells with or without trastuzumab treatment (p < 0.001)
(Figure 3.15A, 3.16A), suggesting that HERS3 is crucial for proliferation for these
HERZ2-overexpressing cells. However, continuous trastuzumab did not add to
effects of HER3 knockdown in SKBr3-TR cells (Figure 3.15A). Since HER3
knockdown reduced colony formation by more than 80% (Figure 3.15A), there
was a possibility that any effect of trastuzumab on response to HER3 knockdown
was not observed in the SKBr3-TR and BT474-TR cells due to the loss of huge

numbers of cells.

Anti-HER3 monoclonal antibody SGP1 blocks HRG binding and has
an effect on dose-dependent growth inhibition with trastuzumab in HER2-positive
cell lines'*. SGP1 did not inhibit colony formation without trastuzumab in the
SKBr3-TR cells, but inhibition of colony formation was observed when the cells

were co-treated with trastuzumab (p < 0.01) (Figure 3.15B). Similar observation
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was found in the BT474-TR cells (Figure 3.16B). SGP1 did not alter the

subcellular localisation of HER3 (Figure 3.15C), hence effects of trastuzumab

inhibition with SGP1 could be due to different causes, including its effect on

NRGL1 binding in these cells. These results indicate that HER3 is important for

cell survival in the SKBr3-TR cells and blocking HER3 by the monoclonal

antibody with trastuzumab affects cell viability in the SKBr3-TR and BT474-TR

cells.
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Figure 3.15
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Figure 3.15 Effect of HER3 knockdown and anti-HER3 monoclonal antibody for survival of
acquired trastuzumab-resistant SKBr3 (SKBr3-TR) cells. A, The SKBr3-TR cells were
transfected with non-silencing siRNA or siRNA against HER3. After 48 hours of transfection,
predetermined number of cells were seeded in 6-well plate and treated with trastuzumab or
human 1gG (40 pg/mL) for 14 days. The relative colony number to 1gG treated SKBr3-TR cells
with non-silencing siRNA was calculated. Two-way ANOVA with Bonferroni correction was used
to detect the statistical significance of 3 independent experiments in triplicate. B, Similarly,
predetermined number of cells were seeded in 6-well plate. The SKBr3-TR cells were treated with
an anti-HER3 antibody (SGP1) or mouse IgG at 1 pg/mL with trastuzumab or human 1gG (40
pa/mL) for 14 days. The relative colony number was normalised to trastuzumab withdrawn + 1gG
treated cells. Two-way ANOVA with Bonferroni correction was used. Bars show means with SEM.
C, The SKBr3-TR cells were treated with SGP1 or mouse IgG together with trastuzumab (40
pa/mL) for 24 hours. The cells were immunostained with HER3 antibody (green) (raised against
C-terminus) and nuclei were stained with DAPI (blue) to be visualised with confocal microscope.
Scale bar =10 um
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Figure 3.16
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Figure 3.16 Effect of HER3 monoclonal antibody on sensitivity to trastuzumab in the
acquired trastuzumab resistant BT474 (BT474-TR) cells. A, Predetermined number of BT474
cells were seeded in 6-well plate and were left for 1 day without trastuzumab. Cells were
transfected with non-silencing siRNA or siRNA against HER3. After 48h, predetermined number
of the cells were seeded in 6-well plate and were treated with 1gG or trastuzumab (40 pg/mL) for
14 days. Colonies were counted and normalised to control (non-silencing siRNA + 1gG). Each
experiment had 3 replicates and was repeated 3 times. Bars show means with SEM. Two-way
ANOVA with Bonferroni correction was used to detect the statistical significance. B,
Predetermined number of cells were seeded in 6 well plate and treated with 1gG (control), anti-
HER3 monoclonal antibody (1 pg/mL), with or without trastuzumab (40 uyg/mL) for 14 days.
Colonies were counted and normalised to control. Each experiment had 3 replicates and was
repeated 3 times. Two-way ANOVA with Bonferroni correction was used to detect the statistical

significance. Bars show means with SEM.
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An ADAML17 inhibitor (INCB4298, 10uM) and a y-secretase inhibitor (DAPT,

25uM) were shown to decrease nuclear HER3 (Figure 3.11B, 3.13) and, thus

these inhibitors were assessed to determine if they could recover the sensitivity

to trastuzumab in the resistant cells. INCB4298 at this concentration reduced

colony with or without continuous trastuzumab treatment (p < 0.0001, and p <

0.001, respectively) (Figure 3.17). When trastuzumab was withdrawn, the y-

secretase inhibitor did not inhibit colony formation, while the inhibitor with

continuous trastuzumab treatment significantly decreased colony in the SKBr3-

TR cells (p < 0.01) (Figure 3.17). However, the reduction in colony formation was

only 30% with y-secretase inhibitor with trastuzumab treatment, compared with

trastuzumab alone.
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Figure 3.17
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Figure 3.17 Effect of y-secretase inhibitor (GSi) and ADAM17 inhibitor (ADAML17i) with
trastuzumab in the trastuzumab resistant SKBr3 (SKBr3-TR) cells. Predetermined number
of cells were seeded in 6-well plate. Trastuzumab was withdrawn 24 hours before starting
treatment. The SKBr3-TR cells were treated with vehicle (dimethyl sulfoxide, DMSO), ADAM17
inhibitor (INCB4298, 10 uM), or y-secretase inhibitor (DAPT, 25 pM) with human IgG or
trastuzumab (40 pg/mL) for 14 days. The relative colony number was normalised to DMSO and
human IgG treated cells (vehicle only). Two-way ANOVA with Bonferroni correction was used to

test statistical significance of 3 independent experiments in triplicate. Bars show means with SEM.
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3.3 Discussion

3.3.1 Trastuzumab induces HER3100kp and allows HER3 to
translocate into the nucleus.

This is the first study that has studied HER3 subcellular localisation in relation to
trastuzumab treatment and resistance. The first observation was that HER3
detected by an antibody raised against its N-terminus was detected less intensely
in the nucleus when SKBr3 cells became resistant to trastuzumab. This
observation was not seen in the BT474 cells or other breast cancer cells that
acquired resistance to trastuzumab. Since several resistant mechanisms have
been identified?4+26.28-3032 " these cells may use different routes to acquire
resistance to trastuzumab. This study was initiated based on the hypothesis that
trastuzumab may affect HER3 due to the close relationship between HER2 and
HER3, and thus the focus was on HER3. However, unbiased screening methods
including whole genome DNA sequencing or protein array may be able to identify
alternative routes for trastuzumab resistance if time and cost had permitted.
Short-term trastuzumab treatment (up to 24 hours) did not induce HER3 nuclear
localisation. Furthermore, the lapatinib-resistant SKBr3 cells did not show the
pattern of HER3 subcellular localisation as seen in trastuzumab resistance.

These observations suggest that HER3 nuclear localisation may be observed
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only in selected trastuzumab resistant cells since only SKBr3 cells were found to

have nuclear HER3 translocation in the initial panel of cell lines examined.

A few published reports have suggested that HER3 has several fragments
as shown in western blot, and HER3100kp band is detectable in some figures from
these publications (Figure 1B, Adilakshmi et al., Figure 2B, Andrique et al.),
although there have been no investigations of the mechanism and the origin of
HERS3100kp1%%132, Both HER3100kp and HER31soko could be immunoprecipitated
and detected using 2 different antibodies. Furthermore, knockdown of HERS3 led
to a decrease of HER31o00kp in 2 different cell lines. These data support the
specificity of the antibody for HER3100kp, and if time had permitted, it would have
been useful to perform the HER3 knockdown experiment with nuclear extraction
to test antibody specificity. It was hypothesised that HER3100kp could be a result
of HER3 proteolytic cleavage by proteases and may be induced by trastuzumab
treatment. Previously, other investigators had tested whether HER3 undergoes
proteolytic cleavage by proteases in H358 human lung cancer cells by using
ADAM17 inhibitor (TAPI2) but the cleavage was not identified3?. Similarly,

several protease inhibitors were tested in Schwann cells for HER3 cleavage but
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failed to identify cleaved products'??. It is possible that HER3 cleavage may occur
only in particular cell lines or at certain circumstances since it is not frequently
observed. In this project, 2 inhibitors against y-secretase and ADAM17 were used

and they decreased the detection of nuclear HER3100kp in the SKBr3-TR cells.

3.3.2 Nuclear HER3 is reduced by ADAM17 and y-secretase
inhibitor

It has been reported from our laboratory that ADAM17 is upregulated by short-
term trastuzumab treatment to maintain phosphorylation of HER receptors by
increasing ligand availability®?. Here, ADAM17 and PEN2, a surrogate marker of
y-secretase activity'®6167  remained increased after long-term trastuzumab
treatment in the SKBr3 cells. It is possible that ADAM17 and PEN2 could induce
HER3100kp and enable HER3 translocation into the nucleus during trastuzumab
treatment, and the surviving cells were enriched with nuclear HER3 during
trastuzumab resistance. The upregulation of ADAM17 was also observed in the
BT474-TR cells but PEN2 level was decreased. Since ADAM17 sheds the
ectodomain and the y-secretase complex activity can be higher when the length

of extracellular domain is shorter'®2161 both ADAM17 and y-secretase should be
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upregulated to induce truncated HER3i00ko as seen in the SKBr3-TR cells.
Therefore, the lack of PEN2 upregulation may have contributed to a lack of
increase in nuclear HER3 in BT474-TR cells. This could be tested by inducing
PEN2 expression in the BT474-TR cells and it would be interesting to see if PEN2
activation could induce nuclear HER3 in the BT474-TR cells. HER4 undergoes
proteolytic cleavage upon HRG stimulation!8, The reason why HRG induces
HER4 cleavage is unclear. One possible explanation is that HRG may promote
HER4 and ADAM17 co-localisation'®?. However, instead of promoting HER3100kp
nuclear translocation upon HRG stimulation, HRG induced full-length HER31s0kp
in the nucleus, probably as a result of the internalisation of whole receptor since
ligand stimulation is known to activate internalisation of membrane

receptors®>152.188,

3.3.3 Limitations of the study

There are several limitations of this study. It would be better to have had more

cell line models with HER3 nuclear localisation in addition to SKBr3 cell line to

investigate the mechanisms of HER3 cleavage. HER3 cleavage site could also
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be identified by using mass spectrometry. It would be interesting if mutated HER3
cleavage site could inhibit nuclear HER31o00kp in the SKBr3-TR cells. Afterwards,
it would be a further test of the phenotype conferred by HER3 cleavage if
HER3100kp could be introduced into the sensitive cell lines to see whether it
confers resistance in the trastuzumab sensitive cells. Furthermore, the target(s)
of HER3100kp in the nucleus is unclear although HER3 has been reported to
interact with cyclin D1 in the nucleus®®?. As a future direction, ChlP-sequence
could be suggested for this purpose, using the antibody to the carboxyl-terminus
of HER3. Treatment of SKBr3-TR cells with ADAM17 inhibitor or y-secretase
inhibitor was not sufficient to recover trastuzumab sensitivity since only 20-30 %
of growth inhibition was observed (Figure 3.17). In addition, it would be interesting
to investigate a specific compound that inhibits nuclear localisation of HER3 or
assessing cell cycle inhibitor to inhibit the upregulation of cyclin D1 due to HER3

interaction in the nucleus.
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CHAPTER 4.

ASSESSING THE PREDICTIVE AND PROGNOSTIC
VALUES OF NUCLEAR HER3 IN RELATION TO
TRASTUZUMAB TREATMENT AND CLINICAL

OUTCOMES

4.1 Introduction

In chapter 3, nuclear HER3 was observed in the trastuzumab resistant SKBr3
cells and was shown to be induced by ADAM17 and y-secretase. These results
indicate that nuclear HER3 could be a biomarker for trastuzumab resistance in
HER2-positive breast cancer. It has been identified that nuclear HER3 can be
detected by both N-terminus and C-terminus anti-HER3 antibody on human
tissue samples’»14, However, it is unclear whether nuclear HER3 could be a
biomarker. As discussed, HER3 is often co-expressed with HER2, and HER3 is
important for HER2-positive breast cancer®. In this chapter, nuclear HER3 was
assessed by IHC in cell pellets as well as tumour samples from xenograft models

and HER2-positive breast cancer patients. The prognostic and predictive values
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of HERS3 expression in relation to trastuzumab treatment and patients’ outcome

were further assessed in different cohorts of patients.

4.2 Results

4.2.1 Nuclear HERS3 is associated with trastuzumab resistance in
HER2-positive breast cancer cell lines

To examine if the existence of HER3 in the nucleus is related to innate

trastuzumab  resistance, a method was developed for HERS3

immunohistochemical staining, and was applied to a panel of HER2-positive

breast cancer cells. The formalin-fixed cell pellets of these HER2-positive cell

lines (n = 18) were provided from the collaborators at UCLA with the exception of

SKBr3 and SKBr3-TR cells which were prepared in Oxford as described in

Materials and Methods. Initial titration of the carboxyl-terminal anti-HER3

antibody (ab34641) was performed using the SKBr3 cell line transfected with non-

silencing siRNA or siRNA against HER3 (Figure 4.1A). As observed in the

confocal microscopy images, HER3 was found mainly in the cytoplasm in the

SKBr3 and BT474 cell lines (Figure 4.1B). HER3 in the nucleus was observed in

the SKBr3-TR cells (Figure 4.1B), corresponding to the distribution seen by
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immunofluorescence (Figure 3.6A). HER3 nuclear staining was assessed as per
protocol described in the Methods section. Trastuzumab sensitivity was
determined according to the previous publication from the collaborator'®. Of the
18 HER2-positive breast cancer cell lines, 2 cell lines (UACC732 and SKBr3-TR
cells) possessed nuclear HER3 among trastuzumab resistant cells (n = 12), while
none of trastuzumab sensitive cells was found to have nuclear HER3 (n = 6) (chi-

square test, p = 0.29) (Table 4.1).
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Figure 3.18
A

SKBr3 (non-silencing siRNA) SKBr3 (HER3 knockdown)

Figure 4.1 Representative pictures of HER3 immunohistochemistry (IHC). A, The SKBr3
cells transfected with non-silencing siRNA and siRNA against HER3 were subject to
immunohistochemistry (IHC) with HER3 antibody raised against its C-terminus. B, Representative
pictures of HER3 immunohistochemistry for the SKBr3, BT474, acquired trastuzumab-resistant
SKBr3 (SKBr3-TR) cells, and UACC732 cells (x40).
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Table 4.1 Nuclear HER3 in a panel of HER2-positive breast cancer cell lines.

Cell line Nuclear HER3  Trastuzumab sensitivity
SKBr3-TR + R
UACC732 +
MDA-MB-361 -
SUM190 -
SUM225 -
HCC1954 =
HCC1419 -
JIMTT -
HCC202 -
HCC1569 =
MDA-MB-453 -
UACC893 =
UACC 812 -
ZR175-30 =
SKBr3 -
EFMA192A =
HCC2218 -
BT474 -

W wwwouwow o0 OOV OUTODT O AODODO

Note: All the samples were non-trastuzumab treated samples except for acquired
trastuzumab resistant SKBr3 cells (SKBr3-TR). These samples were fixed in formalin
and were subject to immunohistochemistry. Chi-square test was used to assess nuclear
HERS3 in the trastuzumab sensitive and resistant cells.
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4.2.2 Nuclear HER3 was associated with trastuzumab resistance in
xenograft studies.

To investigate whether nuclear HER3 is associated with trastuzumab resistance

in xenograft samples, 11 cell lines were inoculated into athymic mice and were

treated with trastuzumab for 7 weeks and tumours were taken for IHC (These

experiments were done by Dr. Neil O'Brien, ULCA). There were 2 xenografts from

each cell line (sample A and B). The samples were provided from the

collaborators at UCLA. Representative images are shown in Figure 4.2. As seen

in cell pellets, HER3 was mainly observed in the cytoplasm. Nuclear HER3 was

found in 2 of 6 trastuzumab resistant tumour samples, while none was found in

16 sensitive tumour samples (chi-square test, p = 0.015) (Table 4.2). Some

tumours were resistant in vitro but showed response to trastuzumab in animal

models (for example, BT474-TR), presumably due to ADCC activity. The

HCC1569 cells were innately trastuzumab-resistant, but did not have detectable

nuclear HER3 by IHC in the cell pellet sample. However, nuclear HER3 was

clearly identified in the xenograft samples. A possible explanation for this is that

nuclear HER3 in the HCC1569 cells could be due to trastuzumab-induced nuclear

localisation. Since the antibody used for HER3 staining detects C-terminus of
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HERS3 but it is not specific to HER3100kp, these results imply that nuclear HER3,

either cleaved or non-cleaved, could be related to trastuzumab resistance.
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Figure 4.2

UACCS812 HCC1569

Figure 4.2 Nuclear HER3 in trastuzumab-resistant tumours in mice. Mice harbouring
xenografts generated from human breast cancer cells were treated with trastuzumab at 10mg/kg
intraperitoneally twice a week for 7 weeks. Responders were defined as no tumour growth or
observed tumour decrease in size after trastuzumab treatment. Non-responders were all others.
Representative pictures of HER3 staining in breast tumours (BT474, MDA-MB-361, UACC812,
HCC1569) are shown (x40).
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Table 4.2 Nuclear HER3 in HER2-positive tumours in mice and trastuzumab
sensitivity.

Xenograft Nuclear HER3 Trastuzumab sensitivity
HCC1569 A +
HCC1569 B +

SUM190-TR A =
SUM190-TR B -

JIMT1 A -

JIMT1 B -
BT474-TR A =
BT474-TR B -

BT474 A -

BT474 B -
HCC1954 A =
HCC1954 B -

MDA-MB-361A -
MDA-MB-361B -

EFM192A A =
EFM192A B -
SUM190 A -
SUM190 B -
SUM225 A =
SUM225 B =
UACC812 A -
UACC812 B -

Note: TR means trastuzumab resistance. The cells were inoculated in athymic mice and treated

DDLU LULLDODOOLOOOOULDhowwowUIODIOIOVIODO

with trastuzumab intraperitoneally for 7 weeks. All the samples were duplicated (A, B). Tumour
response were defined as stated in the method section. Mice were sacrificed and tumour samples
were collected for immunohistochemistry. The chi-square test was used to evaluate nuclear HER3

and trastuzumab sensitivity.
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4.2.3 Nuclear HER3 is induced by trastuzumab and docetaxel
treatment

To test the hypothesis that the nuclear HER3 in innate and acquired trastuzumab-
resistant tumours could be a key factor for trastuzumab response, pairs of human
tissue samples (n = 5) of pre- and post-trastuzumab monotherapy (8 mg/kg, q3w)
in the neoadjuvant setting provided by Dr. Daniele Generali (Institute Ospitalieri
di Cremona, Italy) were assessed. Briefly, patients with HER2-positive invasive
breast cancer were eligible for this prospective window of opportunity
trastuzumab trial in Italy. Patients underwent tumour size evaluation by caliper
measurement and tumour biopsy before and after one dose of trastuzumab
monotherapy, followed by 4 cycles of trastuzumab (6 mg/kg, g3w) and docetaxel
(100 mg/m?, g3w). Finally, definitive surgery was performed after measuring
tumour response by caliper measurement (Figure 4.3A). Representative pictures

of HER3 staining of human breast cancer are shown in Figure 4.3B.

Twelve patient samples were available and 5 of these were pre- and post-
trastuzumab samples. Post trastuzumab monotherapy samples were not
available for other 7 samples because re-biopsy was declined by these patients.

Tumour response and nuclear HER3 at baseline, after 1 cycle of trastuzumab
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treatment, and after 4 cycles of docetaxel and trastuzumab treatment were

summarised in Table 4.3. Nuclear HER3 (any positivity) was found in 5 patients

at baseline and 7 patients at the end of trastuzumab and docetaxel therapy

(41.7% vs. 58.3%, chi-square test; p = 0.41) (Table 4.3). There was no statistical

difference in nuclear HER3 between the baseline and 1 cycle of trastuzumab, but

nuclear HER3 was increased after 4 cycles of trastuzumab and docetaxel

treatment (p < 0.05) (Figure 4.4A, B). Cytoplasmic HER3 was similar between

base line and after 1 cycle of trastuzumab treatment or 4 cycles of trastuzumab

and docetaxel treatment (Figure 4.4C, D). Nuclear HER3 at baseline was not

correlated with tumour response (% of tumour size change) after a single dose of

trastuzumab treatment (n = 12) (r =-0.28, p = 0.38) (Figure 4.5A), or after 4 cycles

of docetaxel and trastuzumab treatment (n = 10) (r = 0.28, p = 0.44) (Figure 4.5B).

For the 5 paired samples, an increase of nuclear HER3 was observed in 1

patient, while a decrease of nuclear HER3 was found in 1 patient (Table 4.3).

Although nuclear HER3 at baseline was not associated with tumour response

(Figure 4.5A, B), more tumours had nuclear HER3 after trastuzumab and

docetaxel therapy (Table 4.3, Figure 4.4B). These results indicate that

-97 -



Chapter4. Assessing the predictive and prognostic values of nuclear HER3 in relation to trastuzumab treatment
and clinical outcomes

trastuzumab could induce nuclear HER3 or the tumour cells which possess

nuclear HER3 could be enriched after surviving trastuzumab and docetaxel

treatment. Although macroscopic residual tumours were removed by surgery in

these patients, it is possible that some of microscopic invisible residual cancer

cells with nuclear HER3 could survive and contribute to eventual tumour relapse.

Therefore, it would be interesting to assess nuclear HERS in patients with HER2-

positive breast cancer who received trastuzumab as an adjuvant treatment.
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Figure 4.3
A trastuzumab Trastuzumab (6mg/kg)
monotherapy + docetaxel (100mg/m2) >
q3 wks x 4 |-
8mg/kg q3wks x1 GJ
S
-
n
Biopsy Biopsy Tumour size evaluation

Tumour size evaluation Tumour size evaluation

negative HER3 staining strong cytoplasmic stainig
negative nuclear staining

Figure 4.3 A prospective biomarker study of response to trastuzumab in neoadjuvant
treatment for HER2-positive, early breast cancer patients. A, Schematic diagram of a
prospective biomarker trial to evaluate trastuzumab efficacy in the neoadjuvant setting for HER2-
positive breast cancer patients. B, Representative pictures of negative (left upper), weak
cytoplasmic and nuclear (left lower), strong cytoplasmic and negative nuclear (right upper), and
intermediate cytoplasmic and nuclear staining of HER3.
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Figure 4.4
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Figure 4.4 Nuclear and cytoplasmic HER3 at baseline, after 1 cycle of trastuzumab
treatment, and after 4 cycles of trastuzumab and docetaxel treatment. Nuclear HER3 at
baseline and after 1 cycle of trastuzumab treatment (A) (n = 5) or after 4 cycles of trastuzumab
and docetaxel treatment (B) (n = 12) were assessed by immunoreactive scoring system (IRS).
The median IRS value was compared by Wilcoxon paired test. Similarly, cytoplasmic HER3 was
assessed at base line and after 1 cycle of trastuzumab treatment (n = 5) (C) or after 4 cycle of

trastuzumab and docetaxel treatment (n = 12) (D). Bars indicate medians with ranges.
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Figure 4.5
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Figure 4.5 Nuclear HER3 at baseline and tumour response after 1 cycle of trastuzumab
treatment and after 4 cycle of trastuzumab and docetaxel treatment. A, Nuclear HER3 at
base line was plotted against % of tumour size change (tumour size after 1 cycle of
trastuzumab/baseline x100) (n = 12). B. Nuclear HER3 at base line was plotted against % of
tumour size change (tumour size after 4 cycle of trastuzumab + docetaxel/baseline x100) (n = 10).
Nuclear HER3 scoring was based on immunoreactive scoring system and the correlation was

calculated by the Pearson correlation test.
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Table 4.3 Tumour response and nuclear HER3 score at baseline, and after
1 cycle of trastuzumab monotherapy, and 4 cycles of trastuzumab and
docetaxel combination therapy.

Nuclear HER3 scoring % of tumour size change

After

After 1cycle of After 1cycle After trastuzumab

Case Baseline trastuzumab +

trastuzumab of trastuzumab + docetaxel
docetaxel

1 0 0 0 140 0
2 0 2 0 112.5 37.5
3 0 0 0 50 0
4 1 0 2 100 14
5 0 0 4 66.7 0
6 0 NA 0 84.4 NA
7 3 NA 3 74.3 28.6
8 2 NA 2 50 25
9 0 NA 0 60 NA
10 1 NA 2 137.5 0
11 0 NA 1 70 52.3
12 3 NA 3 50 33.3

Nuclear HER3 was evaluated by immunohistochemistry at baseline (before treatment), after 1

cycle of trastuzumab treatment, and post chemotherapy (4 cycles of trastuzumab + docetaxel).

Nuclear HER3 staining was semi-quantified by immunoreactive scoring. Tumour response was

evaluated at these time points by caliper measurement, and is expressed as % of tumour size

change calculated by tumour size of post-treatment/pre-treatment x 100 (%). NA, not applicable

due to non-availability of tumour samples as re-biopsy was declined by patients or response was

not available.
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4.2.4 Nuclear HER3 is a poor prognostic marker for HER2-positive
breast cancer patients.

To examine the hypothesis that nuclear HER3 as assessed by IHC staining
(regardless of cleaved or non-cleaved), could be a biomarker of trastuzumab
treatment, HER3 immunostaining was performed for 2 other different datasets:
The first data set consists of 949 breast cancer samples from the Breast Cancer
Campaign including 122 HER2-positive samples (the survival data from HER2-
negative patients have not been provided by the Breast Cancer Campaign
despite recent request but may become available in the future). The samples
were surgically removed early breast tumours which were retrospectively
collected at different centres. This cohort did not receive adjuvant trastuzumab
treatment. The second data set consists of 173 HER2-positive breast cancer
patients from the FinHER trial, which was to assess the efficacy of trastuzumab
in the adjuvant setting for HER2-positive breast cancer patients, and to compare
docetaxel and vinorelbine for HER2-positive and HER2-negative patients'®. In
all datasets, patients were dichotomized according to the median nuclear HER3
and the median cytoplasmic expression of the FInHER samples (IRS 2 < vs. IRS

> 2 and IRS 6 < vs. IRS > 6, respectively).
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Of 935 breast cancer samples, nuclear HER3 (IRS >2) was more frequently

observed in the HER2-positive subtype compared to other subtypes (8.2% vs.

1.4%, chi-square test; p < 0.0001) (Table 4.4). High cytoplasmic HER3 (IRS > 6)

was also more frequently observed in the HER2-positive subtype than other

subtypes (50.8% vs. 30.3%, chi-square test; p < 0.0001), confirming that HER3

is frequently co-expressed with HER2 (Table 4.4).

Of the 122 HER2-positive tumours, patients were dichotomized as stated

above. Nuclear HER3 was identified in 10 samples (IRS > 2). The median follow-

up period of this cohort was 21.0 years, and characteristics of the patients were

summarised in Table 4.5. None of the patients received trastuzumab as an

adjuvant therapy since these patients received breast surgery from 1987 to 1998,

i.e. in the pre-trastuzumab era.
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Table 4.4 Number of tumours positive for nuclear HER3 and cytoplasmic
HER3 in HER2-positive and HER2-negative breast cancer.

Nuclear HER3 (n = 935)  Cytoplasmic HER3 (n = 935)

Positive Negative Positive Negative
HER2-negative 12 801 246 h67
HER2-positive 10 112 62 60
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Table 4.5 Characteristics of the patients in the retrospectively collected

samples.

'

160

IFR ::

Histological type
158

Histological grade
lor2

—
o

wn
w

116
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Negative 95

Negative

umour size (pT)
€20 mm 58
>20 mm 114

—

Nodal status (pN)

-
oq
=
[
=
~

28

—
=
wl

pN+
Age at randomization

Tumour nuclear HER3 expression

<Median n (%)

101 (63)
8(62)

102 (65)
7(47)

33(62)
74 (64)
58 (61)

51 (65)

74 (63)
35(38)

35 (60)

73 (64)

22(79)
87 (60)

>Mediann (

59 (37)
5(38)

56 (35)
8(53)

20 (38)
42 (36)
37 (39)

27 (35)

43(37)
21(63)

23 (40)

4136)

6(21)
58 (40)

Median 50.6 yrs (range25-66)

Tumour diameter (mm) Median 24.5 mm (range 6-100)

P (chi squared)
%)

0.909

0.170

0.848

0.557

0.924

0.636

0.062
0.200*
0.947*

* Mann-Whitney test

Note: These are the 122 HER2-positive cases from the Breast Cancer Campaign tissue set.
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Nuclear HER3 was not associated with progression-free survival (p = 0.26) or

overall survival (p = 0.31) in the non-trastuzumab treated, HER2-positive patient

cohort (Figure 4.6A, B). The distant metastasis-free survival was also assessed

for the nuclear HER3-positive group and nuclear HER3-negative group, but the

survival was similar [hazard ratio (HR); 0.50, 95% confidence interval (95% C.1.)

0.16-1.60, Log rank test; p = 0.24]. Due to the low frequency of nuclear HER3-

positive patients, this study was underpowered and was not appropriate for

further subset analysis. Cytoplasmic HER3 was also assessed but it was not

associated with progression-free survival (p = 0.36) or overall survival (p = 0.41)

(Figure 4.7A, B). Univariate and multivariate analyses for known prognostic

factors were summarised in Table 4.6. Only the lymph node status was

associated with poor overall survival [hazard ratio (HR); 2.284, 95% confidence

interval (C.l.); 1.401-3.723, p = 0.001] among the known prognostic factors, and

it was an independent prognostic factor (HR; 2.56, 95% C.I.; 1.508-4.347, p =

0.001). Neither nuclear HER3 nor cytoplasmic HER3 was associated with survival

in multivariate analyses (Table 4.6).
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Figure 4.6
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Figure 4.6 Progression-free survival and overall survival according to nuclear HER3 in
HER2-positive, trastuzumab non-treated patients. A, Progression-free survival analysis of the
122 HER2-positive breast cancer patients in retrospectively collected samples based on nuclear
HER3. HR; hazard ratio, 95% CI; confidence interval. B, Overall survival analysis of the 122
patients based on nuclear HER3.
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Figure 4.7
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Figure 4.7 Progression-free survival and overall survival according to cytoplasmic HER3
in HER2-positive, trastuzumab non-treated patients. A, Progression-free survival analysis of
the 122 HER2-positive breast cancer patients in retrospectively collected samples based on
cytoplasmic HER3. HR; hazard ratio, 95% CI; confidence interval. B, Overall survival analysis of

the 122 patients based on cytoplasmic HERS.
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Table 4.6 Cox univariate and multivariate analyses for progression-free
survival including known prognostic factors.

Variables Univariate analysis Multivariate analyis

HR 95% C.I. P value HR 95%C.l. P value
Estrogen
(positive vs. negative) 1143 0.719-1.819 0571 0951  0534-1691 0863
Progesteron
(positive vs. negative) 1179 0.734-1.8%4 0.495 1137 06242070 0676
Lymphnode metastases
(positive vs. negative) 2284 1401-3.723 0.001 256 15084.347  0.001
Tumour grade (3vs. 1,2) 0812 0.436-1.51 0.52 0717 037211382 032
Cytoplasmic HER3
(high vs . low) 1.158 0.729-1.839 0535 1284 07752127 0332
Nuclear HER3
(high vs. low) 0.641 0.257-1.597 0.339 0.62 02481553 0308

Estrogen = oestrogen receptor, progesterone = progesterone receptor. This is the 122 HER2-

positive tumours from the collection of 935 tumours from the Breast Cancer Campaign.
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In the 173 FinHER trial tumour samples from HER2-positive breast cancer

patients, nuclear HER3 (IRS > 2) was found in 37% of patients (n = 64). The

patients were dichotomised according to nuclear HER3 (IRS > 2 versus IRS < 2).

The characteristics of the patients were summarised and the known prognostic

factors were well balanced in each arm (Table 4.7). The ER and PgR positivity

and nodal status were similar in each arm.

Nuclear HER3 was significantly associated with poor progression-free

survival (p = 0.047) and overall survival [HR; 3.78, 95%C.Il.; 1.67-8.46, p =

0.0006] in the overall cohort (Figure 4.8B). In contrast, cytoplasmic HER3 (>

median = 6) was significantly related with better overall survival (HR; 0.30, 95%

Cl; 0.11-0.81, p = 0.012) (Figure 4.8A). Interestingly, the expression of HER3 in

cytoplasm was inversely correlated with nuclear expression (Pearson correlation

test, R = -0.437, 95%ClI; -0.551 to -0.307, p < 0.0001).
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Table 4.7 Characteristics of the patients in the FinHER trial.

Tumour nuclear HER3 expression P (chi squared)
<Median n (%) >Mediann (%)

RN 160 101(63) 59 (37)

13 8(62) 5(38) 0.909
158 102(65) 56 (35)
A 15 7@ s(s3) 0470
53 33(62) 20(38)
e 14(64) 42 (36) 0.848
Y

R

9% 5861 37 (39)
R 51 (65) 27 (35) 0.557
17 74(63) 43 (37)

[ Posive 3 35 (38) 21(63) 0.924
B 55 360 2340)

114 73(64) 41 (36) 0.636
| Na 0 B

T 28 22(79) 6 (21)

145  87(60) 58 (40) 0.062
Median 50.6 yrs (range25-66) 0.200*
Median 24.5 mm (range 6-100) 0.947*

* Mann-Whitney test

Note: N.A. means not assessed, PS means performance status
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Figure 4.8
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Figure 4.8 Overall survival in HER2-positive breast cancer patients according to
cytoplasmic and nuclear HERS3. A, Overall survival analysis of 173 HER2-positive breast cancer
patients in the prospective FInHER study based on cytoplasmic HER3. HR; hazard ratio, 95% ClI;

confidence interval. B, Overall survival analysis of the 173 patients based on nuclear HER3.
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The primary endpoint of this trial was progression-free survival and 150 events
(tumour relapse) were necessary for the final analysis. Death was not required
for the analysis of this randomised trial'®°. At the time of writing, 26 events (death)
had occurred but the number was not sufficient to perform multivariate analyses
including all potential factors. Therefore, only the 3 strongest factors in the
univariate analyses were tested for multivariate analyses. Multivariate analyses
identified that nuclear HER3 was an independent prognostic factor for HER2-

positive patients (HR; 4.37, 95%CI; 1.88-10.2, p = 0.0006) (Table 4.8).
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Table 4.8 Cox multivariate analysis for overall survival.

T
00001 1141 (1087-1.1%)

Oestrogen receptor expression

0.0006 4.367 (1.880-10.145)

(> median vs. <median, 2)
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In the subset analyses, nuclear HER3 was correlated with poor overall survival in

the patients assigned to both docetaxel and vinorelbine chemotherapy (p = 0.039

and p = 0.001, respectively) (Figure 4.9A, B). Furthermore, nuclear HER3 was

associated with poor overall survival for the patients assigned to 9 weeks of

trastuzumab treatment as well as the patients without trastuzumab treatment (p

=0.021 and p =0.016, respectively) (Figure 4.10A, B). These results showed that

nuclear HER3 is a poor prognostic factor for HER2-positive breast cancer

patients, and trastuzumab may not be able to influence clinical outcomes for

these patients with nuclear HER3 (IRS > 2).
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Figure 4.9
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Figure 4.9 Overall survival analysis by nuclear HER3. A, Overall survival analysis of the
patients assigned to docetaxel based on nuclear HER3. B, Overall survival analysis of the patients

assigned to vinorelbine based on nuclear HER3.
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Figure 4.10
A
’ Nuclear HER3 £ 2 (n = 56) (red)
i S
1 ®—
= .87
E , 6—- Nuclear HER3 > 2 (n = 28) (blue)
= i p=0.0211
-
2 4
® .
g ,2-
o ]
0_

0 1 2 3 4 5 6 T
Years since randomisation

Nuclear HER3 <2 (n = 36) (red)

,6- Nuclear HER3 > 2 (n = 33) (blue)
4 p=0.0158

Overall survival (%)

Years since randomisation

Figure 4.10 Overall survival analysis by nuclear HER3. A, Overall survival analysis of the
patients assigned to trastuzumab based on nuclear HER3. B, Overall survival analysis of the

patients assigned to non-trastuzumab treatment based on nuclear HER3.
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4.3 Discussion

4.3.1 Nuclear HER3 as a biomarker for trastuzumab treatment

To test whether nuclear HER3 could be a biomarker for response to trastuzumab

treatment, formalin-fixed cell pellets from a panel of HER2-positive cell lines were

obtained from the US collaborator. Nuclear HER3 was seen in only 2 cell lines

out of 18 cell lines. Nuclear HER3 was also observed in HCC1569 tumours in

mice after trastuzumab treatment although the untreated cells did not show

nuclear HER3 localisation in vitro. Some trastuzumab-resistant cell lines were

sensitive to trastuzumab in vivo, but the HCC1569 cells were resistant to

trastuzumab both in vitro and in vivo. Although the frequency of nuclear HER3

observed in the panel of HER2-positive cell line was not high, nuclear HER3 was

seen only in the trastuzumab acquired and innately resistant cells.

Currently, there is no specific HER3 antibody available to detect HER3100kp.

However, detection of HER3 in the nucleus, either in the cleaved or non-cleaved

form, was clearly shown in a few trastuzumab resistant cell lines (Figure 4.1, 4.2,

Table 4.1, Table 4.2). Previously, an anti-HER3 antibody raised against N-

terminus was used in a gastric cancer study and HER3 was found in the nucleus
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of the tumours in these patients’. However, the clinical significance of nuclear
HER3 has not been previously investigated. In the analyses of samples in the
prospective neoadjuvant biomarker trial performed here, nuclear HER3 was
found at baseline and was increased after docetaxel and trastuzumab treatment
(Table 4.3, Figure 4.4B). This study suggests that tumour cells with nuclear HER3
expression may be enriched by trastuzumab and docetaxel treatment, or that
nuclear HER3 could be induced by these treatment. Therefore, it is hypothesised
that tumours with nuclear HER3 could be associated with resistance to
trastuzumab treatment. To test this hypothesis, samples were obtained from the
FINHER study. In these samples, nuclear HER3 was associated with poor
prognosis in HER2-positive breast cancer patients (Figure 4.8). Since the FinHER
trial is a prospective, randomised trial*®®, the comparison of nuclear HER3
positivity in trastuzumab treated and untreated patients was possible. The results
showed that nuclear HER3 was associated with poor overall survival in HER2-
positive breast cancer patients with or without adjuvant trastuzumab treatment.
These results suggest that the prognosis of the patients with nuclear HER3 would
not be improved by trastuzumab treatment. Given the results in the cell line study,

it would be interesting to test whether expression of ADAM17 or PEN2 correlates
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with nuclear HER3 in clinical samples, and with prognosis of HER2-positive
breast cancer patients. For patients with HER2-positive tumours and nuclear
HER3, lapatinib may be indicated as a treatment option. It would therefore be
interesting to assess in a clinical trial setting whether HER2-positive breast
cancer patients with nuclear HER3 in their tumours would benefit more from

lapatinib compared to trastuzumab.

In a previous randomized trial, adjuvant lapatinib did not extend the
progression-free survival for HER2-positive breast cancer patients compared to
placebo!®. Although the addition of lapatinib to trastuzumab and chemotherapy
doubled the response rate compared to trastuzumab and chemotherapy alone in
the neoadjuvant setting®!, the ALLTO trial suggested that the addition of adjuvant
lapatinib to trastuzumab did not show additional survival benefit compared with
trastuzumab alone®®. These results indicate that patient enrichment for target
treatment is necessary. There is a possibility that lapatinio may be of greater
benefit than trastuzumab in those patients whose tumours contain nuclear HER3

although this needs to be tested in a clinical trial setting.
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4.3.2 Limitations of the study

In this project, 3 data sets were used to confirm the clinical impact of nuclear

HER3 in relation to trastuzumab treatment and patients’ outcome. Since it is

difficult to obtain tumour samples from patients treated with trastuzumab

monotherapy without chemotherapy, especially pairs of pre- and post-

trastuzumab treatment samples, the number of patients evaluated for

trastuzumab monotherapy is limited in this study. In 122 HER2-positive samples

from the Breast Cancer Campaign, nuclear HER3 was not correlated with

survival. However, since nuclear HER3 was only positive in 10 samples, the result

was underpowered. In this cohort, cytoplasmic HER3 was also assessed but it

was not correlated with survival. The FInHER trial included patients who were

treated with or without adjuvant trastuzumab, while the Breast Cancer Campaign

samples were all from patients who did not receive trastuzumab, and they had

been treated with different standard chemotherapies (Cyclophosphamide,

methotrexate, 5-fluorouracil vs. anthracycline and cyclophosphamide). It would

have been better to have 2 different data sets with similar clinical design in order

to obtain a more robust result for nuclear HER3 as a prognostic marker in HER2-

positive breast cancer patients. However, tumour samples from a randomised
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trial would be better than those which are retrospectively collected since a

protocol driven randomized trial would ensure a more homogeneous patient

population and the collection of better quality tumour samples.

The frequency of nuclear HER3 was variable among the different datasets

although the antibody used for these samples was specific to HER3 and the same

protocol and procedures were followed for these samples. Analysis of samples

for IHC could be affected by multiple factors: time left in formalin, samples age,

time from the sample taken to formalin fixation, and time from making a section

to IHC. In the pre- and post-trastuzumab treated paired samples from our Italian

collaborator, positive nuclear HER3 staining as defined by IRS >2 was found in 2

of 12 (16.7%) of pre-treatment biopsy samples. In the Breast Cancer Campaign

samples, only 10 of 122 samples were found to have positive nuclear HER3

staining (IRS > 2, 8.9%). In the FInHER samples, it was found in 64 of 173

samples (37%). However, the samples from the Breast Cancer Campaign are

older and were collected from the pre-trastuzumab era. Many of the breast cancer

treatments used during that time have changed. In addition, the characteristics of

the patients included in this analysis were variable. The treatment strategy
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(adjuvant radiotherapy, chemotherapy and endocrine therapy) was mixed

compared to the samples obtained from a well-balanced prospective randomised

trial. The inverse correlation of cytoplasmic and nuclear HER3 expression

observed in the FInHER samples was not observed in the Breast Cancer

Campaign data set, which may be due to the sample size. Therefore, the data

obtained from the FinHER trial should be further validated in a large independent

data set from a randomized controlled trial so that the prognostic and predictive

values of nuclear HER3 in relation to trastuzumab treatment and patients’

outcome could be established.
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CHAPTER 5.

INVESTIGATING THE ROLE OF MET RECEPTOR IN
MAINTAINING HER3 PHOSPHORYLATION AND

TRASTUZUMAB RESPONSE AND RESISTANCE

5.1 Introduction

Trastuzumab is known to decrease phosphorylation of HER32%. Our group
previously reported that phosphorylation of HER3 was increased again after initial
deactivation when the cells acquired resistance to trastuzumab by ligand release
through ADAM17%2, MET has been reported to be upregulated by HER family
targeted therapy (gefitinib) when the cells acquired resistance and to interact with
HER3!%4. Another report suggests that MET is upregulated upon trastuzumab
treatment3°, Therefore, it was hypothesised that MET upregulation and the
recovery of HER3 phosphorylation in trastuzumab resistant cells could be related.
The aim of this part of my DPhil study was to study the role of MET in maintaining
HER3 phosphorylation in response to trastuzumab treatment and to investigate

MET expression as a possible biomarker in HER2-positive breast cancer patients.
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5.2 Results

5.2.1 Phosphorylation of HER3 and MET expression level in HER2-
positive cell lines.

Since HER3 phosphorylation is maintained by transphosphorylation through
heterodimerisation with other receptors, especially HER2%, it was hypothesised
that anti-HER2 monoclonal antibody, trastuzumab, could decrease
phosphorylation of HER3. Trastuzumab decreased phosphorylation of HER3 on
Y1289 and Y1197, and its downstream pathway phosphorylation of AKT on S473
(Figure 5.1A), which was consistent with previous reports?>32, Utilizing a panel of
HER2-positive cell lines, HER3 and AKT phosphorylation was found to be
significantly decreased by trastuzumab in some of the cell lines (SKBr3, BT474,
MDA-MD-453, MDA-MB-361, and NCI-H2170 cells) after 4 hour trastuzumab
treatment at 40 pg/mL (Figure 5.1B). The percentage change of the
phosphorylation of HER3 and AKT corrected for the total protein before and after

trastuzumab treatment was plotted in the graph (Figure 5.1C).
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Figure 5.1 Phosphorylation of HER3 and AKT in trastuzumab treatment in HER2-positive
cell lines. A, The BT474 cells were treated with human IgG control (10 yg/mL) or trastuzumab at
indicated doses for 4 hours. Equal amount of proteins from these lysates were loaded and were
subject to immunoblotting with antibodies against HER3, phospho HER3 (pHER3, Y1197,
Y1289), AKT, phospho AKT (pAKT S473), and actin. B, HER2-positive cell lines were treated with
either human IgG or trastuzumab (40 ug/mL) for 4 hours before the western blot analysis of the
indicated proteins. C, Semi-quantification of 3 western blots of pHER3 and pAKT (trastuzumab
treatment at 40 pg/mL for 4 hours) relative to their total respective protein levels expresses as %

of pre-treatment levels are shown. Bars indicate means with SEM.
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To assess the relationship between HER3 phosphorylation level and trastuzumab
efficacy, the percentage change in HER3 phosphorylation relative to the total
HERS3 level after 4 hours of trastuzumab treatment was correlated with the
percentage of cell viability after 5 days of trastuzumab treatment at 40 ug/mL
(Figure 3.1). Interestingly, phosphorylation of HER3 was maintained regardless
of trastuzumab treatment in primary trastuzumab-resistant cells lines. The
percentage change in HER3 phosphorylation was positively correlated with
trastuzumab sensitivity (r2 = 0.63, p < 0.01) (Figure 5.2). These results indicate
that the decrease of HER3 phosphorylation after 4 hours of trastuzumab

treatment may indicate the response to trastuzumab.

-129 -



Chapter5. Investigating the role of MET receptor in maintaining HER3 phosphorylation and trastuzumab response
and resistance

Figure 5.2
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Figure 5.2 The correlation between HER3 phosphorylation and cell viability on
trastuzumab treatment. Equal amount of proteins from IgG or trastuzumab treated cell lysates
(40 pg/mL, 4h) in HER2-positive cell panel were subjected to immunoblotting and the blots were
semi-quantified for pHER3 level relative to total HER3 level. The percentage change of
pHER3/HERS after trastuzumab treatment was plotted on the Y axis, and % cell survival after 5
days of trastuzumab treatment determined by resazurin assay was plotted on the X axis.

Correlation was determined by the Pearson’s correlation test.
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Two representative HER2-positive breast cancer cell lines (BT474 and SKBr3)

were examined for the duration of suppression of HER3 phosphorylation upon

trastuzumab treatment. In the BT474 cells, HER3 phosphorylation level was

decreased immediately with trastuzumab treatment. However, HER3

phosphorylation was found to be recovered after 8 months treatment of

trastuzumab when the cells became resistant to trastuzumab (Figure 3.2B)

(Figure 5.3A). AKT phosphorylation was increased after 10 minutes of

trastuzumab treatment but it was reduced again after 1 hour of trastuzumab

treatment. As with HER3 phosphorylation, AKT phosphorylation recovered after

8 months of trastuzumab treatment (Figure 5.3A). MET was found to be increased

in 8-month trastuzumab treated BT474 cells although there was also an

upregulation of MET expression during acute trastuzumab treatment (10 minutes)

(Figure 5.3A, 5.4A). In the BT474-TR cells, MET was processed more than the

parental BT474 cells (beta-receptor, 145kD), resulting in an increase of mature

MET receptor expression (Figure 5.3A). MET mRNA level was assessed and was

found to be increased in the BT474-TR cells (Figure 5.4B). In the SKBr3 cells,

MET expression level was similar throughout the treatment durations (Figure

5.3B). HER3 phosphorylation was decreased after 10 minutes of trastuzumab
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treatment but the recovery of HER3 phosphorylation as seen in the BT474 cells
was not observed (Figure 5.3A, B), suggesting that this cell line may have

different trastuzumab resistance mechanism.
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Figure 5.3 HER3 phosphorylation and MET expression on trastuzumab treatment. A, Equal
amount of proteins from the SKBr3 and BT474 cells treated with trastuzumab (40 pg/mL) for
different durations were subjected to immunoblotting for the indicated proteins and the
representative blots of 2 experiments are shown. Total proteins relative to actin and
phosphoproteins relative to the relevant total proteins were semi-quantified and normalised to the
control. The numbers underneath the blots indicate the total protein expression levels relative to

the control. Note that MET has two bands: precursor MET (170kD) and MET beta receptor
(145kD).

- 133 -



Chapter5. Investigating the role of MET receptor in maintaining HER3 phosphorylation and trastuzumab response
and resistance

Figure 5.4
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Figure 5.4 MET expression during trastuzumab treatment. A, MET expression relative to the
actin level in the BT474 cells was semi-quantified from 3 different western blots. Bars show means
with SEM and one-way ANOVA test with Bonferroni correction was applied. B, mRNA level of
MET relative to the actin level in the BT474 and acquired trastuzumab resistant BT474 (BT474-

TR) cells was compared. Bars show means (n = 3) with SEM and student t-test was applied.
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To further assess whether increased MET expression contributes to trastuzumab

resistance, 3 other HER2-positive cell lines (MDA-MB-361, MDA-MB-453, and

NCI H-2170 cells lines) were continuously treated with trastuzumab for more than

3 months until the cells became resistant to trastuzumab (Figure 3.2C, D, E).

MET expression was found to be increased in the trastuzumab resistant NCI-

H2170 (NCI-H2170-TR) cells, while MET expression in the other cells remained

similar (Figure 5.5). As seen in the BT474 cells, HER3 phosphorylation recovered

in NCI-H2170-TR cells upon trastuzumab resistance after initial decrease by

trastuzumab treatment (Figure 5.5). The level of HER3 phosphorylation was

decreased in the MDA-MB-361 and MDA-MB-453 cells even when the cells

became resistant to trastuzumab as seen in the SKBr3-TR cells, suggesting

these cell lines may have different resistance mechanisms (Figure 5.5). These

results indicate that the recovery of HER3 phosphorylation upon trastuzumab

resistance could be related to an increased MET expression in some cell lines.

Since MET expression was increased in the BT474-TR cells and NCI-

H2170-TR cells, MET is hypothesised to contribute to trastuzumab resistance.

Basal MET expression level was assessed in a panel of HER2-positive cell lines
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(Figure 5.6A). MET expression was positively correlated with trastuzumab
resistance, and this was statistically significant (r> = 0.36, p < 0.05) (Figure 5.6B).
These results indicate that MET is associated with, and might contribute to,

trastuzumab resistance in HER2-positive cell lines.
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Figure 5.5 MET and phospho-HER3 in acquired trastuzumab resistant cells. Equal amount
of cell lysates of MDA-MB-361, MDA-MB-453, NCI-H2170 cells treated with either IgG for 4 hours,

trastuzumab for 4 hours, or trastuzumab for more than 3 months (trastuzumab resistance) were

subject to immunoblotting with anti-phospho MET (pMET, Y1234/1235), anti- MET, anti-phospho
HER3 (pHERS3, Y1289), anti-HER3, and anti-actin antibodies.
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Figure 5.6 The correlation between MET expression and cell viability in trastuzumab
treatment. A, Equal amount of cell lysates from a panel of HER2-positive cell lines were subject
to immunoblotting with indicated antibodies. B, MET expression relative to the actin level was
semi-quantified in a panel of HER2-positive cell lines and plotted on the Y axis. Cell viability at 5
days of trastuzumab treatment (40 yg/mL) of these cell lines was assessed by resazurin assay
and plotted on the Y axis, expresses as % of solvent-control. The Pearson’s correlation test was

applied.
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5.2.2 MET contributes to maintain phosphorylation of HER3 in
trastuzumab resistant cells.

MET expression was increased in the BT474-TR and NCI-H2170-TR cells when

HER3 phosphorylation recovered from trastuzumab treatment (Figure 5.3A, 5.4A,

5.5). Therefore, the interaction of MET and HERS3 could contribute to maintain

phosphorylation of HER3 in trastuzumab resistance. To test this hypothesis, MET

knockdown was first optimised by using 2 different sSIRNAs against MET and MET

MRNA level was measured by gRT-PCR (Figure 5.7A). Then, MET was knocked

down in several HER2-positive cells (BT474, BT474-TR, HCC1954, NCI-H2170-

TR). MET knockdown decreased the phosphorylation of HER3 without reducing

total HER3 expression in all the examined cell lines (Figure 5.7B). This result

indicates that MET could contribute to HER3 phosphorylation in these cell lines.

To identify whether this is due to the interaction between MET and HERS,

immunoprecipitation experiments were carried out. MET and HERS interaction

was increased in the BT474-TR cells compared to parental cells, and so was the

interaction of MET and phosphorylated HER3 in the BT474-TR cells (Figure

5.7C). These results suggest that MET and HER3 interaction may contribute to

the phosphorylation of HER3 in trastuzumab resistance.
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Figure 5.7 The reduction of HER3 phosphorylation by MET knockdown and an increase of
MET-HERS3 interaction in the acquired trastuzumab resistant BT474 (BT474-TR) cells. A,
BT474 cells were transfected with non-silencing siRNA or 2 different siRNAs against MET, and
MRNA was measured by real time PCR. Bars show means with SEM. Two-way ANOVA and
Bonferroni correction was applied. B, MET was knocked down in a series of HER2-positive cell
lines. Equal amount of proteins from cells with non-silencing siRNA transfected cells or siRNA
against MET (SiMET_10) were subject to immunoblotting for indicated proteins. C, Equal amount
of proteins from BT474 and BT474-TR cells were subject to immunoprecipitation (IP) with anti-
MET antibody or non-specific mouse 1gG followed by immunoblotting (IB) analyses of MET,

pHER3, and HERS3.
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5.2.3 MET is important for HER2-positive, trastuzumab resistant cell
lines.

Maintaining HERS3 phosphorylation during trastuzumab treatment could
contribute to trastuzumab resistance in HER2-positive cell lines. The HCC1954
cells are MET overexpressing and primary trastuzumab resistant breast cancer
cells, which have an autocrine HGF Iloop to maintain spontaneous
phosphorylation of MET!%2, Knockdown of MET in the HCC1954 cells led to a
decrease of colony formation and sensitised the cells to trastuzumab treatment
(Figure 5.8A), which correlated with a decrease of pHER3 as shown in Figure
5.7B. MET knockdown in the BT474-TR cells significantly reduced the number of
colonies with or without trastuzumab treatment (Figure 5.8B). These results
indicate that MET is important for cell survival in both primary and acquired

trastuzumab resistant cell lines.

A monoclonal antibody against MET was assessed to see if it could recover
the sensitivity to trastuzumab in the BT474-TR cells. The monoclonal anti-MET
antibody (AF276, N-terminus) successfully decreased MET expression but there
was no decrease of HER3 phosphorylation in cells treated with a series of

increasing concentrations and durations of anti-MET antibody (Figure 5.9A).
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Furthermore, the anti-MET monoclonal antibody treatment did not inhibit cell
growth with or without trastuzumab treatment (Figure 5.9B). The discrepancy with
the results of MET knockdown could be due to the fact that post internalised MET
could still have a signalling role!®3, and total MET inhibition by knockdown or
inhibition of signalling function may be necessary for growth inhibition as well as
a reduction of HER3 phosphorylation. Therefore, a MET selective tyrosine kinase
inhibitor (SU11274) was also assessed and it was found to be similarly effective
in inhibiting growth with or without trastuzumab treatment in the BT474-TR cells
(Figure 5.9C). The IC50 of SU11274 for the BT474-TR cells treated with IgG or
trastuzumab was 2.31 yM and 3.23 uM, respectively. These results suggest that
MET tyrosine kinase inhibition is effective in inhibiting colony formation of the

BT474-TR cells, but there is no increased inhibition upon addition of trastuzumab.
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Figure 5.8
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Figure 5.8 The sensitisation of the HCC1954 cells to trastuzumab and the reduction of
colony formation in the acquired trastuzumab resistant BT474 (BT474-TR) cells by MET
knockdown. A, Equal number of HCC1954 cells transfected with non-silencing siRNA or siRNA
against MET were seeded a day after transfection and followed by the treatment of 1gG or
trastuzumab (40 ug/mL) for 14 days. Colonies were counted and normalised to non-silencing
siRNA transfected cells with IgG treatment. Each experiment had 3 replicates and was repeated
3 times. Bars show means with SEM. Two-way ANOVA with Bonferroni correction was used to
detect the statistical significance. B, Similarly, equal number of BT474-TR cells with non-silencing
siRNA transfection or MET knockdown were seeded a day after transfection and followed by the
treatment of IgG or trastuzumab (40 ug/mL) for 14 days. Trastuzumab were depleted a day before
transfection. Bars show means with SEM. Two-way ANOVA with Bonferroni correction was used

to detect the statistical significance of 3 independent experiments in triplicate.
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Figure 5.9
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Figure 5.9 Effect of MET monoclonal antibody and MET inhibitor in the cell viability of the
acquired-trastuzumab resistant BT474 (BT474-TR) cells. A, a MET monoclonal antibody,
AF276 (MET mAB) at indicated doses was applied to the BT474 cells for indicated durations to
compare goat IgG (48h) as a control. Equal amount of proteins were subject to immunoblotting
for indicated proteins. B, The BT474-TR cells were treated with either goat 1gG as a control or
anti-MET antibody at 2 different doses for 5 days. Cells were trypsinised and were subject to cell
counting, and the fit curve was drawn. Trastuzumab (40 yg/mL) was applied throughout the
experiments. Bars show means with SEM. C, The BT474-TR cells were treated with different
doses of SU11274 for 5 days. Trastuzumab was added at 40 pg/mL or withdrawn. Cells were
trypsinised and were subject to cell counting, and the fit curve was drawn. Bars show means with

SEM.
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5.2.4 MET and HERS3 interaction may be ligand independent

Heregulin (HRG), a putative ligand for HER3 and HER4 has been reported to fully
rescue cells from growth inhibition by lapatinib, while HGF, a ligand for MET can
partially rescue HER2-positive cells from growth inhibition by lapatinib although
the reason why HRG protects the cells from lapatinib is unclear'®2, HRG is a
ligand for HER3 and promotes HER2-HER3 dimerisation, which results in an
increase of HER3 phosphorylation3®4%, In my earlier experiments, trastuzumab
had been shown to reduce phosphorylation of HER3 in the sensitive cell lines
(Figure 5.1C, 5.2). It is hypothesised that exogenous HRG stimulation could
protect the cells from trastuzumab treatment by maintaining phosphorylation of
HER3. HRG stimulation in the BT474 cells increased phosphorylation of HER3
after 10 minutes but HER3 phosphorylation as well as total HER3 expression
were decreased after 5 days possibly as a result of receptor internalisation®>188
(Figure 5.10A). When parental (trastuzumab sensitive) BT474 cells were treated
with trastuzumab and co-stimulated with HRG, HRG protected the cells from a
decrease of HER3 phosphorylation by trastuzumab at 60 minutes (Figure 5.10A).
The BT474 cells became totally resistant to trastuzumab when they were treated

with trastuzumab and HRG, suggesting that HRG protects cells from growth
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inhibition by trastuzumab. It is possible that this condition helps to select
trastuzumab resistant cells quicker than continuous treatment of trastuzumab

more than 8 months (Figure 5.10B).
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Figure 5.10
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Figure 5.10 The protection of the cells from trastuzumab by maintaining HER3

phosphorylation (pHER3) through heregulin (HRG) stimulation. A, The BT474 cells were

stimulated with HRG at 100ng/mL in full serum media for indicated times. Equal amount of

proteins were subject to immunoblotting for the indicated proteins and the representative blots

are shown (left). Similarly, the BT474 cells were co-treated with HRG and trastuzumab or IgG (40

pg/mL) for indicated durations. Equal amount of proteins were subject to immunoblotting for the

indicated proteins and the representative blots are shown (right). B, Equal number of BT474 cells

in 96-well plate were treated with either trastuzumab only or trastuzumab with HRG (100 ng/mL)

co-stimulation for 5 days in full serum media. Cell viability was determined by resazurin assay

and the fit curve was drawn. Bars indicate means and SEM.
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Itis hypothesised that ligand stimulation may promote MET and HER3 interaction.

If MET could catalyse HER3 phosphorylation, activated (HGF-stimulated) MET

could induce HER3 phosphorylation. Conversely, if HER3 could induce MET

activation, HRG-stimulated activated HER3 could induce phosphorylation of

MET. To address this hypothesis, the BT474 cells were stimulated with HGF or

HRG. However, HGF stimulation could not increase HER3 phosphorylation level

and HRG stimulation had no effect on MET phosphorylation (Figure 5.11A, B).

This results indicates that the interaction between MET and HER3 may be ligand

independent, and MET upregulation may be enough to induce HER3

phosphorylation.
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Figure 5.11
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Figure 5.11 An increase of phosphorylation of HER3 by heregulin (HRG) but not HGF. A,
The BT474 cells were starved overnight before stimulation with HGF (50 ng/mL) or HRG (100
ng/mL) for 10minutes. Equal amount of proteins were subject to immunoblotting for the indicated
proteins and the representative blots are shown. B, Semi-quantification of 3 western blots of
phospho-HERS3 (pHER3, Y1289) relative to total HER3 level. Bars show means (n = 3) with SEM.
One-way ANOVA test with Bonferroni correction was applied.
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5.2.5 MET as a biomarker of trastuzumab treatment

The preclinical data implied that MET may contribute to maintain phosphorylation

of HER3, possibly by direct ligand independent interaction with HER3. To address

whether MET could be a biomarker for HER2-positive breast cancer patients, a

method was developed for MET immunohistochemistry. MET antibody titration

was firstly performed by using the HCC1954 cells as a strong positive control,

Calu3 cells as an intermediate positive control, and UACC732 cells as a weak or

negative control (Figure 5.6A, 5.12A). MET expression was assessed in a series

of 935 breast cancer samples from the Breast Cancer Campaign tissue bank,

including 122 HER2-positive breast tumours, the same data set used for Table

4.5. All the patients in this cohort were early breast cancer and received breast

surgery as a primary treatment but did not receive trastuzumab treatment as an

adjuvant therapy. MET was detected on the plasma membrane as well as in the

cytoplasm (Figure 5.12B).

Since there is no standard cut-off value for MET staining, several cut-off

values were examined. Of 122 HER2-positive breast cancer samples, the median

IRS score for cytoplasmic MET expression was 3 (range: 0-12). The median
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membrane MET expression and median nuclear MET expression were 0 (range
0-12) and 0 (range 0-6), respectively. First, patients were divided into 3 groups
by the median cytoplasmic MET expression (low; 0-3, intermediate; 3-6, high; 7-
12) (Figure 5.13A). It was found that the survival curves between the intermediate
and low MET expression groups were very similar. Although these 3 groups were
not statistically different (HR 0.74, p = 0.15), high cytoplasmic MET expression
(IRS > 6) had a trend of better progression-free survival. Since IRS score of 6 is
also the median of the actual IRS scores 0-12, patients were therefore
dichotomised according to this value (IRS > 6) and the progression-free survival
was assessed. Patients whose tumours had high cytoplasmic MET had a
borderline significance of better progression-free survival than those with low
cytoplasmic MET tumour (HR 0.49, p = 0.05) (Figure 5.13B). Since HER2-
positive breast cancer is defined as tumours consisting more than 10% HER2-
staining with an intensity of 2 or 31° (IHC 2+ will require further FISH testing to
confirm HER2 gene amplification), this cut-off value was also applied. Patients
with positive cytoplasmic MET defined as > 10% MET-positive cells with an
intensity of 2 or 3 had a trend to better progression-free survival than those with

negative cytoplasmic MET expression (all others) (HR 0.54, p = 0.09) (Figure
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5.13). The distant metastasis-free survival was also assessed but there was no

statistical difference between cytoplasmic MET positive (IRS > 6) and negative

tumours (IRS < 6) [HR 1.19 (95%CI 0.58-2.43), p = 0.63]. High cytoplasmic MET

expression (IRS > 6) was significantly associated with better overall survival [HR

0.37 (95%CI1 0.15-0.92), p = 0.048] (Figure 5.15A). Cause specific overall survival

was also assessed, and high cytoplasmic MET expression (IRS > 6) was

associated with better cause specific survival (HR; 0.26, 95%CI; 0.08-0.83, p =

0.015)

There is also no standard for the cut-off value of membrane MET staining.

Therefore, several cut-off values were tested to assess its prognostic value. Since

the median membrane MET expression was 0, any membrane MET positivity and

negativity were compared. It was shown that any membrane MET positivity had

a trend to better progression-free survival (HR 0.73, p = 0.19) (Figure 5.14A).

Other IRS cut-off values for membrane MET were tested, and all cut-off values

[[RS=2(n=44), 3 (n=27),4 ormore (n =22)] showed a similar trend, and thus

the cut-off point with the strongest p value was selected (IRS=2vs.IRS<2,p =

0.08) (Figure 5.14 C). In addition to IRS scoring, the following cut-off value was
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tested: more than 10% of positive cells with an intensity of 2-3 vs. all others. By

using this cut-off value, membrane MET positivity had a trend to association with

better progression-free survival (p = 0.05) (Figure 5.14 C). Distant metastasis-

free survival was also calculated but membrane MET expression (IRS = 2) was

not associated with prognosis [HR 0.66 (95% CI 0.38-1.16), p = 0.15]. High

membrane MET expression had a trend to association with good overall survival

[HR 0.65 (95%CI 0.38-1.11), p = 0.15] (Figure 5.15B), and also cause specific

survival [HR 0.61 (95%CI 0.34-1.11), p = 0.11].

As stated above, the median nuclear MET expression was 0 (range 0-6).

Nuclear MET expression (IRS = 1) was identified in 8 patients but nuclear MET

expression was not associated with progression-free survival and overall survival

[HR 0.87 (95%CI 0.32-2.39), p = 0.79 and HR 0.99 (95%Cl 0.36-2.72), p = 0.98,

respectively]. Nuclear MET expression were not a prognostic factor for cause

specific survival [HR 0.88 (95%CIl 0.27-2.81), p = 0.83].

Membrane MET staining (IRS = 2) was detected more frequently in the

HER2-positive patients than the HER-negative patients (42.6 % vs. 21.4 %, chi-

square test; p < 0.05), while cytoplasmic MET staining (IRS > 6) was similar
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(11.3% vs. 11.4%, chi-square test; p = 0.98). Interestingly, MET expression in the

nucleus was also observed in 125 patients (Figure 5.12B). Although the role of

nuclear MET expression is unclear, nuclear MET expression (IRS = 1) was found

more frequently in HER2-negative tumours than HER2-positive tumours (13.3%

vS. 6.6%, chi-square test; p < 0.05).

The characteristics of the patients according to the cytoplasmic MET

expression were summarised in Table 5.1. There were fewer patients with high

cytoplasmic MET expression in the node-positive group (5/17 = 29.4% vs. 58/105

= 55.2% in node-negative patients, p = 0.05). All other factors were similar in

these groups. Multivariate analyses including nuclear and cytoplasmic HER3

expression were shown in Table 4.6. Since cytoplasmic MET expression was

identified as a good prognostic factor for overall survival (p = 0.048) (Figure

5.15A), multivariate analyses including cytoplasmic MET expression and other

potential factors were performed, and the results were summarised in Table 5.2.

The lymph node status was an independent prognostic factor for progression-

free survival and overall survival. Cytoplasmic MET expression was not an

independent prognostic factor for progression-free survival (HR 0.55, p = 0.17)
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and overall survival (HR 0.44, p = 0.09) although there is a possibility that this
study could be underpowered due to the relative small number of tumours with

high cytoplasmic MET expression.
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Figure 5.12
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Figure 5.12 Representative MET staining in HER2-positive cell lines (A) and HER2-positive

tumours in human tissues (B) (x40).
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Figure 5.13
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Figure 5.13 Progression-free survival in HER2-positive, trastuzumab non-treated patients
according to the cytoplasmic MET expression by different cut-off values. A, Patients were
divided into 3 groups according to the immunoreactive scoring system (IRS); low 0-3 (red),
intermediate 4-6 (green), and high 7-12 (blue). B, Patients were dichotomised according to the
IRS; low 0-6 (red) and high 7-12 (blue). C, Patients were dichotomised by cytoplasmic MET high
(more than 10% of positive cells and intensity 2-3) and cytoplasmic MET low expression (all

others). HR; hazard ratio, Cl; confidence interval.
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Figure 5.14 Progression-free survival in HER2-positive, trastuzumab non-treated patients
according to the membrane MET expression by different cut-off values. A, Patients were
dichotomised according to the immunoreactive scoring system (IRS); negative (red) and all others
(=1) (blue). B, Patients were dichotomised according to the IRS; < 2 (red) and = 2 (blue). C,
Patients were dichotomised by membrane MET high (more than 10% of positive cells and

intensity 2-3) and MET low expression (all others). HR; hazard ratio, Cl; confidence interval.
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Figure 5.15
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Figure 5.15 Overall survival in HER2-positive, trastuzumab non-treated patients according
to the cytoplasmic MET expression (A) and membrane MET expression (B). HR; hazard ratio,

Cl, confidence interval.
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Table 5.1 Characteristics of patients according to cytoplasmic MET expression.

Histological type

Ducutal

Other
Histological grade

1or2

Negative
Positive

Negative
Positive

Tumour size (pT)
<20 mm
>20mm

Nodal status (N)
Negative
Positive

Tumour diameter (mm

109

1

1

N

6
6

7

3

7
05

2
0

8

44

54
68

(€]
©

(o]
w

94 (36)
11 (85)

15 (88)
90 (86)

51 (82)
54 (90)

67 (36)
38 (36)

43 (80)
62 (91)

47 (80)
58 (92)

93.0 (range 31-71)
20 (range 9-80)

Cytoplasmic MET expression
<6 n(%)

P (chi-square)

>6 n (%)

15 (14)

2 (15) 0.87

2(12)

15 (14) 0.78

11 (18)

6 (10) 0.22

11 (14)

6 (14) 0.94

11 (20)

6(9) 0.07

12 (20)

5(8) 0.05
0.88"
0.19*

*Mann-Whitney test
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Table 5.2 Multivariate analysis for progression-free survival and overall survival.

Variables Univariate analysis Multivariate analyis

HR 95% C.l. P value HR 95% C.I. P value
Estrogen
(positive vs. negative) 1.143 0.719-1.819 051 0.951 05341691  0.863
Progesteron
(positive vs. negative) 1179 0.734-1.894 0495 1137 0624-2070 0676
Lymphnode metastases
(positive vs. negative) 2.284 1401-3.723 0.001 256 15084.347  0.001
Tumour grade (3vs. 1,2) 0812 0.436-151 0.52 0717 0.372-1.382 0.32
Cytoplasmic HER3
(high vs . low) 1.158 0.729-1.839 0535 1284 07752127 0332
Nuclear HER3
(high vs. low) 0.641 0.257-1597 0.339 0.62 02481553 0308
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5.3 Discussion

5.3.1 HER3 phosphorylation and MET in trastuzumab treatment

In this project, a decrease of HER3 phosphorylation level was shown to be a

predictive biomarker for trastuzumab response in a panel of HER2-positive cell

lines. After long-term trastuzumab treatment, a recovery of HER3

phosphorylation was observed in 2 cell lines (BT474 and NCI-H2170 cells) after

an initial decrease of HER3 phosphorylation in response to trastuzumab. In

particular, an increase of MET was also observed in these cell lines after long-

term trastuzumab treatment (Figure 5.3, 5.5). In the BT474 resistant cells, MET

and HERS interaction was increased when compared to the parental BT474 cells.

This result suggests that MET contributes to maintaining HER3 phosphorylation

and protects cells from growth inhibition by trastuzumab. Indeed, MET

knockdown led to a decrease of HER3 phosphorylation in 4 cells lines (BT474,

BT474-TR, HCC1954, and NCI-H2170-TR cells) (Figure 5.7B) and MET

knockdown sensitised the HCC1954 cells to trastuzumab (Figure 5.8A).

Furthermore, MET expression tended to be higher in trastuzumab non-

responding cells (Figure 5.6B). Taken together, MET is implicated in trastuzumab

- 162 -



Chapter5. Investigating the role of MET receptor in maintaining HER3 phosphorylation and trastuzumab response
and resistance

resistance. These results implicate that MET could be a predictive biomarker for

trastuzumab treatment.

MET gene amplification is found in gefitinib resistant cells and MET inhibitor
could recover the sensitivity to gefitinib in the resistant cells'!4. In this report,
knockdown of MET decreased HER3 and AKT phosphorylation level in the
gefitinib resistant cells. However, the reason why MET knockdown reduced HER3
phosphorylation level is unknown. HER3 and MET interaction was observed in
the BT474 cells and the interaction was increased when the cells became
resistant to trastuzumab (Figure 5.7C). MET exists as a homodimer and HER3
needs transphosphorylation for maintaining its phosphorylation. It is still uncertain
whether MET can form a hybrid dimer with other receptors. In the normal
hepatocyte, MET has been suggested to make a hybrid with IGF1R to regulate
plasma glucose level*®. It was reported that a MET inhibitor that inhibited MET
phosphorylation could reduce phosphorylation of HER35. These reports support
that HER3 can be phosphorylated via direct interaction with MET although crystal
structure analysis is necessary to confirm this hypothesis. HER3 is important for

HER2-positive cell survival®®>*®,  MET knockdown decreased HERS3
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phosphorylation level and resulted in a decrease of colony formation with or
without continuous trastuzumab treatment in the BT474-TR cells (Figure 5.8).
These results suggest that HER3 phosphorylation is also important for HER2-
positive cell survival. A decrease of HER3 phosphorylation was correlated with
trastuzumab sensitivity (Figure 5.2). Therefore, MET could be a factor in

predicting trastuzumab response.

HER3 cannot be phosphorylated even with HRG stimulation if there is no
HER2%, and HERS is catalytically inactive due to the mutation in its kinase
domain compared to the other HER receptors3®. However, HER3 can activate
other dimerised partners without HER3 phosphorylation by forming asymmetric
kinase dimer*>1%. Recently, a study has clarified that HER3 kinase domain binds
ATP at a similar level to inactivate EGFR and HER4, and thus catalysed HER3
can be transphosphorylated by other partnerst®, If MET can catalyse HER3 and
results in its phosphorylation, ligand stimulation would not be necessary since a
recent study suggests that ligand stimulation is not always necessary to form
heterodimerisation of HER2 and HER3?°. Ligand stimulation (HGF and HRG) was

assessed in this study but the ligands could only increase its own respective
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receptor phosphorylation (Figure 5.11), suggesting that the interaction of MET

and HER3 may be ligand-independent.

A monoclonal antibody against HER3, SGP1 was used to assess whether
HER3 blocking can recover the sensitivity to trastuzumab in the BT474-TR cells
(in Chapter 3). SGP1 was raised against HER3 extracellular domain and
competes for HRG binding on HER317%197, Although HRG does not promote MET
phosphorylation through HER3 (Figure 5.11), SGP1 could reduce colony
formation only when co-treated with trastuzumab (Figure 3.16). Previously, SGP1
antibody was shown to have no effect on the growth inhibition of HER3—positive
cells, BT483 and T47D'%’. Later, SGP1 antibody was shown to inhibit growth
stimulation by HRG in MDA-MD-453 cells. SGP1 and trastuzumab were also
found to bind simultaneously to HER3 and HER2 in MDA-MB-453 cells, and
SGP1 and trastuzumab co-treatment showed additive effect on the cell growth of
the BT474 and MDA-MB-361 cells'’?2. There remains uncertainty why the
combination of SGP1 and trastuzumab reduced colony formation in the resistant
cells since SGP1 did not affect HER3 subcellular localisation (Figure 3.15), HER3

expressiont’?, and HER3 phosphorylation (preliminary data not shown). Although
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the precise mechanism of the combination treatment is unclear, anti-HER2 and

anti-HER3 combination directed therapies could be promising.

MET knockdown reduced HER3 phosphorylation and sensitised innate

trastuzumab resistant HCC1954 cells to trastuzumab. (Figure 5.8A). MET

knockdown reduced phosphorylation of HER3, and thus its downstream

signalling affects cell survival. Indeed, MET knockdown reduced the number of

colonies by nearly 50% in the BT474-TR cells. It is assumed that the surviving

cells may have different signalling pathways so that trastuzumab had no effect

on these cells (Figure 5.8B). A anti-MET monoclonal antibody was also assessed

whether it can recover the sensitivity to trastuzumab in the BT4747-TR cells.

However, the antibody had no effect for cell survival even it reduced MET

expression (Figure 5.9). Although MET expression was reduced by the antibody,

HER3 phosphorylation examined at different time points was maintained, while

total MET knockdown decreased HER3 phosphorylation in 4 different cells

(Figure 5.7B). Although significant amount of MET expression was decreased by

this monoclonal antibody, it would be possible that HER3 phosphorylation was

maintained through residual MET expression. There is also a possibility that MET
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monoclonal antibody may induce HRG to maintain HER3 phosphorylation by
ligand shedding as seen in trastuzumab treatment32. This result may also indicate
that reduction of MET expression may not be sufficient to reduce the cell survival
and reduction of HER3 phosphorylation may be necessary. Since cytoplasmic
MET has been indicate to have signalling role!®3, another strategy to inhibit MET
signalling was taken. SU11274, a selective MET kinase inhibitor was used for this
call. SU11274 has been reported to have synergistic effect with trastuzumab in
the parental BT474 and SKBr3 cells®®. Although the additional effect was not
observed in this project, MET kinase inhibitor effectively reduced the cell viability

in the BT474-TR cells (Figure 5.9C).

5.3.2 MET as a biomarker in HER2-positive breast cancer

Cytoplasmic, membrane, and nuclear MET expression was assessed in the
HER2-positive patients cohort (n = 122). As stated in discussion in chapter 4, this
cohort did not receive trastuzumab treatment as an adjuvant therapy because the
tumour samples were collected in the pre-trastuzumab era. Therefore the direct

link between the preclinical model and clinical result is limited. High cytoplasmic
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and membrane MET expression showed a trend to improved progression-free
survival in this cohort and high cytoplasmic MET expression was associated with
better overall survival (Figure 5.13, 5.14, 5.15). Since MET overexpression
sensitises the cells to HGF stimulation or promotes interaction with other
receptors ligand independently®®, aberrant MET expression is supposed to be a
poor prognostic factor®®103.104109 However, there have been several reports
suggesting that MET expression was associated with good prognosis in breast
cancert®®19 These reports evaluated cytoplasmic MET expression using IHC
including all breast cancer subtypes. Some other publications reporting MET as
a poor prognostic factors have not identified MET as a biomarker in HER2-
positive breast cancer subtype®:194109_|n these studies, there is a possibility that
high MET expression is found in HER2-positive subtype since an association of
MET expression and HER2 positivity was reported®. In this chapter, membrane
MET expression was shown to be associated with HER2 positivity, and nuclear

MET expression was shown to be associated with HER2 negativity.

MET gene amplification has been shown to be associated with poor survival

in HER2-positive, trastuzumab treated patientsi®®, MET gene amplification is
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assumed to overexpress MET protein. However, to the best of my knowledge,
there seems to be no study to evaluate the prevalence of MET protein
overexpression and its clinical implication in HER2-positive breast patients. In
addition, MET is internalised by endocytosis and thus exists in the cytoplasm and
the nucleus. Furthermore, MET in cytoplasm has been reported to have signalling
role®41%3, Therefore, MET protein expression and its localisation should be
evaluated in larger HER2-positive breast cancer samples to further understand
its clinical impact. As shown in Chapter 4, HERS3 is often co-expressed with HER2
in HER2-positive breast cancer. Therefore, it is interesting to see that HER3 is
also co-expressed with MET in HER2-positive breast cancer since HER3 and
MET interaction can maintain HER3 phosphorylation during trastuzumab
treatment and MET knockdown reduced colony formation in HER2-positive
breast cancer cells. HER3 and MET interaction on human tissue samples could
be evaluated by using Forster Resonance Energy Transfer (FRET)?° and
proximity ligation assay®?. Another strategy that could be considered for this
purpose is to evaluate HER3 phosphorylation in human tissue samples. However,
the detection of phospho-protein in IHC is difficult since immediate fixation is

necessary to protect samples from degradation. For this purpose, standard
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operating procedures (SOP) should be established for the sample collections.

Due to the lack of reliability of phosphoprotein staining in retrospectively collected

samples, it is difficult to evaluate phosphorylation of HER3 in these samples.

5.3.3 Study limitations

MET and HERS interaction could have been determined by additional methods,

such as FRET or proximity ligation assay although the success of these assays

is highly dependent on suitable antibodies, and a series of optimisation

experiments would be required to obtain reliable results. Due to limitation of time

and resources, these methods could not be used to validate my findings. It would

also be useful to assess the interaction of MET and HER3 in a larger panel of cell

lines. To conclude that MET-HERS3 interaction is independent of ligand

stimulation, FRET or the proximity ligation assay as well as co-

immunoprecipitation experiments with HER3 and MET ligand stimulation should

be examined in future studies. Furthermore, monoclonal antibody against MET

or HER3, or MET tyrosine kinase inhibitor should be examined to see if they

disrupt MET-HERS3 interaction. In the clinical study, there is a discrepancy
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between clinical results and the preclinical model, which could be because the
tumour samples were obtained from non-trastuzumab treated patients.
Furthermore, it is unclear why cytoplasmic MET expression was associated with
favourable outcome. It is proposed that the results on MET expression in patients’
survival should be further validated in another data set in the future, preferably in
tumour samples from a randomised trial of breast cancer patients treated with or
without trastuzumab, e.g. FInHER trials samples as shown in chapter 4 although

the samples were not provided by FInHER committee for this part of the project.
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CHAPTER 6

CONCLUSIONS AND FUTURE DIRECTIONS

Trastuzumab has been introduced into clinical practice since 1998 but there is no
standard biomarker to predict the response except for HER2 positivity. Several
proposals have been made for predicting trastuzumab response including PTEN
expression, Src activation, PI3K activation, ADAM17 upregulation, IGF1R
overexpression, and MET overexpression?6-3932. However, none of these
markers except for HER2 positivity is currently used in clinical practice. This could
be because of several reasons including reproducibility, reliability, and the
identification of standard cut-off points of IHC for these markers. Trastuzumab
treatment is less toxic compared to conventional chemotherapies, however, 10-
30% of the patients develop cardiac toxicity?°%. Furthermore, the response rate to
trastuzumab monotherapy is only 10-30 % in HER2-positive patients, and
trastuzumab and chemotherapy combination treatment yields about 50-60 % of
response!®>2?l, It is an important issue to identify responders to trastuzumab
before starting treatment so that patients can avoid unnecessary toxicity and

treatment. Trastuzumab is known to bind HER2, but it is also known that
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trastuzumab does not affect HER2 phosphorylation?>2632, Since HER2 and
HER3 are often co-expressed and HERS3 is important for HER2-positive
cancers®®, it was hypothesised that HER3 could be a biomarker for trastuzumab
treatment. Therefore, this project aimed to identify the biomarker(s) in
trastuzumab treatment, especially focusing on HER3 subcellular localisation and

HER3-MET interaction.

In chapter 3 and 4, HER3 subcellular localisation was assessed based on
the hypothesis that HER3 translocation into the nucleus could be associated with
trastuzumab response and resistance. HER3 expression in the nucleus was
increased when the SKBr3 cells acquired resistance to trastuzumab. In addition,
the increased nuclear HER3 expression was not detected by the antibody
generated for N-terminus of HERS3. Therefore, it was suggested that HER3 may
undergo proteolytic cleavage as seen in HER4!!8, Indeed, ADAM17 and y-
secretase inhibitor reduced the nuclear HER3 expression, which corresponded
with HER3100kp in the nucleus. Blocking y-secretase with trastuzumab treatment
inhibited colony formation in the SKBr3-TR cells. ADAM17 is known to shed

extracellular domain, but there is no known specific cleavage site that ADAM17
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can recognise®®?. It is also controversial whether the y-secretase complex
recognises the specific sequence for cleavage!®t12, Therefore, it is difficult to
predict specific cleavage site for truncated HER3 by these proteases. To identify
the cleavage site of HERS3, it is necessary to perform Mass Spectrometry in the
future. In addition, it should be assessed whether the mutated cleavage site could
block the nuclear HER3 translocation into the nucleus. It would also be interesting
to see whether introducing mutated cleavage site of HER3 into the innate and

acquired resistant cells could re-sensitise the cells to trastuzumab.

In this study, the frequency of nuclear HER3 in human HER2-positive breast
cancer varied between 8.9-37% in the different cohorts of patient samples. There
is a possibility that there are missing cases of nuclear HER3 in this study due to
the fixation problem since the protocol used for tissue fixation could vary between
different institutes, and some tumours may have degenerated nuclear protein. To
ensure minimal protein degradation in tumours, the samples should be collected
and fixed immediately. It is recommended that the methods of collection should
be stated in the standard operating procedure including the time from the samples

collected by biopsy or excision to the fixation, the fixation time as well as fixation
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reagent used since all these factors will affect sample condition for IHC results?%2,
However, these details are not always stated or followed during sample collection
for some of the biobanks or clinical trials. This may result in variation in the tissue
quality. In this study, all the IHC samples were evaluated by the same two
persons. However, since IHC scoring may be subjective, it is recommended that
a universal scoring system (IRS in this study) for judging nuclear HER3 positivity
should be used in future studies. In addition, the cut-off values used for HER3
and MET staining in this project need to be further refined. Although nuclear
HER3 was associated with poor progression-free survival and overall survival for
both trastuzumab treated and non-treated patients in FInHER trials, the results
need to be further validated in another data set from a randomised controlled trial
which compared trastuzumab and non-trastuzumab treatment for HER2-positive
breast cancer patients. It would be interesting to plan a prospective clinical trial
using nuclear HER3 as a biomarker in the future. Stratifying HER2-positive breast
cancer patients by nuclear HER3 to assess trastuzumab response, or designing
2x2 trial to apply trastuzumab or alternative treatment according to nuclear HER3

status would be warranted to translate this result to the bedside.
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In chapter 5, MET expression in HER2-positive cell lines in relation with
HER3 phosphorylation was assessed. It is known that HER3 phosphorylation is
reduced by trastuzumab treatment?®. Previously, our laboratory found that HER3
phosphorylation recovers when cells become resistant to trastuzumab after long
exposure to trastuzumab3®?. MET has been found to be overexpressed during
trastuzumab treatment and contributes to trastuzumab resistance®. Furthermore,
HER3 and MET co-expression in Chinese hamster ovary (CHO) cells results in
HER3 phosphorylation, which is not reduced by gefitinib or lapatinib treatment!4.
Therefore, it was hypothesised that HER3 phosphorylation in the trastuzumab
resistant cells could be maintained through MET overexpression, and MET
overexpression could be an indicator of trastuzumab response. HER3
phosphorylation was decreased by trastuzumab treatment mainly in the sensitive
cell lines, and high MET expression was observed mainly in the resistant cell lines
(Figure 5.2, 5.6B). MET expression was increased in acquired-trastuzumab
resistant BT474 and NCI-H2170 cells. These findings suggest that MET could be
a factor for trastuzumab resistance due to the maintenance of HERS3
phosphorylation. Indeed, MET knockdown reduced HER3 phosphorylation in

several cell lines and MET-HER3 interaction was increased in the BT474-TR cells
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as shown by the immunoprecipitation method. However, it is recommended that
this interaction should be further assessed using other more precise
methodologies including FRET or proximity ligation assay in the future.
Furthermore, it should be assessed whether ligand stimulation promotes MET
and HERS interaction. Ideally, crystal structure analysis is warranted to confirm

HER3-MET heterodimerisation.

Preclinical results in chapter 5 and previous publication indicate that high
MET expression could be a prognostic or predictive marker for HER2-positive,
trastuzumab treated breast cancer patients®. Although the samples used to stain
for MET expression in this project were all non-trastuzumab treated samples, high
MET expression (cytoplasm) was associated with good prognosis. Since there is
no standard cut-off value for MET IHC staining, several cut-off values were
assessed. In the future, MET IHC scoring and the cut-off points should be further
refined and validated in another data set. If MET expression is confirmed to be a
good prognostic marker for HER2-positive breast cancer patients in the future,
careful selection of patients for MET-directed therapy would be necessary since

MET-positive tumours could be a more non-aggressive phenotype in HER2-
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positive cancer cells. Although the clinical impact of MET expression is still

unclear, it is possible that MET could be a target only when tumours have

acquired resistance to trastuzumab.

It is also necessary to clarify MET localisation and its clinical impact.

Membrane and cytoplasmic MET expression was assessed in this project and

both of them were associated with good prognosis. However, the clinical

significance of nuclear MET expression is unclear due to low prevalence of

nuclear positivity and a small sample size. Nuclear MET expression was found to

be more prevalent in non HER2-positive breast cancer samples. Thus, it would

be interesting to clarify its clinical impact in non HER2-positive breast cancer,

especially triple-negative breast cancer since there is no available targeted

therapy for this subtype. Although MET tyrosine kinase inhibitors and monoclonal

antibodies have been tested in various clinical trials for different cancers, the

results have not been very promising and none of the inhibitors is approved for

clinical use in any cancer at present. In addition, its clinical use as monotherapy

or in combination with other agents in breast cancer remains to be determined.
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Furthermore, as shown in this study and other studies, MET expression as a

prognostic and predictive biomarker remains unclear and controversial.

Concluding remarks

In this study, nuclear HER3 was identified in innate and acquired trastuzumab

resistant cell lines and mouse xenograft tumours. It was found that induction of

nuclear HER3 was mediated by ADAM17 and y-secretase. Nuclear HER3 was

found to be increased after neoadjuvant trastuzumab and docetaxel combination

therapy for HER2-positive breast cancer patients. Nuclear HER3 was also a poor

prognostic marker for HER2-positive breast cancer patients participating in

FinHER trial. The role of MET was also studied and it was shown to interact with

HER3 to maintain HER3 phosphorylation in response to trastuzumab treatment

and resistance. However, higher MET expression was associated with good

prognosis in HER2-positive breast cancer patients who were not treated with

trastuzumab. Although MET upregulation is implicated in trastuzumab resistance

in preclinical models, the clinical significance of MET expression in HER2-positive

breast cancer patients remains unclear. Overall, this study has proposed novel
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resistance mechanisms to trastuzumab in HER2 positive breast cancer. However,

the clinical significance of nuclear HER3 and MET expression should be further

validated in future studies.
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