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Abstract

HER2-targeted therapies have greatly improved the outcome for patients with HER2-
positive breast cancer. However, resistance to these therapies is an on-going clinical
problem. Therefore, novel therapeutic strategies to overcome or prevent resistance are
required. The aim of this PhD project was to investigate mechanisms of resistance to
HER2-targeted therapies and to develop strategies to overcome resistance.

Two lapatinib resistant cell lines (SKBR3-L and HCC1954-L) previously generated in
our lab showed increased protein phosphatase 2A (PP2A) activity. In this study, the
resistant cell lines were more sensitive to PP2A inhibition by okadaic acid and the
therapeutic PP2A inhibitor LB-100. PP2A inhibition also enhanced the effect of
lapatinib and the combination induced apoptosis in both cell lines. Addition of LB100
to lapatinib prevented the development of lapatinib resistance in two lapatinib-naive
cell lines. HCC1954-L cells produced xenograft tumours in mice. The combination of
lapatinib and LB-100 did not cause systemic side effects, deeming the combination
safe for efficacy testing in the HCC1954-L xenograft model.

In a panel of HER2-positive cell lines, sensitivity to PP2A inhibition with okadaic
acid correlated with lapatinib resistance. PP2A catalytic subunit and structural subunit
expression did not correlate with lapatinib or PP2A inhibition response. However,
expression levels of the PP2A inhibitor CIP2A correlated with improved survival in
HER2-positive breast cancer patients in a publicly available dataset.

An afatinib-resistant SKBR3 cell line (SKBR3-A) was analysed by reverse phase
protein array. Phospho-Src (Y416) was elevated in SKBR3-A compared to SKBR3
cells. SKBR3-A cells were more sensitive to Src inhibition by dasatinib and the
combination of afatinib and dasatinib was highly synergistic. The combination
inhibited both HER2/EGFR and Src signalling and caused non-apoptotic cell death.
Addition of dasatinib prevented the development of afatinib resistance in three of four
treatment-naive HER2-positive cell lines and two of three cell lines with acquired
trastuzumab resistance.

In conclusion, the drug combinations of lapatinib plus LB-100 and afatinib plus

dasatinib show potential for the treatment of HER2-positive breast cancer.



1 Introduction



1.1 Introduction

Cancer is a heterogeneous disease that can be characterised by its ability to sustain
proliferation, evade cell death, stimulate angiogenesis, circumvent growth suppression
and invade other tissues [1, 2]. However, the term cancer does not refer to a single
disease but to a spectrum of malignancies that arise through particular genetic
abnormalities.

Breast cancer is the most common malignant tumour diagnosed in women in Ireland,
with a 1 in 10 chance of an Irish woman developing malignant breast cancer before
her 75™ birthday. Although the breast cancer five-year survival rate is 82%, it is still
the second most common cause of cancer death in women. From 1994 to 2013, the
number of invasive breast cancer incidences increased annually by approximately
1.5%. A similar trend was observed in in situ breast cancer cases, with an 8.8%
increased trend. In contrast, the mortality rate is declining on average by 1.9%

annually [3].

1.2 Breast cancer subtypes

Breast cancer is defined by its origins in breast tissue. Most commonly, breast
tumours originate from ductal tissue, termed ductal carcinoma, or in the lobules,
which is called lobular carcinoma. However, in rare cases, tumours can occur from
other breast tissue types [4, 5].

Breast cancer can be divided into several subtypes by morphological or molecular
characteristics, each subtype with different clinical prognoses. Traditionally, the
classification of a cancer was simply based on the tissue from which it originated e.g.
breast cancer. However, developments in molecular biology led to breast cancer
classification by the presence or absence of certain extracellular receptors, for
example, the hormone receptors estrogen receptor (ER) and progesterone receptor
(PR), and epidermal growth factor receptor 2 (HER?2). This defined three basic breast
cancer subtypes: hormone receptor-positive, HER2-positive and triple negative breast
cancer. With the application of gene expression profiling, this classification was
revised and five intrinsic breast cancer subtypes were proposed: HER2-enriched,

luminal A, luminal B, basal-like and normal-like. Recently, three additional subtypes



have been proposed: claudin-low, molecular apocrine and luminal-like [6—10] (Table

1-1).

Luminal breast cancers are characterised by their high expression of the ER and
largely originate from the luminal epithelial cells of the mammary gland. The St.
Gallen International Expert Consensus divides luminal breast cancer into luminal A
and luminal B. The luminal subtypes are the most heterogeneous in terms of gene
expression, mutation and gene copy number profile [11]. Luminal A and B are
distinguished by their Ki-67 and PR status. Luminal A tumours are both ER and PR
positive and are Ki-67 negative. These cancers are highly sensitive to hormone
therapy and generally respond poorly to chemotherapy. Luminal B breast cancers are
either PR-negative or have high Ki-67 levels, have lower levels of ER than luminal A
and can also be HER2 over-expressing [12].

HER2-enriched breast cancer is characterised by its over-expression of genes on the
17q ERBB2 amplicon, most notably HER2 and other associated genes such as GRB7
and STARD?3 [8]. The 17q ERBB2 amplicon, a region of DNA on chromosome 17q,
is amplified in roughly 20% of breast cancers and this amplification is the most
commonly occuring mechanism of HER2 activation [13]. Tumours of this subtype are
highly proliferative and, prior to the advent of HER2-targeted therapies, had an
exceptionally poor prognosis [14]. The basal-like subtype cancers are generally triple
negative and are categorised by expression of genes characteristic of basal
myoepithelial cells; cytokeratin 5 and/or cytokeratin 17. The normal-like subtype
expresses genes typical of adipose tissue. The claudin-low subtype has low expression
of claudins 3, 4 and 7, E-cadherin and CD24 [15]. Molecular apocrine subtype

tumours over-express the androgen receptor and lack ER [16].



Table 1-1: Breast cancer subtypes and their molecular features [6—10].

Breast cancer

subtype

Features

HER2-enriched

Luminal A

Luminal B

Basal-like

Normal-like
Claudin-low

Molecular apocrine

Overexpression of genes on the 17q ERBB2 amplicon; such
as HER2, GRB7 and STARD3

ER- and PR-positive, Ki67-negtive

ER-positive, either PR-negative or high Ki67 levels, can also

have HER2 overexpression

Mostly HER2-, ER- and PR-negative, overexpression of
cytokeratin 5 and/or cytokeratin 17

Overexpression of adipose tissue-associated genes
Low expression of claudins 3, 4 and 7, E-cadherin and CD24

Overexpression of androgen receptor and ER-negative




1.3 HER2-positive breast cancer

1.3.1 HER family structure and function

HER?2 is a 185 kDa receptor tyrosine kinase (RTK) encoded by the HER2-neu proto-
oncogene on chromosome 17g21 and, along with EGFR (HER1 or ErbB1), HER3
(ErbB3) and HER4 (ErbB4), is a member of the ERBB/HER family of RTKs (Figure
1-1). These membrane receptors are composed of a glycosylated extracellular
domain, a transmembrane region and, an intracellular tyrosine kinase domain [17-19].
The extracellular domain is composed of approximately 630 amino acids and can be
divided into four sub-domains. Sub-domain I contains the ligand binding site that,
when activated binds to sub-domain III. This triggers a conformational change that
exposes sub-domain II, the dimerization domain. The four HER family members
originate from a gene duplication event, resulting in an EGFR/HER2 precursor and
HER3/HER4 precursor, and subsequent gene duplications then produced the four
receptors [20]. These receptors are ubiquitously expressed and are critical for normal

development.
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Figure 1-1: HER family members of receptor tyrosine kinase receptors. The
extracellular domains of EGFR, HER3 and HER4 contain ligand binding
domains for HER family ligands. EGF = epidermal growth factor, TGF-a =
transforming growth factor alpha, HB-EGF = heparin-binding epidermal
growth factor-like growth factor, NRG = neuregulin, PKD = protein kinase
domain. HER3 has a truncated intracellular segment and does not have an active

PKD (adapted from [19]).

There are 12 known ligands that can activate members of the HER family of receptors
[21]. These ligands can act in either a receptor-specific manner, such as EGF, TGF-a
and epigen for EGFR, or a non-specific fashion, for example, neuregulins for HER3
and HER4 and epiregulin for EGFR and HER4. They are approximately 55 amino
acids in size and share a conserved EGF-like pattern of three disulphide bonds and
loop-rich structure [20, 22]. In contrast to the other members of the HER family,
HER?2 does not require a ligand for activation. Instead, HER2 resides in a permanent,
ligand-independent open conformation as sub-domain I of the extracellular domain is

in constant contact with sub-domain III, which allows it to homo- or heterodimerise
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[23]. In comparison, the EGFR subdomains II and IV are bound together by a -
hairpin loop projecting from subdomain II. This can only be released through ligand
binding, inducing an allosteric conformational change resulting in exposure of
subdomain II similar to HER2 [24]. It must be noted though, that in order for HER2
to heterodimerise, its binding partner must be ligand activated. Therefore, although
HER?2 is not reliant on specific ligands for activation, its level of dimerisation is
governed by ligand binding to other HER receptors.

There are ten possible HER family dimer combinations. However, HER2 is the
preferred dimerisation partner of all other members of the HER family [22]. These
HER2-containing dimers have a decreased dissociation rate and a greater transduction
of the signal compared to the other possible dimers [25]. Dimerisation results in the
trans-phosphorylation of the tyrosine kinase domain. This provides docking sites for
signalling proteins that possess Src homology 2 (SH2) and phosphotyrosine binding
domains. The number of tyrosine phosphorylation sites varies between HER
receptors, HER2 having 19 different sites. This phosphorylation allows for activation
of a number of signal transduction pathways, most notably the mitogen-activated
protein kinase (MAPK) and phosphoinositide 3-kinase (PI3K) pathways [26].
Through the activation of these pathways, HER signalling stimulates cell

proliferation, migration invasion and regulation of apoptosis.

1.3.2 HER2 in normal development

The HER family receptors play a paramount role in normal mammalian development
and HER2 is of particular significance in central nervous system and cardiac
development [27, 28]. Gene mutation studies have shown that HER2-mutant mice
develop nervous system defects and cannot survive gestation [29]. HER2, along with
HER4 and neuregulin, are required for ventricular development. Mutations of HER2
in ventricular cardiomyocytes results in dilated cardiomyopathy [30]. HER2 is
expressed in epithelial cells in stomach, skin, heart, breast and kidney tissues [30-32].
This must be taken into consideration when assessing the clinical implications of

HER2-targeted therapies.
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1.3.3 HER2-positive breast cancer occurrence

The incidence of HER2-positive breast cancer is reported as between 15% and 30% of
all breast cancers [3, 33]. In Ireland, the average reported occurrence of HER2-
positive breast cancer from 2004 to 2013 was 15.4%, equalling approximately 448
patients per year. Of those patients with HER2-positive status, 68% received

trastuzumab within one year of diagnosis [3].

14 HER2-targeted therapies

14.1 Overview of approved HER2-targeted therapies

There are currently five FDA-approved HER2-targeted therapies for the treatment of
HER2-positive breast cancer: trastuzumab, pertuzumab, trastuzumab emtansine (T-
DM1), lapatinib and neratinib (Figure 1-2). These molecules can be divided into three
main categories: anti-HER2 monoclonal antibodies, antibody-drug conjugate, and
small molecule HER family tyrosine kinase inhibitors.

Trastuzumab was the first HER2-targeted therapy approved and is approved for the
treatment of both early-stage and metastatic HER2-positive breast cancer [34].
Lapatinib was next approved in combination with capecitabine as second-line therapy
for metastatic HER2-positive breast cancer that has become refractory to trastuzumab
[35]. The second anti-HER2 monoclonal antibody, pertuzumab, was approved in dual
HER2-targeted therapy with trastuzumab for the treatment of both metastatic and
early-stage HER2-positive breast cancer [36, 37]. T-DMI then showed improved
efficacy as a second-line therapy compared to lapatinib plus capecitabine and was
therefore approved for second-line treatment after relapse following trastuzumab
treatment for metastatic disease [38]. More recently, neratinib was approved for the
treatment of early-stage HER2-positive breast cancer following adjuvant trastuzumab
treatment [39]. Several additional clinical trials are on-going to determine the optimal

combinations and order of treatment in HER2-positive breast cancer.
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Figure 1-2: HER2-targeted therapies approved (red) and currently in clinical

trials (blue) for HER2-positive breast cancer.

14.2 Anti-HER2 monoclonal antibodies
1.4.2.1 Trastuzumab

1.4.2.1.1 Pre-clinical investigation of trastuzumab

Trastuzumab (Herceptin™, Genentech) is a humanised IgG, monoclonal antibody
that binds to the C-terminal region of domain IV of the extracellular domain [18] of
HER2 causing suppression of HER2 signalling [40], antibody dependent cell-
mediated cytotoxicity (ADCC) through the recruitment of natural killer cells [41, 42],
induction of HER2 internalisation [43], reduction in angiogenesis [44], and G1 cell
cycle arrest [45].

The development of trastuzumab stemmed from academic and industry research

groups producing murine monoclonal antibodies against the extracellular domain of
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HER2, p185HER2 [46, 47]. One of these antibodies, muMAb 4D5 showed pre-clinical
efficacy in HER2-positive cancer cell lines [48]. The 4D5 murine antibody was
humanised to avoid immune response against the antibody. The resulting monoclonal
antibody actually bound to HER2 more effectively than the murine antibody and also
elicited ADCC in vivo, which was not seen with the murine 4D5 [49].

1.4.2.1.2 Clinical investigation of trastuzumab

The first clinical trials for the use of trastuzumab showed the potential of trastuzumab
even in heavily-pre-treated HER2-positive metastatic patients [50, 51]. Single agent
trastuzumab displayed an objective response rate (ORR) of 15% with a median
overall survival (OS) of 13 months [50]. Trastuzumab also showed a clinical
improvement in combination with chemotherapy versus chemotherapy alone. The
addition of trastuzumab increased ORR from 32 months to 50 months, with OS after
one year 78% versus 67% [51]. In 1998, trastuzumab was FDA approved for the
treatment of metastatic HER2-positive breast cancer and was the first HER2-targeted
therapy used clinically [34]. A recent study of response to trastuzumab in patients
with metastatic breast cancer showed that 9.5% of patients achieved a durable
complete response [52].

Meta-analysis of five clinical trials assessing trastuzumab treatment in the adjuvant
setting showed that trastuzumab-containing therapy improves survival rates and
lowers the rate of recurrence and metastasis compared to adjuvant therapy without
trastuzumab [53]. Patients treated with a trastuzumab-based regimen had a reduced
recurrence by approximately 50%. This also extends to small localised disease,
tumours < 2 cm, as adjuvant trastuzumab treatment improves both disease-free
survival (DFS) and OS [54]. Based on the adjuvant clinical trials, trastuzumab
approval was expanded to include early-stage HER2-positive breast cancer in 2006
[55].

The optimal duration of adjuvant trastuzumab treatment has been a controversial
topic. The PHARE clinical trial of six-months versus 12-months trastuzumab
treatment could not provide evidence of inferiority of the shorter treatment and
shorter treatment had decreased occurrence of cardiotoxicity [56]. However, in a

meta-analysis of four clinical trials, one year of trastuzumab treatment was shown to
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improve overall survival and disease free survival compared to shorter treatment
regimens [57]. This suggests 12-months of trastuzumab treatment should remain the
standard of care. In addition, the HERA trial showed that two-years of trastuzumab
treatment did not further improve response compared to one year of treatment [58].
Trastuzumab has shown considerable efficacy against HER2-positive breast cancer in
the neo-adjuvant setting. In the Phase III NOAH trial, neo-adjuvant trastuzumab plus
chemotherapy produced increased event-free survival (58% versus 43%) and
pathological complete response (pCR) (38% versus 19%) compared to chemotherapy
alone in locally advanced HER2-positive breast cancer [59].

The most commonly occurring adverse effect of trastuzumab is fatigue. However, the
most clinically significant effect observed is cardiotoxicitiy. Trastuzumab was found
to cause cardiotoxicity in 4.7% of 221 patients treated [50]. Other anti-neoplastic
drugs such as anthracyclines can cause cardiomyopathy and congestive heart failure.
This effect is increased by the addition of trastuzumab, but can be improved with
angiotensin-converting enzyme (ACE) inhibitor and beta-blocker treatment [60, 61].
Therefore, anthracycline-containing chemotherapy regimens are not given

concomitantly with trastuzumab [62].

1.4.2.2 Pertuzumab

1.4.2.2.1 Pre-clinical investigation of pertuzumab

Pertuzumab (Perjeta’™, Genentech) is a second-generation HER2-targeted humanised
monoclonal antibody. Pertuzumab received FDA approval in 2012 for the treatment
of metastatic breast cancer and in 2013 also gained accelerated approval for neo-
adjuvant treatment of early-stage breast cancer. Unlike trastuzumab that targets
subdomain IV of the extracellular domain of HER2, the epitope targeted by
pertuzumab is subdomain II of HER2, which prevents HER2 homo- and hetero-
dimerisation [63]. This dimerisation inhibition is more effective than that of
trastuzumab [64]. Aside from inhibiting dimerisation, pertuzumab has also been
shown, in vitro, to inhibit PI3K and MAPK signalling and to mediate ADCC [65].
Pre-clinical data showed that pertuzumab plus trastuzumab caused increased
induction of apoptosis, enhanced Akt signalling suppression, and reduced hetero- and

homo-dimerisation in the HER2-positive breast cancer cell line BT474 [66].
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1.4.2.2.2 Clinical investigation of pertuzumab

Dual blockade of HER2 with the combination of both monoclonal anti-HER2
antibodies was assessed in the phase Il CLEOPATRA clinical trial (n = 808). This
trial evaluated the efficacy of docetaxel plus trastuzumab and a placebo versus
docetaxel plus trastuzumab and pertuzumab in HER2-positive metastatic breast
cancer. Pertuzumab significantly enhanced trastuzumab and docetaxel response
compared to the placebo addition. OS of the triple combination was 15.6 months
longer (56.5 months versus 40.8 months) and PFS was 18.7 months compared to 12.4
months [67]. Importantly, the addition of pertuzumab caused similar levels of adverse
effects, with only febrile neutropenia and grade > 3 diarrhoea increased in the
pertuzumab-treated group [68]. The results of this trial led to the approval of
pertuzumab in combination with trastuzumab and docetaxel as a first-line therapy for
metastatic or locally recurrent disease [69].

With pertuzumab showing enhancement in combination with trastuzumab and
docetaxel in the metastatic setting, its possible role in neo-adjuvant treatment was
examined. The NeoSphere trial (n = 417) compared the efficacy of trastuzumab plus
pertuzumab, trastuzumab plus docetaxel, pertuzumab plus docetaxel, or the triple
combination, using locoregional total pCR as the primary endpoint. The dual HER2
blockade significantly increased total pCR rates, which was further improved by the
addition of docetaxel . Of the patients on the triple combination 45.8% achieved pCR
compared to 16.8% in the dual antibody combination, 29% of the trastuzumab plus
docetaxel group and 24% of the pertuzumab plus docetaxel group [70, 71]. The triple
combination marginally improved PFS and DFS compared to trastuzumab plus
docetaxel, the group with the second best response (Table 1-2). This also then led to
the approval of the triple combination in the neo-adjuvant setting for patients with

locally advanced or early-stage HER2-positive breast cancer [37].
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Table 1-2: Percentage S-year disease-free survival and progression-free survival
per treatment group in the CLEOPATRA clinical trial [67]. T = trastuzumab, P

= pertuzumab, D = docetaxel.

Treatment Disease-free survival (%) Progression-free survival
group (%)
T+D 81 81
P+T+D 86 84
T+P 73 80
P+D 73 75

14.3 Antibody-drug conjugate

1.4.3.1 Trastuzumab emtansine (T-DM1)

1.4.3.1.1 Pre-clinical investigation of T-DM1

Trastuzumab-emtansine (T-DM1) (KadcylaTM, Genentech) is an antibody-drug
conjugate of trastuzumab and DM1 (emtansine, a derivative of maytansine), linked by
a non-reducible thioester linker. Antibody-drug conjugates provide a targeted delivery
system of highly cytotoxic agents to cancer cells. T-DMI1 carries approximately 3.5
DM1 molecules per trastuzumab antibody. T-DM1 has shown significant anti-
proliferative effect in vitro and in vivo against HER2-positive breast cancer cell lines,
including cell lines with innate or acquired trastuzumab and lapatinib resistance [72,
73]. In a pre-clinical study of T-DMI in a panel of HER2-positive breast cancer cell
lines, including three cell lines that are innately resistant to trastuzumab and lapatinib,
T-DM1 caused mitotic catastrophe and apoptosis and elicited ADCC similar to

trastuzumab [74].

T-DM1 binds to the extracellular domain of HER2 and is internalised by endocytosis.
Cleavage of the linker molecule and release of DM1 occurs in lysosomal processing.
Released DM1 can then inhibit microtubule assembly. Due to the anti-HER2 activity

of the trastuzumab molecule and the cytotoxicity of DM1, T-DMI as a single agent
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can cause cell death by several mechanisms, including apoptosis, mitotic catastrophe

and ADCC [73, 75].

1.4.3.1.2 Clinical investigation of T-DM 1

T-DM1 was safely tolerated and showed some clinical efficacy in heavily pre-treated
patients in phase [ clinical trials [76]. The dose limiting toxicity was
thrombocytopenia, due to T-DMI1 affecting platelet production. Cardiac toxicity
requiring dose modification was not observed [76, 77]. The phase III EMILA trial
assessed T-DM1 in metastatic HER2-positive breast cancer as a second line therapy
against the approved combination of lapatinib and capecitabine. In this trial, T-DM1
was superior in PFS (9.6 months versus 6.4 months) and OS (30.9 versus 25.1
months) [78, 79]. On the basis of the EMILA trial, T-DM1 was approved for second-
line treatment of metastatic HER2-positive breast cancer [38, 80]. The combination of
T-DM1 with pertuzumab is now under investigation, with a phase Ila trial showing
clinical activity (ORR = 41%, 33% in metastatic disease, 57% in first-line therapy)
[81]. T-DM1 is now being tested in neo-adjuvant and adjuvant treatment of HER2-
positive breast cancer. These trials include T-DMI1 as a single agent and in
combination with various chemotherapies, HER2-targeted therapies, immunotherapy
and other targeted therapy agents, including neratinib, ONT-380, palbociclib and

pembrolizimab.

14.4 Small molecule tyrosine kinase inhibitors

1.4.4.1 Lapatinib

Lapatinib (Tykerb™

of EGFR and HER2. In 2001, it received FDA approval in combination with

, Novartis) (Figure 1-3) is a reversible, tyrosine kinase inhibitor
capecitabine for the treatment of metastatic HER2-positive breast cancer that has

failed trastuzumab therapy [82]. It was subsequently also approved for the treatment

of HER2-positive, ER-positive breast cancer in combination with letrozole [83].
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Figure 1-3: Chemical structure of lapatinib (reproduced from PubChem; CID
no. = 208908 [84])

The predominant mechanism of action of lapatinib in HER2-positive breast cancer is
inhibition of HER2 signalling (ICso value = 9.2 nM). Downstream of HER?2 signalling
lapatinib can induce apoptosis, cause cell cycle arrest, senescence and has been
indicated to induce autophagy [85-87]. Although lapatinib is also an EGFR inhibitor
(ICso value = 10.8 nM), its efficacy is independent of EGFR expression in HER2-
overexpressing breast cancer cell lines and patient tumours [88—90]. When bound to
HER?2, lapatinib inhibits both PI3K/Akt and MAPK signalling pathways [88]. This
inhibition of MAPK signalling causes increased Bcl-2 interacting mediator of cell
death (BIM), which results in apoptosis. Apoptosis can also be induced by lapatinib
through decreased levels of survivin and increased myeloid cell leukaemia 1 (MCL-1)
[91-94]. The intracellular binding site of lapatinib is advantageous as, unlike
trastuzumab, lapatinib can also bind to and inhibit p95, the cleaved constitutively
active form of HER2 [95]. Lapatinib also induces stabilisation and accumulation of
HER2 on the cell surface which may allow for greater trastuzumab-mediated ADCC
alone [42, 96]. Lapatinib in combination with trastuzumab increases growth inhibition
in HER2-positive breast cancer cell lines compared to either single agent [88]. This
effect was seen in cell lines sensitive to both single agents, resistant to trastuzumab,

and innately resistant to both agents.
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Lapatinib monotherapy was found to be ineffective in HER2-positive breast cancer
compared to trastuzumab [97]. However, lapatinib combined with capecitabine
showed a greater clinical benefit than capecitabine alone (PFS of 8.4 months vs. 4.4
months) for patients with trastuzumab-refractory metastatic breast cancer [35, 98].
Capecitabine (Xeloda, Roche) is a chemotherapy pre-drug that is converted to 5-
fluorouracil in tumour cells. This combination also performed better than continued
trastuzumab with capecitabine when the patient’s tumour progressed after initial
trastuzumab treatment (median PFS of 6 months vs. 4.5 months) [99]. The results of
this trial led to the FDA approval of lapatinib in combination with capecitabine.
Therefore, proceeding clinical trials focused on possible lapatinib efficacy in
combination with other HER2-targeted therapies or chemotherapies.

The potential benefit of dual HER2 blockade with trastuzumab and lapatinib in
HER2-positive breast cancer was examined in the metastatic setting with the
EGF104900 trial and in early stage disease with the ALTTO trial. The addition of
lapatinib to trastuzumab showed a 4.5 month increase in overall survival compared to
lapatinib alone in trastuzumab-refractory metastatic disease [100]. In the ALTTO
trial, patients with early-stage HER2-positive breast cancer received adjuvant
chemotherapy combined with trastuzumab alone (T), lapatinib alone (L), trastuzumab
followed by lapatinib (T->L), or trastuzumab plus lapatinib (T+L) [101]. The L arm
was discontinued when inferiority to trastuzumab alone was observed. At a median
follow-up of 4.5 years, there was a 16% reduction in the hazard ratio in T+L
compared to T, but this was not statistically significant at the defined p<0.025
significance level (p = 0.048). There was no significant difference in OS after 4 years.
However, results of trials of this combination in the neo-adjuvant setting were more
promising. The NeoALTTO trial (n = 455) compared the efficacy of lapatinib alone
versus trastuzumab alone versus trastuzumab plus lapatinib for six weeks followed by
the same targeted therapy plus paclitaxel for 12 weeks prior to surgery [102]. The
combination of trastuzumab and lapatinib showed significantly improved pCR
compared to trastuzumab alone (46.8% versus 27.6%), and those that achieved pCR
had increased event-free survival (86% versus 72%) and OS (94% versus 87%) [102,
103]. The combination of trastuzumab and lapatinib has also shown efficacy in
patients with heavily trastuzumab pre-treated metastatic HER2-positive breast cancer.
The combination arm showed increased PFS and clinical benefit rates (CBR)

compared to lapatinib alone, with a satisfactory safety profile [104]. Preliminary
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results from the EPHOS-B trial (n = 257) further highlighted the potential benefit of
neoadjuvant lapatinib plus trastuzumab. In this trial, patients were given the
combination of lapatinib and trastuzumab, trastuzumab alone or a placebo without
any chemotherapy during an 11-day treatment window after diagnosis and prior to
surgery. Remarkably, in the combination arm, 17% of patients had tumours of less
than 5 mm in diameter, defined as minimum residual disease (MRD), and a further
11% had pCR. In comparison, the trastuzumab only arm produced no pCR and 3%
MRD while the control group had no occurrences of pCR or MRD [105].

Clinically, HER2-positive breast cancer presents as a heterogeneous disease;
incorporating HER2-enriched, luminal A, luminal B, basal-like, and normal-like
cancers. In the phase I PAMELA trial, patients were characterised by PAMS50 breast
cancer subtype predictor and given lapatinib plus trastuzumab. Patients with hormone
receptor positive disease also received endocrine therapy. Of the HER2-positive
breast cancer patients 67% had HER2-enriched disease. Of these patients 41%
achieved pCR compared to 10% of the non-HER?2 enriched patients [106]. This result
therefore indicates that PAMS50 HER2 subtype classification may be a better predictor
of response to lapatinib and trastuzumab than traditional HER2-positive
characterisation.

In summary, the assessment of trastuzumab plus lapatinib in combination has shown
mixed response. Adjuvant dual therapy did not significantly improve survival
outcomes and although the combination increased pCR in the NeoALTTO trial, this
did not translate into improved OS. However, trials like the EPHOS-B trial hold
promise, as trastuzumab plus lapatinib without chemotherapy significantly increased
pCR, but the effect on OS is not yet known. The PAMELA trial suggests that the
combination may perform better against a trastuzumab alone regimen with PAMS0

HER2-enriched patient selection.
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1.4.4.3 Neratinib

1.4.4.3.1 Pre-clinical investigation of neratinib

Neratinib (Nerlynx™, Puma Biotechnologies) (Figure 1-4) is an anilinoquinoline
derivative of pelitinib (EKB-569, Wyeth), an irreversible EGFR inhibitor [107]. It is a
pan-HER family tyrosine kinase inhibitor that is approved for the treatment of early-

stage HER2-positive breast cancer [39].
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Figure 1-4: Chemical structure of neratinib (reproduced from PubChem; CID
no.= 9915743 [84])

Neratinib is a potent inhibitor of HER2-amplified or HER2-driven cancers. It has
shown significantly greater activity in HER2-amplified breast cancer cell lines
compared to HER2-low or non-amplified cells and sensitivity to neratinib correlated
with baseline and phosphorylated HER2 levels, but not EGFR levels. Neratinib
suppressed HER receptor activation and decreased downstream pathway signalling,
through PI3K and MAPK. However, AKT and HER3 activity was restored after drug

withdrawal, which was prevented when neratinib was combined with trastuzumab
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[108]. This suggests the combination of trastuzumab and neratinib may be more
effective than single agent therapy. Furthermore, neratinib has demonstrated in vitro
and in vivo efficacy against trastuzumab-resistant HER2-positive breast cancer.
Innately trastuzumab resistant cell lines are also sensitive to neratinib. The
combination of neratinib and trastuzumab enhanced the single agent effect in acquired
trastuzumab resistant SKBR3 and BT474 cell lines. The addition of neratinib to
trastuzumab treatment can also inhibit HER4 cleavage and nuclear translocation,

which is associated with trastuzumab resistance [109].

1.4.4.3.2 Clinical investigation of neratinib

Neratinib has been investigated in several cancer types, including breast, lung,
bladder, and colorectal cancer [110-112], with a focus on HER2-amplified and
HER2-mutated cancers. Phase I clinical investigation showed that neratinib was well
tolerated up to 320 mg daily dosage, with a therapeutic dose set at 240 mg [110]. The
most common neratinib-related toxicity and the primary dose-limiting toxicity was
diarrhoea, with 32% of patients experiencing grade 3 or higher diarrhoea. Neratinib
showed significant efficacy in the breast cancer setting. Partial responses were
observed in eight breast cancer patients, accounting for 32% of breast cancer patients
enrolled in the phase I study. These 8 patients had HER2-positive breast cancer, with
7 of the 8 partial responders having HER2 immunohistochemical staining of 3 [110].

Neratinib has shown clinical activity in HER2-positive breast cancer, regardless of
previous trastuzumab treatment. However, there is some reduction in efficacy in
cancers previously treated with HER2-targeted therapies. In a phase II clinical trial,
patients were divided into two cohorts: 63 with prior trastuzumab therapy and 64
being trastuzumab-naive. Both cohorts received 240 mg neratinib monotherapy daily,
with the primary endpoint of 16-week PFS rate. Patients with prior trastuzumab
therapy had a 16-week PFS rate of 59% and ORR of 24%. For patients with no
previous trastuzumab, the 16-week PFS rates were 78% and ORR 56% [113].
Neratinib has also demonstrated efficacy in lapatinib-treated breast cancer. A phase
I/II clinical trial showed tolerability of neratinib in combination with capecitabine and
examined this combination in patients with metastatic HER2-positive breast cancer,

of which seven patients had previously received lapatinib therapy. Clinical response
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was observed at the MTD in 64% of lapatinib-native patients and 57% of patients that
previously received lapatinib. Median PFS was 40 weeks for patients with no prior
lapatinib and 26 weeks for those who received lapatinib [114]. Neratinib was
observed to significantly improve invasive disease free survival (iDFS) compared to a
placebo when given after two years of trastuzumab therapy for early-stage HER2-
positive breast cancer in the phase III ExteNET trial. After two years follow-up, iDFS
was 94.2% for the neratinib arm compared to 91.9% for placebo. The results of this
trial led to the approval of neratinib for the treatment of early-stage HER2-positive
breast cancer following adjuvant trastuzumab.

A number of trials have been launched to test the efficacy of neratinib compared to
lapatinib. One phase II clinical trial compared neratinib monotherapy to lapatinib plus
capecitabine in patients with advanced HER2-positive breast cancer who previously
received trastuzumab. Lapatinib and capecitabine showed higher ORR and median
PFS than the neratinib monotherapy. However, this difference was not statistically
significant [115]. This led to the phase IIl NALA trial which is currently examining
neratinib plus capecitabine versus lapatinib plus capecitabine in metastatic HER2-
positive breast cancer patients who have received two or more previous HER2-
targeted therapies(excluding HER2-targeted TKIs). This clinical trial should
determine if neratinib shows superiority over lapatinib in the HER2-positive
metastatic setting. The primary outcomes of this study are PFS and OS and the
estimated primary completion date is 2019 [116].

Several trials are underway or completed examining combinations of neratinib with
other HER2-targeted therapies. The FB-8 trial showed that neratinib combined with
trastuzumab and paclitaxel is safe, but suggested reducing the therapeutic dose of

neratinib to 200 mg daily when in combination with trastuzumab and paclitaxel [117].

1.4.4.4 Afatinib

1.4.4.4.1 Pre-clinical investigation of afatinib

Afatinib (Gilotrif™, Boehringer Ingelheim) (Figure 1-5) is a quinazoline derivative
small molecule tyrosine kinase irreversible inhibitor of EGFR, HER2 and HER4
[118]. Afatinib is FDA approved for metastatic non-small cell lung cancer (NSCLC)
with either EGFR exon-29 deletions or Leu858 Arg mutation [119]. In vitro assays
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showed afatinib is a potent inhibitor of wild type EGFR (ECsy = 0.5 nM), HER2 (14
nM), HER4 (1 nM) and mutant EGFR variants (EGFR***® = 0.4 nM and
EGFRPHRTPM — 10 nM) [120]. Afatinib covalently binds to Cys-773 and Cys-805
of EGFR and HER2, respectively, which are situated in the ATP binding pocket of

the kinase domain.
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Figure 1-5: Chemical structure of afatinib (reproduced from PubChem; CID no.
= 10184653 [84])

Pre-clinical assessment of afatinib demonstrated efficacy in HER2-overexpressing
and/or EGFR-amplified breast, lung, pancreatic, prostate and gastric cancer cell lines
[118, 121, 122]. Afatinib showed high specificity and potency to suppress
phosphorylation of both wild type and mutant EGFR and HER2. In particular, HER2-
positive breast cancer cell lines were highly sensitive to afatinib and an additive effect
was seen with the combination of afatinib and trastuzumab in four trastuzumab
sensitive cell lines and an acquired trastuzumab resistant cell line. This sensitivity was

also reflected in an in vivo xenograft model [123].
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1.4.4.4.2 Clinical investigation of afatinib

The described pre-clinical data led to the initiation of multiple phase I clinical trials to
investigate the safety and clinical activity of afatinib, alone or in combination with
chemotherapy, in advanced solid cancers.

Four afatinib monotherapy phase I clinical trials were performed to determine the
safety and tolerability of afatinib in solid tumours. Two of these trials used a
continuous dosing schedule, one study used a 14-days on/14-days off programme and
another used a three-weeks on/one-week off schedule [124—127]. The adverse effects
observed in these trials were typical of EGFR inhibitors and were most commonly
gastrointestinal-related, skin rashes and fatigue. These trials demonstrated that
afatinib is orally bioavailable and the maximum plasma concentration at the MTD
was 25- to 700-fold higher than required to inhibit EGFR phosphorylation in vitro
[126]. However, EGFR-associated biomarkers were unchanged but Ki-67 levels were
significantly reduced on therapy. From these trials, the recommended dose for phase
II trials was established as 50 mg daily [127].

Clinical investigation of afatinib in breast cancer has focused on two areas: second-
line therapy after progression on trastuzumab, and as a neo-adjuvant therapy. A phase
IT clinical trial of afatinib as a second-line therapy examined afatinib monotherapy in
a single-arm study [128]. Eleven percent of patients achieved a partial response, with
37% having stable disease. These patients had all previously been treated with
trastuzumab and had also received a median of three chemotherapies. This indicated
that afatinib might have efficacy in trastuzumab-refractory disease. The LUX-Breast
phase III clinical trials further investigated second-line afatinib therapy. The LUX-
Breast 1 trial compared afatinib plus vinorelbine to continued trastuzumab plus
vinorelbine in metastatic breast cancer patients [129]. This trial was stopped early as
independent benefit-risk analysis showed that afatinib was inferior to trastuzumab.
Median PFS of the afatinib group was 5.5 months and 5.6 months for the trastuzumab
group. As CNS metastasis is a common occurrence in HER2-positive disease, the
LUX Breast 3 trial was carried out to determine if afatinib could improve current
therapy. Afatinib alone and afatinib plus vinorelbine were compared to the
investigator’s choice of treatment [130]. Neither afatinib-based therapy showed a
greater clinical benefit compared to investigator’s choice. Clinical benefit was defined

as no additional CNS tumour development or tumour-related worsening of
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neurological symptoms at 12 weeks. The LUX-Breast 2 trial examined afatinib in
metastatic breast cancer that progressed on trastuzumab and/or lapatinib. This trial
compared three treatment arms: afatinib alone, afatinib followed by paclitaxel after
progression on afatinib, and afatinib followed by vinorelbine. Results of this trial are
so far unpublished [131].

In the neo-adjuvant setting, a phase II clinical trial examined the potential of afatinib
in the treatment of locally advanced HER2-positive breast cancer [132]. Patients on
this trial received afatinib, trastuzumab, or lapatinib for six weeks prior to surgery.
This trial was terminated early due to low accrual rate. However, 28 patients were
enrolled in the trial. Objective responses were observed in 8 of 10 afatinib treated
patients, 4 of 11 that received trastuzumab, and 6 of 8 of the lapatinib group. Afatinib
was associated with a much higher rate of adverse events compared to trastuzumab or
lapatinib. The DAFNE phase II clinical trial was a single arm study of neo-adjuvant
afatinib plus trastuzumab, followed by afatinib, trastuzumab and paclitaxel, then
epirubuicin, cyclophosphamide and trastuzumab prior to surgery [133]. This regimen
showed a tolerable safety profile and similar pCR (49.2%) to other HER2-targeted
neo-adjuvant treatment. However, pCR achieved was still below desired the

significant pCR of 55%.

1.5 HER2-targeted therapy resistance

HER2-targeted therapies have significantly improved clinical outcome for HER2-
positive breast cancer patients; especially in early stage disease. However, de novo
and acquired resistance to HER2-targeted therapies is a pertinent clinical problem.
Therefore, there is a need to investigate the mechanisms of HER2-targeted therapy
resistance. This can be achieved by examining primary tumour samples of HER2-
positive breast cancer patients treated with HER2-targeted therapies or by establishing
in vitro cell line models of drug resistance. Cell lines are the most commonly used
models of drug resistance. Cancer cell lines provide a sustainable, indefinite supply of
highly homogeneous cells that are largely representative of the tumours from which
they are derived [134]. Nonetheless, there are several limitations to cancer cell lines.
Cell lines lack the supporting stromal cells, which interacts with the cancer cells and

can alter response. In addition, most breast cancer cell lines are derived from pleural
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effusions of metastatic cancers. This limits the representation of the different stages of

breast cancer [135].

1.5.1 Trastuzumab resistance

Several mechanisms of resistance have been discovered using both in vitro resistance
models and patient samples [Reviewed in 132—-135]. With inhibition of HER2 by
trastuzumab, other RTKs can become over-expressed or up-regulated. For example,
HER3 has been shown to be increased in trastuzumab resistant cells, which causes
increased HER2-HER3 dimerisation and maintenance of PI3K activation [140]. The
RTK Met can also be increased in trastuzumab resistance and correlates with poor
survival in trastuzumab-treated patients [141, 142]. Previous work from our lab
implicated IGF-1R in trastuzumab resistance [143]. In this study, trastuzumab-
resistant SKBR3 and BT474 cells displayed increased levels of IGF-1R and IGF-1R
inhibition enhanced trastuzumab response in these cell lines. As trastuzumab response
is reliant on trastuzumab/HER2 binding, cancer cells can cleave the ECD of HER2 or
sterically hinder the binding of trastuzumab. HER2 ECD shedding is associated with
poor response to trastuzumab [144—-146]. This can be analysed by examining levels of
cleaved HER2 ECD in the blood and tumour levels of p95 HER2 [95, 147]. Mucin 4
(MUC4) can also be increased in trastuzumab-resistant breast cancer to prevent

efficient binding of trastuzumab to HER2 ECD [144-146].

1.5.2 In vitro models of lapatinib resistance

This study focuses particularly on resistance and response to HER2-targeted tyrosine
kinase inhibitors. Nine different HER2-positive breast cancer cell lines have been
used to produce acquired lapatinib resistant cell lines. The majority of cell lines used
were luminal adenocarcinomas that are HER2-positive and ER/PR-negative.
Although, two ER-positive cell lines have been used to generate lapatinib-resistant
cell lines, BT474 and MDA-MB-361 cell lines.

There are several methods to develop drug resistant cell lines [148]. Lapatinib
resistant cell lines have been developed through continuous exposure to lapatinib, by

dose escalation treatments and by single cell cloning techniques (Table 1-3). The
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published lapatinib resistant cell lines have been produced from a variety of different
HER2-positive cell lines and the concentrations used, both starting and fixed
concentrations, vary between studies; lapatinib concentrations used range between 50
nM and 5 puM. Only two established cell lines were generated using concentrations in
excess of the steady state concentrations achieved in patients’ blood. Xia and
colleagues [149] exposed the BT474 cell line to increasing concentrations of lapatinib
from 250 nM to 5 uM and Liu and colleagues pooled 21 resistant BT474 clones,
which had been exposed to 1, 3 or 5 uM lapatinib [150]. A number of different
approaches have been used in the development of the clinically relevant models. Most
resistant cell lines were exposed to a low dose of lapatinib, which was gradually
increased. However, both the starting concentration and final maintaining
concentration vary widely. SKBR3 cells have been exposed to 5 nM lapatinib
increasing to 250 nM over six months [151], 250 nM increasing to 1 uM over six
months [152], 100 nM to 1 puM for 3 to 12 months and an escalating lapatinib
concentration up to 2.6 uM [153]. In our laboratory, a resistant SKBR3 cell line was
developed using continuous treatment with 250 nM lapatinib for six months [154].
The variation in lapatinib concentrations used, length of exposure, and numerous
parental cell lines used has resulted in the wide variety of lapatinib resistance

mechanisms discovered.

1.5.3 Mechanisms of lapatinib resistance

Twenty mechanisms of lapatinib resistance have been proposed utilising acquired
resistance cell line models (Table 1-3). These mechanisms can be largely divided into
three categories: activation of alternative RTKs, re-activation of downstream

signalling, and phenotypic switching.
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Table 1-3: Mechanisms of lapatinib resistance and the methods used to generate lapatinib resistant cell lines.

Author Parental cell lines Method of resistant cell line development Proposed mechanism of resistance
Azuma, et al. [155] UACC-812 0.01 uM to 1 pM over 8 months Switching addiction to FGFR2
Continuous exposure to lapatinib up to 2 pM (cell line Not stated. Biochemical composition difference
Bi, et al. [156] BT474

Bradys, et al. [158]

Chen, et al. [159]

Corcoran, et al.

[151]

Formisano, et al.

[160]

Huang, et al. [161]

Jegg, et al. [153]

Komurov, et al.

[162]

Lesniak, et al.

[163]

BT474, UACC-893

BT474-L, AU565-L

SKBR3, HCC1954

MDA-MB-361

BT474

SKBR3

SKBR3

SKBR3

developed in [157])

2.1 uM lapatinib for >9 months (BT474) or increasing doses
until reaching 2.1 uM for a total of >5 months (UACC893)

Continuous 2 uM lapatinib exposure for 12 months

5 nM to 250 nM over 6 months

Not stated

Increasing concentrations 0.1 to 1 uM for 3-12 months

Increasing lapatinib concentration up to final concentration of

2.6 WM

Increasing doses of lapatinib over one year

Selection of mesenchymal colony clusters of SKBR3 and beta-

integrin transfected-SKBR3

observed with Raman spectroscopy
Enhanced PI3K p110a signalling

Protective autophagy
IGF1R stimulates resistance. Increasing miR-

630 reduces resistance

Src mediated EGFR activity

B-integrin mediated survival

Constitutive activation of mTORCI1 in the

absent of upstream PI3K/AKT signalling

Glucose deprivation network alterations

Spontaneous EMT
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Increasing lapatinib concentration from 0.25 uM up to final Proteasome alterations. Shows synergy of
Ma, et al. [152] SKBR3 ) o )
concentration of 1 pM for at least 6 months lapatinib and bortezomib

Puig, et al. [164] AUS565 3.5 uM to 7 uM lapatinib over 6 months Fatty acid synthase activity

SKBR3, HCC1954,

BT474, MDA-MB-361, ) ) ) o Src family kinases maintaining PI3K/AKT
Rexer, et al. [157] Continuous exposure increasing to 1puM or 2 pM lapatinib ) )

UACC-893, signalling

SUM190PT

Wang, et al. [167] SKBR3 0.05 puM escalating to 2 uM over 12 months RON activation of PI3K/AKT pathway

BT474, SKBR3, o o ) o )
Xia, et al. [169] Generated and maintained in 1 uM lapatinib Heregulin-EGFR-HER3 autocrine signalling
AUS565, SUM190
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1.5.3.1 Activation of alternative RTKs

Although proliferation of HER2-positive breast cancer cells is driven by HER2
signalling, there are redundant survival mechanisms that can be activated when HER2
signalling is suppressed. This can occur through up-regulation of other RTKs,
including other HER family members, or MET, FGFR2 and IGF-1R.

In one study of four acquired lapatinib resistant cell lines, lapatinib was found to
inhibit HER2 activity but downstream PI3K signalling persisted despite no changes in
PTEN levels and a lack of PI3K mutation [169]. This was determined to be mediated
by switching to EGFR-HER3 dimerisation, which was regulated by increased levels
of membrane-bound heregulin. Acquisition of HER2 mutations such as T798I,
L755S, and T733I can prevent effective lapatinib binding, nullifying the growth
inhibitory effect of lapatinib [170, 171].

Insulin-like growth factor 1 receptor (IGF-1R) has been associated with several
cancer types, including lung, colorectal and breast [172, 173]. IGF-1R is regulated by
miR-630 and increased miR-630 results in degradation of IGF-1R [174]. Corcoran et
al. investigated the role that miR-630 may have in lapatinib response and resistance.
The introduction of miR-630 into acquired lapatinib resistant SKBR3 and HCC1954
cells resulted in restored lapatinib sensitivity. Likewise, inhibition of miR-630 in
sensitive cell lines resulted in reduced sensitivity to HER2-targeted TKIs. The main
mechanism of action of miR-630-mediated lapatinib insensitivity proposed is through
regulating the expression of IGF-1R [151].

MET-related RTKs have been implicated in lapatinib resistance. A lapatinib resistant
cell line was developed by escalating SKBR3 exposure to lapatinib (0.05 to 2 uM)
over a 12-month period. This cell line utilised Recepteur d’Origine Nantais (RON), a
member of the MET proto-oncogene family. This RON activation sustained PI3K
signalling even with HER2 inhibition. RON inhibition with siRNA and the RON-
selective inhibitor RON I reversed lapatinib resistance [167]. A BT474-L cell line
exploited AXL to overcome lapatinib treatment. AXL activation results in stimulation
of the PI3K signalling pathway and thereby induces cell survival, proliferation,
migration and differentiation [175]. Overexpression of AXL has been associated with
poor prognosis in breast, gastric, ovarian, glioma and lung cancer. The lapatinib

resistant cell line maintained Akt activation despite decreased EGFR and HER2
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levels. Inhibition of AXL with foretinib, a small molecule TKI inhibitor of AXL,
MET and VEGFR, restored sensitivity to lapatinib. Lapatinib plus foretinib is
currently undergoing clinical investigation. The combination was demonstrated to be
safe in a phase Ib trial. The combination showed little efficacy which could be due to
low levels of MET in the cohort [176].

Fibroblast growth factor receptor 2 (FGFR2) has also been implicated in lapatinib
resistance [155]. FGFR2 is one of four members of the FGFR RTK family. Like
HER2, FGFR2 dimerisation leads to autophosphorylation and activation of the PI3K
and MAPK pathways. FGFR2 overexpression has been observed in breast and gastric
cancer [177]. UACCS812 cells were treated with 0.01 — 1 uM lapatinib over 8 months
until lapatinib resistance emerged. This cell line had FGFR2 amplification and over-
expression and was highly sensitive to an FGFR2 inhibitor. The reliance on FGFR2 in
lapatinib resistant breast cancer was also examined in tumour samples, which showed
a correlation between poor survival outcome and FGFR2 levels [155]. FGFR1 and
FGF3 amplification have also been correlated with poor response to HER2-targeted
therapies. In a xenograft BT474 cell line model of acquired lapatinib and trastuzumab
resistance, FGF3, 4 and 9 genes were amplified, which conferred increased FGFR
phosphorylation and reduced lapatinib uptake. These resistant tumours were

sensitised to FGFR inhibition [178].

1.5.3.2 Re-establishment of downstream signalling

HER?2 signalling results in the activation of the PI3K pathway, which is inhibited by
HER2-targeted therapies. Hyperactivity of PI3K may be due to mutation of the
catalytic subunit 110a [179], loss of PTEN [180] or INPP4B, mutation of AKTI1
[181] or amplification of AKT2 [182]. This increase in PI3K activity is found in
approximately 25-30% of all breast cancers [179]. Although HER2-targeted therapies
should inhibit PI3K signalling, its activation or re-activation is associated with
resistance to trastuzumab and lapatinib [40, 153, 158, 183, 184], though, there is
evidence of lapatinib sensitivity in some cell lines with PI3K mutations [184]. Four
different mechanisms of resistance have been found that utilise activation of the PI3K
signalling pathway [153, 157, 158, 183]. Six HER2-positive cell lines with acquired

lapatinib resistance have maintained PI3K signalling, despite suppression of HER2
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activation, indirectly through Src family kinases [157]. The up-regulation of Src
family kinases was identified using global phospho-tyrosine profiling. The inhibition
of the Src family kinases using sarcatinib and dasatinib repressed growth and
PI3K/AKT signalling and the combination of sarcatinib with lapatinib was synergistic
in xenografts. Significantly, Src family kinase expression was increased in patient
tumours after lapatinib treatment [157]. Src was also implicated in another study
involving an acquired lapatinib resistant MDA-MB-361 model and innately lapatinib
resistant cell lines such as JIMT-1. The combination of lapatinib and the Src inhibitor
saracatinib significantly decreased HER2 signalling and Akt and ERK activation
compared to either single agent [160].

PI3K inhibition with copanlisib restored sensitivity to both lapatinib and trastuzumab
in acquired resistant cell line models. These cell lines included SKBR3-L, SKBR3-
TL, and HCC1954-L cell lines. Copanlisib plus lapatinib was also synergistic in
lapatinib resistant cells and trastuzumab resistant cell lines [185].

Insulin receptor substrate 4 (IRS4) is another indirect cytoplasmic activator of PI3K
signalling associated with HER2-targeted therapy resistance. IRS4 was found to be
associated with innate and acquired trastuzumab and lapatinib resistance by causing
hyper-activation of the PI3K pathway, independent of HER2 [186].
Lapatinib-resistant BT474 cells were found to have reactivated PI3K signalling
through up-regulation of PI3K p110a mutants and possibly through the acquisition of
secondary mutations such as a pl00a E542K-activating mutation. An increase in
pl10a H1047R was also found in a lapatinib resistant UACC-893 cell line. PI3K
inhibition with BYL719, a p100a-selective inhibitor, overcame lapatinib resistance in
vitro and, in combination with lapatinib, in vivo [158].

HER?2 signalling reactivation can also occur due to HER2 mutation. The HER21L.744S
mutation occurred in BT474 cells with acquired resistance to lapatinib, to
trastuzumab, and to trastuzumab plus lapatinib. When this mutation was simulated in
trastuzumab- and lapatinib-sensitive cell lines, sensitivity to both HER2-targeted

agents was reduced [170].
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1.5.3.3 ER signalling

Phenotypic switching of dependency on HER2 and ER is often observed in the clinic,
especially after HER2-targeted therapy or anti-oestrogen treatment [187]. Lapatinib
resistance has been shown to up-regulate ER expression in a lapatinib resistant model
of the triple-positive cell line BT474. This was mediated by increased activity of
FOXO3a. This increased FOXO3a activity was observed in patients tumour samples

following treatment with lapatinib [168].

1.5.3.4 Epithelial-mesenchymal transition

Cancer cells treated with anti-neoplastic drugs can undergo adaptive changes such as
epithelial-mesenchymal transition (EMT). EMT results in a stem cell-like phenotype
that is more resistant to conventional anti-cancer therapy [188]. Random isolation and
expansion of SKBR3 colony clusters resulted in spontaneous EMT. The resulting
cells expressed EMT markers and had decreased HER2 expression. These
basal/mesenchymal cells were resistant to both trastuzumab and lapatinib. This
mesenchymal lapatinib-resistant SKBR3 cell line had high expression of N-
glycosylated B1-integrin, which is involved with EMT induction and has previously
been associated with breast cancer, and inhibition of B1-integrin, with the anti-integrin
inhibitory antibody AIIB2, restored the epithelial phenotype [163]. Bl-integrin has
been implicated in lapatinib resistance in BT474 and HCC1954 lapatinib resistant cell
lines. These lapatinib resistant cell lines were highly sensitive to AIIB2 [161].

Another EMT marker, SLUG/SNAIL2, has been implicated in trastuzumab
resistance. Knockdown of SLUG in JIMT-1, a cell line from a trastuzumab-refractory
HER2-positive breast cancer patient that is also resistant to lapatinib, resulted in

increased trastuzumab sensitivity [189].

1.5.3.5 Protective autophagy

One of the proposed mechanisms of action of lapatinib as an anti-cancer therapy is
induction of autophagy [87]. Interestingly, two lapatinib resistant HER2-positive
breast cancer cell lines, BT474-L and AUS565-L, displayed increased levels of
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autophagosome formation compared to their parental cell lines. Inhibition of
autophagy with lapatinib treatment resulted in reduced cell proliferation and an

induction of apoptosis [159].

1.5.3.6 Protein phosphatase 2A activity

The functioning of approximately a third of all cellular proteins is governed by
phosphorylation, controlling key cellular activities such as cell cycle regulation,
proliferation and apoptosis. Phosphatases play a key role in this process by regulating
de-phosphorylation. The serine/threonine phosphatase protein phosphatase 2A
(PP2A) is involved in the modulation of several survival and proliferation pathways,
such as Akt, MAPK and Wnt pathways [190-192]. Our research group found that
PP2A activity was significantly increased in two lapatinib resistant cell lines [154].
Phosphorylation of PP2A has been correlated to HER2 signalling, which results in
inactivation of PP2A. Heregulin-induced BT474 cells had increased phosphorylated
PP2A and, upon treatment with AG825, a HER2 inhibitor, the level of PP2A
phosphorylation was reduced, resulting in increased activity [193]. Potentially, PP2A
could be a therapeutic target in the clinical setting as LB-100, a PP2A inhibitor, is
currently in phase I/II clinical trials [194-196]. In contrast, the endogenous PP2A
inhibitor protein CIP2A has been shown to be elevated in lapatinib resistant breast
cancer cells [197]. This illustrates that the role of PP2A in lapatinib response and

resistance is complex and is context dependent.

1.5.4 Mechanisms of afatinib resistance

Afatinib is currently in phase III clinical trials in HER2-positive breast cancer but is
FDA approved for the treatment of NCSLC. Resistance to afatinib has not yet been
examined in HER2-positive breast cancer. However, several mechanisms of
resistance have been proposed in lung cancer.

In one study, three afatinib resistant variants of the lung cancer cell line PC-9 were
developed and showed three independent mechanisms of resistance to afatinib. All
three resistant cell lines had increased expression of EGFR compared to untreated

cells. In one resistant cell line, wild-type KRAS was amplified and over-expressed.
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Interestingly, withdrawal of afatinib treatment resulted in a loss of KRAS
amplification and the cells were re-sensitised to afatinib. Another resistant variant
switched its survival signalling to the IGFIR pathway to overcome the effect of
afatinib. Finally, the third variant had gained a secondary EGFR mutation, EGFR
T790M [198]. This mutation has been previously associated with afatinib resistance
in lung cancer; 47.6% of tumour samples from afatinib-resistant lung cancers had
acquired a T790M mutation [199]. Other studies have shown no survival differences
between patients with tumours harbouring T790M mutations and those without [200].
Other mutations can confer reduced sensitivity to afatinib. The combination of EGFR
L858R and V8431 mutations alter the protein conformation of EGFR, thereby
reducing the binding potential of afatinib [201].

Kinases downstream of EGFR and HER2 have also been associated with afatinib
resistance. Up-regulation of mTORC activity has previously been associated with
trastuzumab and lapatinib resistance [153, 202]. In a xenograft model of acquired
resistance to afatinib and the EGFR monoclonal antibody cetuximab, mTORC activity
was found to be increased due to loss of the genes TSC1 and NSF2. This afatinib plus
cetuximab resistant model was generated by implanting PC9 lung cancer cells with
EGFR mutations in immunocompromised mice and treating for one month, followed
by a one-month drug holiday, for three cycles [203].

Src has also been implicated in afatinib resistance. An afatinib resistant model was
generated by treating the lung cancer cell line H1975 with afatinib in vivo. The
resulting afatinib resistant tumours had no additional mutations but had elevated Src
phosphorylation and increased MET, KIT and PDGRf levels. Combining afatinib
with dasatinib overcame resistance to afatinib by enhancing autophagy. The
combination of Src inhibition and afatinib was more effective than afatinib plus the
multi-kinase inhibitor sunitinib, the ALK/ROS1 inhibitor crizotinib, or the c-Kit,
PDGFRa and FIt3 inhibitor amuvatinib [204]. The combination of afatinib and
dasatinib has also been demonstrated to be tolerable in a phase I clinical trial in
EGFR-mutant NSCLC [205]. No significant interaction was observed between the
drugs and the MTD for the combination was deemed to be 30 mg afatinib with 100

mg dasatinib.
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1.5.5 Mechanisms of neratinib resistance

Neratinib has been approved for the treatment of early-stage HER2-positive breast
cancer after at least one year of trastuzumab treatment [39]. However, resistance has
been observed in the clinic and with acquired resistance cell line models.

The innately trastuzumab resistant cell line HCC1954 and the trastuzumab-sensitive
SKBR3 and EFM192A cell lines were used to generate neratinib resistant models. In
this study, the neratinib resistant cell lines were cross-resistant to other HER2-
targeted therapies and more aggressive than their parental cell lines. These cell lines
had decreased expression of HER family members and increased CYP3A4 levels, a
cytochrome P450 enzyme. It was hypothesised that this increased CYP3A4 activity
increases metabolism of neratinib [206].

Neratinib is currently being investigated in non-amplified HER2-mutant breast cancer
and has been shown to actively inhibit common occurring HER2 mutations in vitro
[111, 207]. However, a HER2 mutation has also been shown to cause neratinib
resistance. A patient with HER2 L869R mutant breast cancer initially responded to
neratinib, until the emergence of a secondary HER2 mutation, HER2T7981. This
mutation caused a conformational change which sterically hindered neratinib binding.
Interestingly, this HER2 L869R/T798]1-mutant breast cancer still responded to afatinib
[208].

1.6 Proteins of interest

As PP2A and Src are investigated in detail in this study, the role of both proteins in

cancer and their therapeutic potential are described below.

1.6.1 The role of Src in cancer

The proto-oncogene Src has been implicated in several cancer types, such as
leukaemia, breast, pancreatic, lung and skin cancers [209-211]. Src is one of ten
members of the Src family of non-receptor tyrosine kinases (SFKs). Each SFK

member is composed of a N-terminal Src homology 4 (SH4) domain, an SH3 domain,
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an SH2 domain, a linker sequence, tyrosine kinase domain, and the C-terminal tail.
SFKs contain a tyrosine 416 residue that, once phosphorylated, activates the kinase
and a tyrosine 527 reside that deactivates the protein when phosphorylated [212].
SFKs can be divided into three families. Src family A consists of Src, Yes, Fyn, and
FGR, and are ubiquitous in all tissues. Src family B is made up of Lck, Hck, Blk, and

Lyn. Frk, Fyn-related kinase, is its own subfamily.

Src has demonstrated a role in hormone-receptor-positive, HER2-positive, and triple
negative breast cancers. In vitro testing of a Src inhibitor, dasatinib, showed triple
negative breast cancer cell lines were most sensitive to Src inhibition [213].
Src/EGFR signalling can up-regulate B4-integrin-FAK interaction in triple-negative
breast cancer. This increases the metastatic potential of the cell line tested [214]. In
estrogen-receptor positive disease, Src activation was observed in tamoxifen
resistance [215, 216]. In HER2-positive breast cancer, Src inhibition reduced
mammary tumour development in vivo by inhibiting ERK 1/2 signalling, c-Myc
translation and reducing glucose metabolism [216]. Src activation is also associated
with brain metastasis, which is more common in HER2-positive breast cancer. In vivo
Src inhibition with saracatinib in combination with lapatinib prevented brain
metastasis growth and caused cancer cell cycle arrest [217]. This combination
inhibited both AKT and ERK signalling in SKBR3-L cells and restored lapatinib
sensitivity [218].

1.6.1.1 Src inhibitors in cancer

Dasatinib (Sprycel, Bristol-Myers Squibb) is a multi-kinase inhibitor, which targets
SFK, BCR-Abl, C-Kit, PDGFR, and ephrin-A, and most potently inhibits Src kinase
with an ICsy value of 3 nM [219]. Dasatinib was FDA approved for the treatment of
chronic myeloid leukaemia and philadelipha-positive acute lymphocytic leukaemia
[220]. It has also been shown to have preclinical activity against several solid tumour
types [213, 219]. However, dasatinib failed to show single-agent efficacy in the
clinical setting [221-223]. Therefore, clinical investigation of dasatinib has now

focused on combinations of dasatinib with chemotherapy or other targeted therapies.
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There are two trials of dasatinib in combination with HER family-targeted therapies
currently underway. The safety of dasatinib in combination with trastuzumab plus
paclitaxel is underway in HER2-positive metastatic breast cancer (NCT01306942).
The safety of dasatinib plus lapatinib is being investigated in patients with solid
tumours that cannot be removed by surgery (NCT01306942). In addition, a phase I
trial of dasatinib plus afatinib showed that the combination was well tolerated, as

discussed in Section 1.5.4.

1.6.2 PP2A

Protein phosphorylation allows cells to rapidly respond to external stimuli and is
tightly regulated by a balance of kinases and phosphatases. PP2A is a ubiquitously
expressed serine/threonine phosphatase that is responsible for up to 90% of serine and
threonine dephosphorylation. PP2A regulates a myriad of cellular processes including
cell cycle progression, migration, metabolism and proliferation. PP2A is a complex
heterotrimeric holoenzyme composed of three subunits (Figure 1-6). The structural
(A) subunit, which acts as a scaffold for the other subunits, exists in two isoforms
(PPP2R1A and PPP2R1B). Approximately 90% of PP2A holoenzymes contain the
PPP2R1A isoform and knockdown of this subunit cannot be substituted by the
PPP2R1B isoform. Likewise, the catalytic (C) subunit also exists in two isoforms
(PPP2CA and PPP2CB). The C subunit carries out the phosphatase activity of the
holoenzyme. Although dimerisation of the A and C subunits can stably occur, the
regulatory (B) subunit is required for substrate specificity and cellular localisation of
the holoenzyme. There are at least 26 regulatory subunit isoforms that can form the
PP2A holoenzyme, which includes splice variants and alternate transcripts of 15
different genes. The regulatory subunits can be divided into four subfamilies: the B,
B’, B”’, and B’”’ families. The array of regulatory subunits allows for both substrate
specificity and functional diversity. For example, PP2A-B55 holoenzyme can interact
with Akt, RAF, Rb, p53 and Src. With two isoforms each for structural and catalytic
subunits and 26 regulatory subunits, there are 96 possible combinations of PP2A
composition. Therefore, PP2A composition differs between cell types and can

respond rapidly to cell stress.
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Figure 1-6: PP2A holoenzyme composition and subunit isoforms (adapted from
[224]).

1.6.2.1 PP2A as a tumour suppressor

Knockdown of PPP2CA causes embryonic lethality and infertility in adults.
Interestingly, PPP2CB knockdown does not cause an abnormal phenotype and these
knockdown mice remain fertile [225]. PP2A is a vital negative regulator of several
cellular growth pathways. PP2A dephosphorylates JAK3 and STATS, which have a
role in angiogenesis, cancer cell survival and immunosuppression [226, 227]. PP2A
also deactivates the MAPK signalling molecules ERK2 and MEK 1/2 [228], and
dephosphorylates c-Myc, which destabilises the protein for proteasomal degradation
[229]. This indicates that some PP2A holoenzymes are tumour suppressors. In fact,
some oncogenic viruses generate viral proteins that inhibit PP2A activity. One
mechanism of PP2A suppression by viruses, including the simian virus small t and

polyoma middle T virus, is by direct interaction with the core dimer and disruption of
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regulatory subunit binding. This interaction then allows for the activation of survival
pathways such as the MAPK and AKT pathways.

Cancerous inhibitor of PP2A (CIP2A) is a negative regulator of PP2A and has been
shown to decrease PP2A activity, promoting c-Myc stabilisation. CIP2A expression
has been shown to be over-expressed and associated with poor survival in a number
of cancers [230, 231]. An array of PP2A inhibitor proteins are over-expressed and
correlates with poor outcome in acute myeloid leukaemia, including SET, CIP2A and

SETBPI [232].

1.6.2.2 PP2A as an oncogene

As discussed, PP2A regulates several signalling pathways, including PI3K/AKT
signalling and Wnt/B-catenin pathway. PP2A complexes with APC, GSKa and
dishevelled (Dsh), which then targets P-catenin for degradation. PP2A can also
stimulate Wnt signalling. In a colon cancer cell line model, aspirin caused
phosphorylation of the PP2A catalytic subunit, deactivating the phosphatase. This led
to suppression of Wnt signalling. Moreover, PP2A inhibition was vital for the Wnt
signalling inhibition effect of aspirin and indicates that inhibition of PP2A is a
mediator of the cancer preventative properties of aspirin [233].

As well as having a pro-apoptotic function, PP2A can also act as an anti-apoptosis
enzyme. This anti-apoptotic activity occurs through regulation of p53 and Bcl-2 [234,
235]. PP2A inhibition can aid in the induction of apoptosis by regulating p53 in two
ways: increased pS3 S15 phosphorylation can decrease p53 levels, block cell cycle
arrest and thereby improve chemotherapy response, or paradoxically, PP2A inhibition
can activate over-expressed p53 and induce up-regulation of the pro-apoptotic Bax

and p21 causing cell cycle arrest [236].

1.6.2.3 Targeting PP2A in cancer

There are several naturally occurring and synthetic compounds that alter PP2A
activity, either directly or indirectly (Figure 1-7). Inhibitors of PP2A include okadaic

acid, fostricien, cantharidin, and LB-100.
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Figure 1-7: PP2A inhibitory molecules that have been used in in vitro testing
(Structures adapted from PubChem; CID numbers: okadaic acid = 446512,
fostriecin = 6913994, cantharadin = 5944, and LB-100 = 3578572, [84])

1.6.2.3.1 Okadaic acid

Okadaic acid (OA) is a toxin produced by dinoflagellates and is used as a defence
mechanism by molluscs. It is a potent phosphatase inhibitor with selectivity for PP2A
and PP1 (IC5o = 0.1 — 1 nM and 3 — 15 nM, respectively). OA was the first classified
PP2A inhibitor [237]. It has been used in in vitro and in vivo testing to examine the
role of PP2A. OA has been used to demonstrate the dual role of PP2A as a tumour
suppressor and oncogene. Treatment of OA was shown to inhibit apoptosis induction
by radiation in leukemia cells and also induce apoptosis, necrosis, cell cycle arrest and

DNA damage in other cancer cell lines [238, 239].
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1.6.2.3.2 Fostriecin

Fostriecin is a highly specific PP2A inhibitor (ICsy = 3.2 nM, PP1 ICsy = 131 uM)
[240]. It is an antibiotic molecule, first isolated from Streptomyces pulveraceus [241].
Originally, fostriecin was classified as a topoisomerase II inhibitor, by mechanisms
independent of anthracyclines such as doxorubicin. However, its complete
topoisomerase II inhibitory effect occurs at high concentrations (100 pM) [242]. It is
a phosphate monoester that binds covalently to Cys269 of the PP2A catalytic subunit
[243]. Fostriecin has shown anti-cancer activity in several cancer types including
leukemia and ovarian, breast, and lung cancers [244, 245]. A phase I clinical trial was
initiated with fostriecin as a single agent. Of the 46 patients in the trial, 16 achieved
stable disease with a median response time of 2.6 months [246]. An MTD could not
be reached in this trial due to problems with fostriecin supply. Novel synthesis
methods have been developed, which may lead to further clinical investigation of

fostriecin [247, 248].

1.6.2.3.3 Cantharidin

Cantharidin is another PP2A inhibitor that is a naturally found toxin, derived from
blister beetles, and has been used in traditional Chinese medicine. Cantharidin is 10-
fold more specific to PP2A than PP1 [249]. Cantharidin induced apoptosis and DNA
damage in leukaemia cells [250]. Some cantharidin-induced cell death seems to be
p53-dependent and can be affected by Bcl-2 levels [251]. However, p53-independent
cell death has also been observed in cantharidin-treated cells [252]. Cantharidin
stimulated G1 cell cycle arrest and inhibited cell migration in the triple negative
breast cancer cell line, MDA-MB-231 [253]. It has also shown apoptotic activity in
oral squamous cell carcinoma cell lines as a single agent. Cantharidin caused
increased activation of pro-Bcl-2 family member proteins and induced endoplasmic
reticulum stress [254]. Efficacy of cantharidin was seen in pancreatic cancer [255].
Cantharidin inhibits the invasive behaviour of pancreatic cells by down-regulating
matrix metalloproteinase 2, MMP2. Interestingly, the anti-cancer effect of

cantharidin, and its de-methylated derivative noracantharidin, was enhanced in
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pancreatic cancer cells with the addition of tamoxifen [256]. This effect was found to
be independent of ER levels and mediated through PKC inhibition.

Cantharidin has not been tested clinically as an anti-cancer agent, but it has been
evaluated in a phase I clinical trial for pediatric molluscum contagiosum, a viral
dermatalogical condition. Although it showed no effect against this disease, its topical

application had minimal side effects [257].

1.6.2.3.4 LB-100

LB-100 is a synthetic cantharidin derivative that does not exhibit the toxicities
associated with cantharidin. LB-100 has shown in vitro and in vivo efficacy against
hepatocellular carcinoma, glioblastoma, breast, pancreatic and ovarian cancers [258—
264]. It has demonstrated single agent activity as well as enhancing the cytotoxic
effects of chemotherapy and radiotherapy in vitro and in vivo. The radiation-
enhancing effect was observed in glioblastoma, nasopharyngeal carcinoma, and
pancreatic cancer cell lines [262-264]. The addition of LB-100 induced mitotic
catastrophe and increased DNA damage. LB-100 can enhance the cytotoxicity of
chemotherapy through a number of mechanisms. In hepatocellular carcinoma, LB-100
increased tumour levels of doxorubicin and cisplatin tumour accumulation and
increased vascularity of in vivo tumours [265]. LB-100 also improved cisplatin
response in ovarian cancer and medulloblastoma in cell lines [258, 260]. The
combination of cisplatin and LB-100 induced apoptosis, inhibited migration, and
increased cisplatin uptake. The enhancement of doxorubicin was also observed in
pancreatic cancer. Interestingly, the increase in doxorubicin efficacy with LB-100 was
found in vivo, but not in vitro. This was reported to be due to elevated vascular
permeability in vivo [265]. There is also evidence of LB-100 improving response to
targeted therapies. LB-100 enhanced sorafenib induced apoptosis in hepatocellular
carcinoma cell lines [266]. LB-100 treatment increased levels of phospho-Smad3 and
down-regulated Bcl-2 levels. This enhancement was hypoxia-dependent, as hypoxia
elevated p38 MAPK activity, which further increases phospho-Smad3 levels. The
combination effect of LB-100 was also observed in gefitinib-resistant EGFR-mutant
NSCLC. LB-100 and gefitinib were synergistic in vitro and in vivo [267]. With this

pre-clinical evidence, LB-100 was tested for tolerability and preliminary efficacy in
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patients with solid tumours [268]. LB-100 was given by intra-veneous injection for
three days in 21-day cycles. Twenty-nine patients were treated in this trial, with 20 of
these patients evaluable for tumour response. Half of all patients achieved stable
disease. Dose limiting toxicity was determined to be related to elevated serum
creatinine, anemia, dyspnea, hyponatremia, and lymhopenia. The recommended phase

11 dosage was deemed to be 2.33 mg/m’.

1.7 Summary

There are now several HER2-targeted therapies approved for the treatment of HER2-
positive breast cancer. However, despite the clinical success of these therapies, de
novo and acquired resistance is a significant challenge. Therefore, novel treatment
options are essential. In this study, cell lines with acquired resistance to HER2-
targeted therapies were examined for sensitivity to other HER2-targeted therapies and
novel treatment strategies were tested. PP2A was previously identified as a potential
target to overcome lapatinib resistance [154]. This study further investigated its role
in HER2-targeted therapy response. In addition, resistance to the irreversible pan-

HER TKIs and the role of Src kinase were examined.
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1.8 Study aims

The main objectives of this study were:

e To determine if lapatinib-resistant HER2-positive breast cancer cell lines are
cross-resistant to other HER2-targeted therapies.

e To evaluate PP2A inhibition in cell line models of resistance to HER2-
targeted therapies, by examining the activity and mechanisms of action of
PP2A inhibitors.

e To test the potential of the PP2A inhibitor LB-100 in vitro and in vivo against
lapatinib resistant cells.

e To examine the potential of PP2A inhibition in a panel of HER2-positive
breast cancer cell lines representing cell lines that are innately sensitive or
resistant to lapatinib and/or trastuzumab.

e To evaluate the relationship between PP2A expression and sensitivity to
HER2-targeted therapies.

e To investigate mechanisms of resistance to afatinib and neratinib in HER2-

positive breast cancer and to identify novel targets to overcome resistance.
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2 Methods
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21 Cell lines and reagents

Seventeen HER2-positive cell lines were used in this project, ten established HER2-
positive cell lines and seven HER2-targeted therapy resistant human breast cancer cell
lines. This includes two lapatinib resistant cell lines (SKBR3-L and HCC1954-L)
three trastuzumab resistant cell lines (SKBR3-T, BT474-T, EFM192A-T), a neratinib
resistant cell line (HCC1954-N), an afatinib resistant cell line (SKBR3-A), and their
respective parental cell lines. The cell lines EFM192A, HCC1419, HCC1569,
HCC1954, JIMT-1, MDA-MB-453, SKBR3, and UACC-732 were cultured in
Roswell Park Memorial Institute-1640 medium (RPMI-1640) (Sigma Aldrich)
supplemented with 10% foetal bovine serum (FBS) (Gibco). MDA-MB-361 were
cultured in Leibovitz’s L-15 medium (ATCC) supplemented with 10% FBS and L-
glutamine (Table 2-1). Dr. Brigid Browne (NICB) established the SKBR3-L cell line
by continuous culturing of SKBR3 cells in RPMI-1640 supplemented with 250 nM
lapatinib over six months [154]. Dr. Martina McDermott (NICB) generated the
HCC1954-L cell line by six months continuous culturing in 1 uM lapatinib [148]. Dr.
Alexandra Canonici (NICB) generated the afatinib resistant SKBR3 cells by
continuous culture with 150 nM afatinib (Boehringer Ingelheim). Dr. Susan Breslin
(TCD) produced the HCC1954-N cell line by continuous exposure of 250 nM
neratinib (Sequoia) [206]. The SKBR3-T cell line was created by Dr. Brigid Browne
(NICB) and the EFM192A-T and BT474-T cell lines were generated in the lab of Dr.
Dennis Slamon (UCLA). All cell culture procedures were performed as per the
guidelines set out in NICB standards of practice (SOP) [#001-01, #002-01 and #003-
01]. All compounds used in this study and their storage conditions are listed in Table

2-3.
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Table 2-1: The cell lines used in this project and the culture conditions required.

Cell line Culture medium Culture conditions

EFM192A RPMI-1640 + 10% FBS 37°C, 5% CO,

HCC1569 RPMI-1640 + 10% FBS 37°C, 5% CO;,

JIMT-1 RPMI-1640 + 10% FBS 37°C, 5% CO,

MDA-MB-453 RPMI-1640 + 10% FBS 37°C, 5% CO,

UACC-732 MEM + 15% FBS 37°C, 5% CO,

SKBR3-L RPMI-1640 + 10% FBS 37°C, 5% CO,

SKBR3-A RPMI-1640 + 10% FBS 37°C, 5% CO,

SKBR3-T RPMI-1640 + 10% FBS 37°C, 5% CO,

EFM192A-T  RPMI-1640 + 10% FBS 37°C, 5% CO;,
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Table 2-2: Description of HER2-targeted therapy resistant cell lines used in this
study.

Cell line Method of resistant cell line generation Reference

HCC1954-1.  Continuous exposure to 1 uM lapatinib for 6 [148]

months

BT474-T Continuous exposure to 100 pg/mL [88]

trastuzumab for 6 months

SKBR3-A Continuous exposure to 150 nM afatinib for [123]

6 months




Table 2-3: List of compounds used in this study, stock concentrations and long-

(> 3months) and short-term storage conditions.

Compound Supplier Stock Long-term  Short-term
concentration storage (> storage
3 months)

Afatinib Sequioa Research 10 mM in =20 °C Room
Products DMSO temperature

Trastuzumab St. Vincent’s 21 mg/mL 4°C 4°C
University

Hospital

Okadaic acid Cell Signalling 1 mM in -20°C -20°C
Technologies DMSO

Dasatinib Sequioa Research 10 mM in —20°C Room
Products DMSO temperature
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23  Mycoplasma testing

All cell lines were routinely tested for mycoplasma as follows. Cell culture
supernatant was collected for each cell line, a minimum of three passages after
thawing and 72 hours (h) post media change. For cell lines cultured in the presence of
drug, cells were grown for at least one week without drug. The presence of
mycoplasma was tested by two methods: fluorescent microscopy, and MycoAlert
mycoplasma detection kit.

The supernatant was added to normal rat kidney epithelial cells (NRKs) that were
cultured on glass coverslips to 70% confluence in technical duplicates. The
supernatant and NRKs were incubated for four days at 37°C with 5% CO..
Supernatant and NRK medium was removed and NRKs were fixed in Carnoy’s
Fixative (1:2 glacial acetic acid: methanol) for 20 minutes (mins) on ice and allowed
to air dry. After fixation, NRKs were stained with Hoechst 33258 (Sigma) for 10
mins. Each coverslip was washed twice with ultra high purity water and read on a
fluorescent microscope at an excitation wavelength of 400 nm.

Alternatively, conditioned medium was tested for the presence of mycoplasma using
the MycoAlert kit (Lonza). Briefly, 100 pL of conditioned medium was added to a
white 96-well plate. 100 pL of MycoAlert reagent was added to the medium and
incubated at room temperature for 5 mins. Luminescence was determined on a plate
reader (Biotech). 100 pL of MycoAlert substrate was added and the plate was
incubated for a further 10 mins. Luminescence was measured again. Mycoplasma
presence was determined by calculating the ratio of reading two to reading one (Table

2-4).

Table 2-4: Interpretation of luminescence ratio for the presence of mycoplasma

using MycoAlert kit.
Ratio Interpretation
<1 Mycoplasma negative
1-1.2 Borderline
>1.2 Mycoplasma positive
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24 Immunoblotting

Cells were seeded in 100 mm petri dishes or 6 well plates and grown to 70%
confluency. Cells were washed three times with phosphate buffer saline (PBS) and
300 pl/dish or 150 pl/well RIPA buffer ((Sigma) 5 mM Tris-HCI pH 7.4, 1% NP-40,
0.1% SDS, 150 mM NaCl, 1% Triton x-100) containing 1X Protease Inhibitor
cocktail (Calbiochem), 2 mM PMSF (Sigma), and 1 mM sodium orthovanadate
(Sigma) was added and cells were incubated on ice for 20 mins. Cells were scraped
and lysis buffer was collected. Lysates were sheared with a 21 gauge needle and
centrifuged at 10,000 rpm for 10 mins at 4°C. Supernatant was collected and stored at
-80°C. Protein quantification was carried out using a bicinchoninic acid (BCA)

quantification kit (Pierce).

Thirty pg of protein was electrophoretically resolved on 4-12% Bis-Tris
polyacrylamide gels (Life Technologies). The proteins were transferred to a
nitrocellulose membrane using the iBlot 2 transfer system (Invitrogen) or Power
blotter system (Thermo Scientific). Ponceau S (Sigma) was used to confirm protein
transfer and the membrane was blocked with 1X Odyssey PBS blocking buffer
(Licor). Primary antibodies were prepared in 1:1 Odyssey buffer: PBS-Tween
(0.15%) as detailed in Table 2-5 and the membrane was incubated at 4 °C overnight
in primary antibody. Membranes were washed for 10 mins three times with PBS-
Tween before and after 1h incubation in the appropriate secondary antibody at room
temperature. Blots were visualised using the Licor Odyssey with Odyssey V2

software. Densitometry was also performed using the Odyssey V2 software.
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Table 2-5: Antibody conditions, secondary antibodies, positive control, suppliers and catalogue numbers for immunoblotting.

Antibody Post-translational Dilution Blotting Secondary Positive Supplier Cat. No.

modification conditions antibody Control

Anti-rabbit secondary - 1:5000  1:1 Odyssey - - LiCor
buffer: PBS-T

Anti-HER2 - 1:1000  1:1 Odyssey Mouse BT474 Calbiochem OP15
buffer: PBS-T

Anti-EGFR - 1:1000  1:1 Odyssey Rabbit A431 CST #2232
buffer: PBS-T
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Anti-phospho-eEF2 Thr56 1:1000  1:1 Odyssey Rabbit MDA-MB- CST #3022
phosphorylation buffer: PBS-T 453

Anti-phospho-PPP2CA Tyr307 1:1000  1:1 Odyssey Rabbit A431 Abcam Ab32104
phosphorylation buffer: PBS-T

Anti-PPP2R1A - 1:1000  1:1 Odyssey Rabbit MDA-MB- Antibodies- ABIN18816
buffer: PBS-T 231 online GmbH  §2

Anti-PPP2CB - 1:1000  1:1 Odyssey Rabbit A431 Abcam Ab32673
buffer: PBS-T
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Anti-phospho-Src Tyrd16 1:1000  1:1 Odyssey MCEF7 CST
phosphorylation buffer: PBS-T
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2.5 Reverse Phase Protein Array

Cells were grown to 70% confluency, and treated for 18 h with 500 nM lapatinib, 3
nM okadaic acid or the two combined. Cells were washed twice with PBS and lysis
buffer was added (1% Triton X-100, 50 mM HEPES, pH 7.4, 150 mM NaCl, 1.5 mM
MgCI2, 1 mM EGTA,100 mM NaF, 10 mM sodium pyrophosphate, 1 mM Na3;VO,,
10% glycerol, plus freshly added Roche protease (#04693116001) and phosphatase
(#04906845001) inhibitors). Plates were incubated for 20 mins on ice. Cells were
scraped from the plates and lysate was transferred to eppendorf tubes. Lysates were
centrifuged at 14,000 rpm for 10 mins at 4 °C. Supernatant was collected and stored
at -80 °C. Protein quantification was determined by bicinchoninic acid (BCA) assay
and protein concentration was adjusted to 1.5 mg/mL. Cell lysates were mixed with
4X SDS buffer (40% glycerol, 8% SDS, 0.25 M Tris-HCI, pH 6.8, 10% 2-
mercaptoethanol) (three parts lysate to one part 4X SDS buffer).

RPPA was carried out by Dr. Mattia Cremona in RCSI, Beaumont as described in
[270]. A 2470 arrayer (Aushon) created an 850-sample array on Oncyte Avid
nitrocellulose-coated slides (Grace Bio-Labs). The slides were stored at —20 °C prior
to immunostaining.

Immunostaining was performed on an automated slide stainer (Dako), according to
manufacturer’s instructions. Each slide was incubated with a single primary antibody
at room temperature for 30 mins. Secondary antibody was goat anti-rabbit IgG
(1:5000) (Vector Laboratories) or rabbit anti-mouse IgG (1:10) (Dako). Secondary
antibodies (Dako) were used as a starting point for amplification via horseradish
peroxidase-mediated ~ biotinyl =~ tyramide =~ with  chromogenic detection
(diaminobenzidine) according to the manufacturer's instructions (Dako).

Scanned TIFF images of slides were analysed using Microvigene software version 5.1
(VigeneTech Inc.) to generate spot signal intensities. Instead of generating multiple
linear regression curves for data quantification over each series of serial dilutions, the
QRPPA module of Microvigene using a 4 parameter logistic-log model
("SuperCurve" algorithm) that uses all spots within one array to form a sigmoid
antigen-binding kinetic curve. Finally, the spots are normalised by protein loading
using the entire panel of antibodies. Briefly, normalisation was processed as follows:

the median was determined for each antibody across the sample set and each raw
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linear value was divided by the median within each antibody to get the median-
centred ratio. After that, the median was calculated from median-centred ratio for
each sample across the entire panel of antibodies. This median functions as a
correction factor (CF) for protein loading adjustment. Samples were considered an
outlier if the CF was above 2.5 or below 0.25. Finally, the raw data was divided in

linear value by the CF to obtain the normalised value.

2.6 Immunohistochemistry

2.6.1 Fresh frozen cell line slide preparation

HCC1954-L cells were grown in a T75 to approximately 70% confluency, trypsinised
and resuspended. Cells were placed dropwise onto a SuperFrost Plus slide
(ThermoFisher, 4591PLUS4) marked with a wax pen border. The slides were placed
in petri-dishes with a moist lint-free wipe in a 37 °C incubator overnight. The slides
were then rinsed with PBS three times and allowed to dry. The slides were formalin
fixed for immediate immunohistochemistry analysis or covered in aluminium foil and

stored at -80 °C.

2.6.2 Sectioning

Sectioning of in vivo tumour samples was carried out using a Reichert-Jung 2030
microtome. Blocks were cut into 5 M sections, which were floated in a water bath at
40 °C and mounted onto SuperFrost Plus slide (ThermoFisher, 4591PLUS4) and
allowed to dry at 180 °C for 2h.

2.6.3 Immunostaining

Automated immunohistochemistry (IHC) was performed using a DAKO autostainer
Plus. An antibody against human mitochondria (1/1000) was used as a control to
differentiate human and mouse cells. Antigen retrieval was performed on cell line
block and in vivo tumour block slides using the Dako PT Link with Target Retrieval
Solution pH 6 (Dako S1699). Slides was placed in the Dako PT link at 65 °C, heated
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to 97 °C, and maintained at 97 °C for 20 mins. The slides were cooled to 65 °C and
removed. After de-paraffinisation, the slides were placed in the DAKO Autostainer,
which performed the programmed application of reagents in order as listed in Table 2-
6Table 2-6. Washes were performed, with DAKO wash buffer, before and after the
application of each reagent, except in the case of the Real HP Block, where a blow
step was performed. Slides were subsequently dehydrated in grading alcohols 70 %,
90 %, and 100 %, cleared in xylenes (2 x 3 mins each) and mounted in di(nbutyl)
phthalate in xylene (DPX) (Sigma).

Table 2-6: Steps for immunostaining on DAKO Autostainer

Reagent Time (mins)
Real HP Block (DAKO) 10
Antibody 30
Real EnVision (DAKO) 30
Real DAB (DAKO) 5
Haematoxylin 5
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2.7 Proliferation Assays

271 Acid phosphatase proliferation assay

Cell lines were seeded in 96 well plates at a cell density as detailed in Table 2-7. After
24 h, cells were treated with a drug or combination of drugs of interest in 100 uL of
medium. After five days’ incubation, proliferation was measured using the acid
phosphatase assay. Medium was removed and cells were washed three times with
PBS. 100 pL of acid phosphatase substrate (10 mM p-nitrophenol phosphate (Sigma)
in 0.1 M sodium acetate (Sigma), 0.1% Triton X-100 (BDH, pH 5.5) was added to
each well and the plate was then incubated at 37°C for one to 2 h. The reaction was
halted with the addition of 50 puL of 0.1 M sodium hydroxide. The absorbance was
then read at 405 nm and at 620 nm as a reference on a plate reader (Biotek) using
Gen4 software. Percentage growth was calculated relative to an untreated control. All

assays were performed in triplicate.

Table 2-7: The number of cells seeded per well in 96 well plates for proliferation

assays determined by assay optimisation and previously published data.

Cell line Cells seeded/well
BT474 5000
EFM192A 5000
HCC1419 3000
HCC1569 3000
HCC1954 2500
JIMT-1 2500
MDA-MB-361 5000
MDA-MB-453 3000
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SKBR3 3000

UACC-732 3000
HCC1954-L 2500
SKBR3-L 3000
HCC1954-N 2500
SKBR3-A 3000

272 Three-dimensional growth assay

96-well plates were coated with 50 uL poly-HEMA (Sigma Aldrich, 5 mg/mL in 96%
ethanol) and incubated at 50°C for 48 h. Poly-HEMA-—coated plates were stored at
room temperature for up to six months. Cells were seeded in 90 pL of medium
containing 10% FBS and 4% Matrigel (BD Biosciences) at the same density as for the
two-dimensional (2D) acid phosphatase assay (Table 2-7). After which, the plate was
incubated overnight at 37°C. 30 puL of medium containing 10% FBS with/without
drugs of interest was added to each well and incubated at 37°C for 7 days. 12 uL of
PrestoBlue cell viability reagent (Life Technologies) was added to each well and
incubated for 2-4 h at 37°C. Fluorescence was measured at 535/590
excitation/emission wavelengths on a plate reader (Biotek) using Gen4 software.
Background fluorescence was calculated by using a blank consisting of medium
containing 10% FBS and 4% Matrigel (BD Biosciences). Percentage viability was

calculated relative to untreated controls.
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28 Small interfering RNA (siRNA) transfection

A pool of four PPP2CA siRNA molecules targeting PPP2CA (L-003598-01,
Dharmacon) and a scrambled sequence siRNA (D-00180-10) were obtained from
Millipore. A validated siRNA molecule targeting kinesin was obtained from Sigma as
a transfection control. All siRNAs were transfected at a final concentration of 25 nM.
The siRNA was diluted in Opti-MEM reduced serum medium (Invitrogen) and Trans-
IT X2 transfection reagent (Mirius) was added, as per Table 2-8Table 2-8. The
transfection solution was incubated for 20 mins at room temperature. Meanwhile, 2 x
10° cells/well in 10% FBS RPMI-1640, for protein expression analysis, or 1 x 10°
cells/well in 10% FBS RPMI-1640, for growth inhibition assay, were prepared for a
6-well plate. The appropriate transfection solution was added to each well, followed
by the cell suspension. After 24 h, the medium in each well was replaced with fresh
medium with or without DMSO or 500 nM lapatinib. Cells were either lysed after a
further 48 h for Western blotting analysis or after 72 h for proliferation analysis.
Proliferation was measured by harvesting cells. Ten uL of cell suspension was

combined with 10 uL trypan blue. Cells were then counted using a haemocytometer.

Table 2-8: siRNA transfection reaction mixture (6-well plate).

Solution Volume
Cell suspension 1.5 mL
Opti-MEM reduced 250 uLb

serum medium
Trans-IT X2 7.5 uL

siRNA 6.8 uL
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2.9 Short-term drug resistance development assay

Cells were seeded in two or three 12-well plates (1-3 x 10* cells/well), as shown in
Figure 2-1 and incubated at 37 °C overnight. After this, cells were fed or treated with
drugs alone or in combination. Cells were then treated twice weekly. The first plate
was fixed and stained with 0.1% crystal violet once the control cells became
confluent. The second plate was fixed and stained when cells had developed
resistance to one of the drugs alone. If the cells did not develop resistance to Drug A,
a third plate was used, which was fixed and stained when the cells treated with Drug

A only developed resistance (Figure 2-9).

Plate 1 Plate 2

Drug A Drug A
+Drug B DrugA DmugB +Drug B

090099 1000
090099 (000

0009 (000

Control DrugA DrugB

Plate 3

Drug A
+ Drug B

O®O®
@ @ _
@] @

Figure 2-1: Plate layout for drug resistance development assay. If the cell line is

Drug A

resistant to Drug B, a third plate is required. Plate 1 is fixed and stained when

control cells become confluent. Plate 2 is fixed and stained when cells that are
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treated with either Drug A or Drug B become confluent. Plate 3 is stopped when

cells treated with drug A developed resistance and were actively growing.

2.10 Cell cycle assay

2.5 x 10 cells were seeded per well in a 24 well plate and incubated at 37 °C. After
24 h, appropriate treatments were added to each well. Following 48 h incubation,
medium was collected and the wells were rinsed with PBS. Cells were trypsinised and
added to collected medium. The medium was centrifuged at 1500 rpm for 5 mins and
the supernatant was aspirated. The pellet was re-suspended in 150 pL PBS and
transferred to a round bottom 96-well plate. The plate was centrifuged at 1500 rpm for
5 mins and the supernatant was removed, leaving approximately 15 uL per well. The
remaining volume was resuspended and 200 pL of ice cold 70% ethanol was added.
The plate was stored for 2 h at -20°C. After fixing the cells, the plate was spun at
2000 rpm for 5 minute. The supernatant was removed, 200 pL of PBS was added and
the plate was centrifuged again at 450 x g for 5 mins. The PBS was removed and 200
uL of Guava Cell Cycle reagent (Merck Millipore) was added to each well. The cells
were resuspended and stored at room temperature in the dark for 30 mins. Cells were
then analysed on the Guava EasyCyte (Merck Millipore) and the data was analysed
using Modfit LT software (Verify).

2.11 Apoptosis assay

Apoptosis induction and activation of caspase 3/7 was examined using the Caspase-
Glo 3/7 assay (Promega). Briefly, 9 x 10° cells were seeded per well in a white-walled
96-well plate. After 24 h, medium was removed and 100 pL of fresh medium with or
without drug was added. The plate was further incubated for 48 h. Caspase-Glo 3/7
reagent was equilibrated to room temperature and 100 pL of the reagent was added to
each well. After 1 h of incubation, luminescence was analysed using a plate reader

(Biotek) with Gen4 software.
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2.12 Autophagy assay

CYTO-ID autophagy detection kit (Enzo Bioscience) was used to determine
autophagy levels. 9 x 10° cells were seeded in a white-walled, clear-bottomed, 96-
well plate. After 24 h, cells were treated and incubated for 48 h. Medium was then
removed and the cells were washed twice with PBS. Phenol-red free RPMI 1640 with
10% FBS with 0.1% Hoescht stain and 0.1% Autophagy marker was added to wells
for quantitative analysis using fluorescence spectrophotometry. Fluorescence was
analysed for autophagy marker at excitation 480 nm and emission 530 nm, and at 360
nm excitation and 480 nm emission for Hoeschst nuclear staining. Phenol-red free
RPMI-1640 with 10% FBS containing 0.1% Hoeschst stain and 0.2% autophagy
marker was added to wells for fluorescence microscopy. Images were taken using a

Leica DFC 500 fluorescent microscope with FITC and DAPI filters.

2.13 DNA extraction

Genomic DNA was isolated using the Qiagen AllPrep DNA/RNA kit. SKBR3-Par
and SKBR3-A cells were grown to 80% confluency in a T175 flask. Cells were
trypsinised and resuspended in medium and counted. Cells were centrifuged at 900
rpm for four mins and washed twice with PBS. Cells were homogenised in 600 pL
Buffer RLT, containing 0.1% B-mercaptoethanol. The cell lysate was mixed and
sheared using a syringe with a 20 guage blunt needle. The lysate was transferred to an
AllPrep DNA spin column in a 2 mL collection tube and centrifuged for 30 seconds at
14,000 rpm. 500 pL Buffer AW1 was added to the column and centrifuged for 15
seconds at 14,000 rpm. Flow through was discarded and 500 pL Buffer AW2 was
added to the column. Tubes were centrifuged for 2 mins at 14,000 rpm. The column
was transferred to a fresh 1.5 mL collection tube, 100 pL of 70 °C Buffer EB was
added and incubated at room temperature for 2 mins. Tubes were centrifuged for one
minute at 10,000 rpm and DNA elution was collected. DNA was purified by sodium
acetate precipitation. DNA was quantified using the Nanodrop V1000.
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2.14 Whole exome sequencing

Whole exome sequencing was conducted by Beijing Genomic Institute using the
Agilent SureSelect system (Figure 2-2). Twenty pg of genomic DNA is randomly
fragmented by Covaris sonication to approximately 150 to 200 bp fragments.
Adapters were then added which ligated to both ends of the fragments. Adapter-
ligated fragments were purified using Agencourt AMPur SPRI beads. The DNA was
then amplified by ligation-mediated PCR, purified and hybridised to the SureSelect
Biotinylated RNA library for enrichment. Non-hybridised fragments were washed out
after 24 h and hybridised fragments were captured by streptavidin beads. Captured
fragments were analysed by Agilent 2100 Bioanalyser to determine the magnitude of
enrichment. High-throughput sequencing was then performed on each captured
library using the HiSeq2000 system. Raw image files were processed by Illumina
basecalling softare 1.7 with default parameters and the sequences of each sample were

generated as 90/100 bp pair-end reads.
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Figure 2-2: Agilent SureSelect system exome capture and sequencing protocol [271].
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Bioinformatic analysis was carried out by BGI to determine the insertions and
deletions (InDels), copy number variations, and single nucleotide polymorphisms.
Data was cleaned by removing adapter sequence and low quality read from the raw
data. Alignment was carried out using Burrows-Wheeler Aligner. The SKBR3-A and
SKBR3-Par cell line samples were treated as a pair. Single nucleotide variants
(SNVs), were detected by Varscan, InDels by SAMtools, and copy number variants
(CNVs) by ExomeCNV.
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2.15 In vivo experiments

All in vivo experiments were reviewed and approved by the DCU BioResource
Advisory Group, the DCU Research Ethics Committee, and the Health Products
Regulatory Authority.

2.15.1 Sample size calculation

Sample size calculations for the drug efficacy study were performed using the
G*Power statistical software, in consultation with biostatisticians, Dr. Michael
Parkinson and Dr. Tim Downing. Briefly, the desired minimum significant difference
in tumour volume was < 20%. Using data from a previous in vivo study with
HCC1954-L cells, the expected tumour volumes for untreated controls and lapatinib
treated after 51 days was approximately 680 mm’ and 600 mm?’, respectively.
Therefore, a tumour volume of 500 mm?® or less would be deemed a significant effect.
Therefore, the minimum effect size for single agent lapatinib versus the lapatinib and
LB-100 combination would be 1.25. The sample size calculation is described in

Equation 1 below.

Equation 1: The effect size (dimensionless) was calculated using the mean
untreated tumour volume (p1) and desired maximum significant treatment

tumour volume (x2), divided by the variation of tumour volume (o).

(u1-p2) _ (600—-500) 100
c 80 80

=1.25

The allocation ratio between groups was 1, a power of 80% was required and the error
probability was set at 0.05. The tumour take rate was observed to be approximately
95%., data obtained from collaborators. Therefore, it was calculated that 12 animals

were required per group and 60 animals in total for the drug efficacy study.
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2.15.2 Tumour induction via subcutaneous injection

HCC1954-L cells were trypsinised, counted and resuspended to 5 x 10° and 1 x 10’
cells/50 pL in serum-free RPMI-1640 medium. Cell suspension was combined with
Cultrex (R&D Systems) in a 1:1 ratio on ice. This was then drawn into a syringe and a
25 gauge needle (BD) was attached. The animal was restrained by the scruff and held
upright. The needle was inserted under the skin on the flank of the animal and 200 pL
of the cell solution was injected. The mouse was then returned to its cage and

monitored.

2.15.3 Tumour induction via mammary fat pad injection

HCC1954-L cells were trypsinised, counted and resuspended to 1 x 107 cells/mL in
serum-free RPMI-1640 medium. The cell suspension was mixed with an equal
volume of Cultrex (R&D Systems). This suspension was drawn into a 1 mL syringe
and a 25 guage needle was attached. The mouse was anaesthetised with isoflurane,
with O, as a carrier gas. The cell suspension (50 uL = 5 x 10’ cells) was injected into
the mammary fat pad of the fourth inguinal nipple by raising the nipple with a forceps
and inserting the needle under the skin. The mouse was then given a subcutaneous
injection of saline to aid recovery. The mouse was placed in a clean cage, which was

partially on a heated mat, and monitored until full recovery.

2.15.4 Tumour measurements

The mouse was restrained by the scruff and held upright. Tumours were measured by

height, width, and depth, using electronic calipers. Tumour volume was calculated by:

(Height x width x depth)
1.9

Tumour volume =
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2.15.5 Oral gavage

Lapatinib solution was prepared in 0.5% hydroxypropylmethyl cellulose
(HPMC)/0.1% Tween-80 in UHP water to 18.75 mg/mL (75 mg/kg) and sonicated for
15 mins. The solution was drawn into a 1 mL syringe and a bulb-tipped steel gavage
needle was attached. The mouse was restrained and held upright. The tip of the
gavage needle was dipped in filter-sterilised 1 g/mL sucrose solution. The needle was
inserted along the roof of the mouth toward the stomach and 100 pL of lapatinib
solution was injected. The needle was carefully removed and the mouse was

monitored.

2.15.6 Intra-peritoneal injection

LB-100 was prepared under sterile conditions in PBS to 375 pg/mL (1.5 mg/kg). LB-
100 was aliquoted and stored at -80°C before use. LB-100 was drawn into a 1 mL
syringe and a 25 gauge needle was attached. The mouse was restrained by the scruff,
inverted and held at a downward angle to avoid intestinal injection. The needle was
inserted into the abdomen and 100 pL of LB-100 was injected. The needle was

removed and the mouse was monitored for adverse response.

2.15.7 Tumour retrieval and processing

When mice were culled at the termination of study or due to adverse events, tumours
were excised from the mouse. The tumour was then quickly divided into sections and
preserved by liquid nitrogen flash freezing or formalin fixation. Flash frozen samples
were stored at -80°C and formalin fixed samples were dehydrated in 50%, 70%, 90%,
100% ethanol, followed by 100% xylene, and then embedded in paraffin. FFPE
blocks were stored at 4°C until sectioning. Some tumour material was also taken for
cell culture. To do this, tumour tissue was digested in 300 U/mL collagenase/ 100
U/mL hyaluronidase in DMEM for 1 h, after which cells were centrifuged at 1500
rpm for 5 mins, re-suspended in RPMI-1640 supplemented with 10% FBS and 100
IU/mL penicillin and 100 pg/mL streptomycin, and allowed to attach in 25 cm?
flasks.
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2.16 Statistical analysis

P values were calculated (unless otherwise stated) using the student’s t-test (two tailed
with unequal variance). Analysis was performed on biological triplicates. P < 0.05

was considered significant.

Correlation co-efficient values were calculated using Spearman Rank test with two-

tailed p value [272].

ICs¢ values were calculated using the dose effect analyser Calcusyn (Biosoft, Version
1.1). ICsy values were represented as an average of triplicate biological experiments =+

the standard deviation.

For fixed-ratio assays, combination indices (CI) at the EDs, (effective dose of
combination that inhibits 50% of growth) were determined using the Chou and
Talalay equation, on CalcuSyn software (Biosoft) [273]. The combination index
equation is based on the multiple drug-effect equation of Chou-Talalay derived from
enzyme kinetic models. The equation determines only the additive effect rather than
synergism or antagonism. Synergism is defined as a more than expected additive
effect, and antagonism as a less than expected additive effect. Determination of
synergy/antagonism used in this study was based on the recommended descriptions as
shown in Table 2-9. As recommended by Chou et al., the prerequisites for CI
calculations included a dose-effect curve, at least four data points for each drug

condition was used.
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Table 2-9: Range of combinations index values that determine synergism or
antagonism in drug combination studies analysed with the Combination Index

method.

Range of CI Symbol Description

0.10-0.30 -+ Strong synergism

0.71- 0.85 ++ Moderate synergism

0.91-1.10 + Nearly additive

1.21-1.45 Moderate antagonism

3.30- 10.00 Strong antagonism
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3 The role of PP2A in acquired

lapatinib resistant breast cancer
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3.1 Introduction

Previous work in our laboratory produced two lapatinib resistant cell lines, SKBR3-L
and HCC1954-L [148, 154]. The SKBR3-L cell line was generated by Dr Brigid
Browne by treating SKBR3 cells for six months with 250 nM lapatinib. The
HCC1954-L cells were established by Dr Martina McDermott by treating HCC1954
cells for six months with 1 uM lapatinib. Untreated SKBR3-Par and HCC1954-Par
were maintained alongside the lapatinib-treated cells. In this study, these cell lines
were further characterised to determine their sensitivity to other HER2-targeted
therapies, including the novel HER family tyrosine kinase inhibitors neratinib and
afatinib, in lapatinib resistant breast cancer.

To identify potential mediators of resistance, the SKBR3-L cells were previously
examined for proteomic and phospho-proteomic alterations compared to the parental
cell line [154]. In this analysis, levels of phosphorylated (Thr56) eukaryotic
elongation factor 2 (eEF2) were found to be down-regulated; this was validated in the
HCC1954-L cell line. eEF2 is a monomeric GTPase that is involved in protein
synthesis and is inhibited by Thr56 phosphorylation. Lapatinib treatment of SKBR3-
Par cells caused an increase in phospho-eEF2 levels, whereas in SKBR3-L cells
phospho-eEF2 levels were not altered following lapatinib treatment. This suggested
that lapatinib cannot inhibit eEF2-mediated protein synthesis in the SKBR3-L cell
line and that eEF2 may therefore play a role in acquired lapatinib resistance. Analysis
of the numerous signalling pathways that regulate phosphorylation of eEF2 revealed
that protein phosphatase 2A (PP2A) is the key regulator of eEF2 activity in SKBR3-L
cells and PP2A activity was shown to be increased in both SKBR3-L and HCC1954-L
lapatinib resistant cell lines. PP2A is a trimeric holoenzyme that regulates multiple
survival pathways [154].

In this study, PP2A was examined as a novel therapeutic target to overcome lapatinib
resistance. The effects of and mechanism of action of two PP2A inhibitors, okadaic
acid and LB-100, were assessed, alone and in combination with HER2-targeted
therapies. Okadaic acid is a lab-grade inhibitor of PP2A and LB-100 is a PP2A

inhibitor that is currently in clinical investigation.
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3.2 Characterisation of lapatinib resistant cell lines

3.2.1 SKBR3-L and HCC1954-L cells are resistant to lapatinib

Lapatinib is given to patients orally at a dosage of 1.25 g daily. The pharmacokinetics
of lapatinib is dependent on the patient’s fasting state. Peak plasma concentrations
range from 2.54 + 0.84 pg/mL (4.37 + 1.44 uM) to 0.91 £ 0.52 pg/mL (1.57 + 0.894
uM) when fasted [274]. With this in mind, cell lines with an ICsy value of 1 uM were
deemed lapatinib resistant. Both SKBR3-L and HCC1954-L cell lines were confirmed
to be resistant to lapatinib at clinically relevant concentrations (Figure 3-1). The
lapatinib ICsy value for SKBR3-Par cells was 0.05 + 0.02 uM and 2.37 + 0.58 uM for
SKBR3-L cells. This represents a 46-fold decrease in sensitivity to lapatinib. The
lapatinib ICs, value for the HCC1954-L cell line was 1.67 = 0.34 uM. This is 5.2-fold
greater than the lapatinib ICsy value in HCC1954-Par cells, 0.32 £ 0.19 uM. ICs

values are summarised in Table 3-1.
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Figure 3-1: Proliferation of (A) SKBR3-L and (B) HCC1954-L cells after 5 days
of treatment with lapatinib (0 — 10 M) was examined by acid phosphatase assay.
Percentage growth was calculated relative to untreated control cells. Error bars

represent standard deviation of biological triplicate experiments.

3.2.2 SKBR3-L and HCC1954-L cells have reduced sensitivity to afatinib and

neratinib

The pan-HER inhibitors, afatinib and neratinib, have been shown to be effective
against trastuzumab-resistant HER2-positive breast cancer [108, 123]. Therefore, to
assess the potential of the irreversible pan-HER inhibitors in lapatinib-resistant breast

cancer, both acquired lapatinib resistant cell lines and their respective parental cell
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lines were assessed for sensitivity to afatinib and neratinib (Figure 3-2). The parental
cell lines, SKBR3-Par and HCC1954-Par, were both highly sensitive to afatinib and
neratinib. The afatinib ICsy values for SKBR3-Par and HCC1954-Par cells were 10.9
+ 3.4 nM and 15.0 = 4.6 nM, respectively, and the neratinib ICsy values for these cell
lines were 3.4 £ 1.1 nM and 26.1 £ 1.2 nM, respectively. In comparison, the SKBR3-
L and HCC1954-L cell lines showed significantly reduced sensitivity to both pan-
HER inhibitors. The afatinib ICso values for SKBR3-L and HCC1954-L cells were
152.0 £ 12.1 nM and 1.13 £ 0.18 uM, respectively, and neratinib I1Cs, values were
77.5 £ 9.6 nM and 272.9 + 109.6 nM, respectively. ICsy values are summarised in
Table 3-1.
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Figure 3-2: Proliferation of (A) SKBR3-L and (B) HCC1954-L cells after 5 days
of treatment with afatinib or neratinib was examined by acid phosphatase assay.
Percentage growth was calculated relative to untreated control cells. Error bars

represent standard deviation of biological triplicate experiments.
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3.2.3 Response to trastuzumab and pertuzumab in SKBR3-L and HCC1954-L

cells

A trastuzumab-based regimen is standard of care in first-line treatment of metastatic
and early stage HER2-positive breast cancer and trastuzumab treatment after disease
progression on lapatinib has been investigated in a small clinical study [275, 276].
Furthermore, the addition of pertuzumab to trastuzumab has shown remarkable
clinical efficacy and may become standard of care for patients with metastatic disease
[67]. Therefore, the lapatinib resistant and parental cell lines were assessed for their
sensitivity to trastuzumab and pertuzumab. SKBR3-Par cells were sensitive to
trastuzumab in vitro; with 28.9 £+ 2.1% growth inhibition relative to untreated controls
after 5 days of 10 pg/mL treatment (p = 1.8 x 10”). In comparison, the SKBR3-L
cells were significantly less sensitive to trastuzumab (p = 0.008), with 15.1 £ 4.3%
growth inhibition. Both cell lines showed a similar response to 10 pg/mL pertuzumab
(SKBR3-Par =14.2 + 1.0% growth inhibition and SKBR3-L = 8.2 + 4.6% growth
inhibition, p = 0.09). Pertuzumab enhanced response to trastuzumab in SKBR3-Par
cells (42.2 + 2.2% compared to 4.1 £ 7.0% growth inhibition, p = 0.0016), which was
not observed in the SKBR3-L cell line (p = 0.08) (Figure 3-3).

In contrast to SKBR3-Par cells, HCC1954-Par cells are innately resistant to
trastuzumab. In HCC1954-Par cells 10 pg/mL trastuzumab inhibited growth by 6.8 +
7.1%. Similarly, HCC1954-Par displayed resistance to 10 pg/mL pertuzumab (5.6 +
10.1% growth inhibition) and trastuzumab plus pertuzumab (6.0 = 4.1% growth
inhibition). The HCC1954-L cells maintained this resistance to trastuzumab,
pertuzumab, and trastuzumab plus pertuzumab (4.4 = 1.5%, 7.9 + 3.6%, and -7.2 £
3.3% growth inhibition, respectively) (Figure 3-5). Responses to all HER2-targeted

therapies are summarised Table 3-1.
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Figure 3-3: Proliferation of SKBR3-Par and SKBR3-L cells treated for 5-days
with 10 pg/mL trastuzumab, 10 pg/mlL pertuzumab, or trastuzumab plus
pertuzumab was measured by acid phosphatase assay. Error bars represent
standard deviation of biological triplicate experiments. The Student’s t test was

used to determine statistical significance. ** denotes a p value < 0.01.
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Figure 3-4: Proliferation of HCC1954-Par and HCC1954-L cells treated for 5-
days with 10 pg/mL trastuzumab, 10 xg/mL pertuzumab, or trastuzumab plus
pertuzumab was measured by acid phosphatase assay. Error bars represent
standard deviation of biological triplicate experiments. The Student’s t test was

used to determine statistical significance. * denotes a p value < 0.05.
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Table 3-1: Lapatinib resistant and parental cell line response to HER2-targeted

therapies.
HCC1954-
SKBR3-L SKBR3-Par HCC1954-L
Par
Afatinib ICs 1130.0 +
152.0+12.1 109+34 15.0+4.6
value (nM) 180.0

% Growth
inhibition with
10 pug/mL

trastuzumab

15.1+423 289+2.1 44+1.5 6.8 7.1

% Growth

inhibition with
10 pg/mL

trastuzumab

41+£70 422+22 -7.2+3.3 6.0+£4.1

and

pertuzumab




3.3 SKBR3-L and HCC1954-L cells are sensitive to okadaic acid

SKBR3-L and HCC1954-L cells were previously shown to have increased PP2A
activity relative to their parental cell line [148, 154]. Both lapatinib resistant cell lines
and their parental cell lines were tested for sensitivity to 3 nM okadaic acid, a lab-
grade PP2A inhibitor, by acid phosphatase assay (Figure 3-5 A and B). Both SKBR3-
L and HCC1954-L cell lines were more sensitive to okadaic acid compared to their
respective parental cell lines (p = 0.03 and 0.04, respectively). Combined treatment
with lapatinib and okadaic acid enhanced the growth inhibitory effect in SKBR3-L
and HCC1954-L cells (p = 0.03 and 0.01, respectively) (Figure 3-6 A and C).
Trastuzumab did not significantly alter the growth effect of okadaic acid in either cell

line (p = 0.17 and 0.99, respectively) (Figure 3-6 B and D).
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Figure 3-5: Proliferation of SKBR3-Par, SKBR3-L (A), HCC1954-Par, and
HCC1954-L (B) after 5 days of treatment with 3 nM okadaic acid was examined
by acid phosphatase assay. Percentage growth was calculated relative to
untreated control cells. Error bars represent standard deviation of biological
triplicate experiments. The Student’s t test was used to determine statistical

significance. * denotes a p value of < 0.05.
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Figure 3-6: Proliferation of SKBR3-L after 5 days of treatment with 500 nM
lapatinib, 3 nM okadaic acid, lapatinib plus okadaic acid (A) or 10 pxg/mL
trastuzumab, okadaic acid, or trastuzumab plus okadaic acid (B) was examined
by acid phosphatase assay. Proliferation of HCC1954-L after S days of treatment
with 500 nM lapatinib, 3 nM okadaic acid, lapatinib plus okadaic acid (C) or 10
pg/mL trastuzumab, okadaic acid, or trastuzumab plus okadaic acid (D) was
examined by acid phosphatase assay. Percentage growth was calculated relative
to untreated control cells. Error bars represent standard deviation of biological
triplicate experiments. The Student’s t test was used to determine statistical

significance. * denotes a p value of < 0.05.

85



3.4 The effect of okadaic acid on cell cycle progression

SKBR3-L proliferation was inhibited by the combination of okadaic acid and
lapatinib (Figure 3-6). To determine if okadaic acid combined with lapatinib was
cytostatic or cytocidal, cell cycle assays were performed. SKBR3-L cells were treated
with 500 nM lapatinib, 3 nM okadaic acid, or lapatinib plus okadaic acid for 48 h. The
percentage of the cell population in each phase of the cell cycle was measured by
propidium iodide staining and flow cytometry analysis. Lapatinib alone (500 nM)
induced G1 arrest (51.8 £ 1.6% compared to 41.8 + 2.9% for untreated cells). OA
alone induced a small increase in the sub-G1 population (12.8 + 6.3% versus 8.9 £
3.4% for untreated cells) and the combination induced an increase in the sub-Gl
fraction (23.1 + 8.5%) compared to either lapatinib (9.1 £ 6.7%, p = 0.044) or OA
(12.8 £ 6.3%, p = 0.083) alone (Figure 3-7).
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Figure 3-7: SKBR3-L cells were treated with 500 nM lapatinib, 3 nM okadaic
acid, or lapatinib plus okadaic acid for 48 h. Cell cycle progression was
measured by flow cytometry. Cell cycle stage was calculated using ModFit
software. Error bars represent standard deviation of biological triplicate

experiments. The Student’s t test was used to determine statistical significance.

3.5 PP2A subunit expression in lapatinib resistant cell lines

PP2A is a holoenzyme, composed of three subunits: the structural A subunit, the
regulatory B subunit, and the catalytic C subunit. Expression levels of the two
isoforms of the catalytic subunit, PPP2CA and PPP2CB, and the levels of the catalytic
subunit phosphorylation and methylation were measured by Western blotting (Figure
3-8Figure 3-8). Total levels of either catalytic subunit isoform were not significantly
altered in HCC1954-L cells compared to HCC1954-Par cells (p = 0.19 and 0.66,
respectively). Both post-translational modifications were decreased in the lapatinib
resistant cell lines (p = 0.015 and 0.045, respectively). The lower levels of
phosphorylated PPP2CA suggests that PP2A activity is increased in the HCC1954-L
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cells, which was previously observed [154]. The methylation levels affect the
substrate specificity of the holoenzyme and the decreased methylation would suggest
that the lapatinib resistant cell line may have different substrate targets to the parental

cells.
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Figure 3-8: Western blotting of PPP2CA, PPP2CB, phosphor-PPP2CA and
methyl-PPP2CA in HCC1954-Par and HCC1954-L cells untreated (Con) and
treated with 1 xM lapatinib (Lap). Densitometry was carried out with LiCor
Odyssey 3.0. Error bars represent standard deviation of triplicate experiments.
Blot image shown is representative of triplicate blots. Tubulin was used as a
loading control. The Student’s t test was used to determine statistical

significance. * denotes a p value of < 0.05.
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3.6 The effect of PPP2CA siRNA knockdown on HCC1954-L proliferation

In order to ensure the growth inhibition effect of PP2A inhibition was not an off-
target effect of the okadaic acid, HCC1954-L cells were reverse transfected with anti-
PP2A catalytic subunit A, PPP2CA, siRNA (Figure 3-10). PPP2CA is the dominant
catalytic subunit that carries out the phosphatase activity of the holoenzyme and is the
substrate of okadaic acid [277]. The effectiveness of PPP2CA knockdown in
HCC1954-L cells by anti-PPP2CA siRNA was measured by Western blotting after 72
h of treatment. PPP2CA protein expression was significantly reduced relative to
scrambled siRNA treated cells (61.2% decrease in protein expression) (p = 0.047)
(Figure 3-9). Lapatinib treatment did not significantly alter the effectiveness of
PPP2CA knockdown (p = 0.77).

To measure the growth effects of PPP2CA siRNA, cells were treated with transfection
reagent (Trans-IT X2), anti-PPP2CA siRNA, or anti-kinesin siRNA for 24 h, after
which medium was changed. Cells were then treated with DMSO or 500 nM lapatinib
for a further 72 h. Efficient transfection was confirmed using an anti-kinesin siRNA.
Kinesin knockdown resulted in a 88.2 + 3.4% growth inhibition. Anti-PPP2CA
siRNA caused a significant decrease in cell growth compared to scrambled siRNA
control (p = 0.015). Lapatinib plus anti-PPP2CA siRNA increased growth inhibition
(57.9 = 1.2% growth inhibition) compared to anti-PPP2CA siRNA alone (43.8 £ 10.5
% growth inhibition) but this difference did not achieve statistical significance (p =
0.08). This may be due to the shorter assay time of four days and lapatinib treatment
for only the last three days.
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Figure 3-9: Western blotting of PPP2CA in HCC1954-L cells treated with Trans-
IT X2, scrambled siRNA, 500 nM lapatinib, anti-PPP2CA siRNA, or anti-
PPP2CA siRNA plus lapatinib. Densitometry was carried out with LiCor

Odyssey 3.0. Error bars represent standard deviation of triplicate experiments.

Blot image shown is representative of triplicate blots. Tubulin was used as a

loading control. The Student’s t test was used to determine statistical

significance. * denotes a p value of < 0.05.
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Figure 3-10: HCC1954-L cells were treated with TransIT-X2 transfection
reagent, anti-PPP2CA siRNA, or anti-kinesin siRNA. After 24 h, medium was
removed and fresh medium, DMSO, or 500 nM lapatinib was added. After a
further 72 h, proliferation was measured by trypan blue exclusion cell counting.
Error bars represent standard deviation of biological triplicate experiments. *

denotes a p value of < 0.05.

3.7 PP2A activation decreases lapatinib sensitivity

In order to assess if increasing PP2A activity alters the response of lapatinib-naive
cells to lapatinib, SKBR3-Par and HCC1954-Par cells were treated with FTY720, a
PP2A activator [278], and then treated with serial dilution concentrations of lapatinib
from 5 pM. 24 h pre-treatment of SKBR3 cells with 2.5 uM FTY720 resulted in a 5.3
fold increase in the lapatinib ICsy value. The lapatinib ICsy value of FTY720-
pretreated SKBR3-Par cells was 136.1 £ 2.3 nM, compared to 25.8 = 3 nM in
FTY720-untreated SKBR3-Par cells (p = 8.9 x 107) (Figure 3-11 A). FTY720
treatment also decreased lapatinib sensitivity in HCC1954-Par cells, increasing the

lapatinib ICso value 2.1-fold, from 582 + 31 nM to 1.22 + 0.1 uM (p = 7.8 x 10™)
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(Figure 3-11 B). This suggests that increased PP2A activity causes decreased

sensitivity to lapatinib.
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Figure 3-11: (A) SKBR3-Par and (B) HCC1954-par cells treated with 2.5 pM
FTY720 for 24 h, followed by lapatinib treatment for five days. FTY720-treated
cells were compared to an untreated control. Error bars are representative of

biological triplicate results.
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3.8 Okadaic acid blocks development of lapatinib resistance

As increased PP2A activity can decrease lapatinib sensitivity and lapatinib treatment
can increase PP2A activity [154], the potential of inhibiting PP2A in conjunction with
lapatinib treatment to prevent the development of lapatinib resistance was
investigated. SKBR3 cells were treated twice weekly with 250 nM lapatinib, 3 nM
okadaic acid, or lapatinib plus okadaic acid. The two endpoints of the assay were
when the control cells became confluent (14 days), as a comparison for baseline
lapatinib sensitivity, and when lapatinib resistant cells emerged and actively
proliferated (28 days). At 14 days when control cells were confluent, lapatinib caused
a 95% reduction in cell growth compared to control cells. Okadaic acid caused 52%
growth inhibition and the combination treatment caused similar inhibition as lapatinib
alone (98%). After a further 14 days of treatment, lapatinib-treated cells had started to
grow in tight colonies and were now at 30% of the control cell number at day 14. In
contrast, the growth of cells treated with lapatinib plus okadaic acid was still

significantly inhibited (p = 3.5 x 10) (Figure 3-12).
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Figure 3-12: SKBR3-Par cells were treated twice weekly with 250 nM lapatinib,
3 nM okadaic acid, and lapatinib plus okadaic acid until control cells and
lapatinib-treated cells approached confluency. Images represent triplicate
experiments. Graphs represent absorbance levels of eluted crystal violet relative
to control. Error bars represent standard deviation of triplicate assays. The
Student’s t test was used to determine statistical significance. *** denotes p <

0.001.

This experiment was repeated with the HCC1954-Par cells (Figure 3-12). As
HCC1954 cells are less sensitive to lapatinib compared to SKBR3 cells, HCC1954
cells were treated with 1 uM lapatinib in this assay. HCC1954 cells were sensitive to
both single agents and had an enhanced response to the combination (p = 0.03). After
the additional week of treatment, HCC1954 cells began to actively grow again in
okadaic acid (p = 0.005). Importantly, the combination treatment did not become

resistant and had significantly less growth compared to either single agent (p = 0.001).
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Figure 3-13: HCC1954-Par cells were treated twice weekly with 1 uM lapatinib,
3 nM okadaic acid, and lapatinib plus okadaic acid until control cells and
lapatinib-treated cells approached confluency. Images represent triplicate
experiments. Error bars represent standard deviation of triplicate assays.

Student’s t test used to determine statistical significance.

3.9 RPPA analysis of lapatinib and okadaic acid treated HCC1954-L cells

PP2A dephosphorylates a myriad of proteins [279]. In order to understand the
signalling effects of PP2A inhibition, alone and in combination with lapatinib,
HCC1954-L cells treated with 500 nM lapatinib, 3 nM okadaic acid, and lapatinib
plus okadaic acid for 18 h were examined by reverse phase protein array (RPPA)
analysis. RPPA experiment was carried out by Dr. Mattia Cremona. HCC1954-L cells
were chosen for this experiment as they showed a greater combination effect of
okadaic plus lapatinib than the SKBR3-L cell line.

Lapatinib treatment significantly altered the total or phosphorylated levels of 10
proteins (Table 3-2). As lapatinib is an EGFR/HER?2 inhibitor, it is unsurprising HER
family member levels and activity was altered with lapatinib treatment.

Phosphorylated HER2 (Y 1248) and HER3 (Y 1289) were both significantly decreased
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(p=0.016 and 0.047, respectively). Total protein levels of EGFR were also decreased
compared to DMSO-treated cells (p value = 0.009). Downstream of HER2, Akt and
Akt2 levels were significantly increased. Phosphorylated Akt (S473 and T308) were
slightly reduced but this change was not significant. Interestingly, 18 h lapatinib
treated caused increases in levels of the RTK MET. Grb2-associated binding protein 1
(GAB1) phosphorylation was also decreased. GAB1 is an adapter protein that
interacts with several RTKs, including EGFR and MET [280, 281]. This may indicate
after the 18 h treatment, downstream signalling may be suppressed. Previous work in
our lab, showed decreased Akt and ERK 1/2 phosphorylation after 24 h of lapatinib
treatment [154].

Eighteen hour 3 nM okadaic acid treatment significantly altered only two
phosphorylated protein levels and decreased total levels of one protein, Akt2 (Table
3-3). Okadaic acid caused significant decrease in Src (Y416) levels (p = 0.035) and
increased p38 MAPK (T180) (p = 0.039). The RPPA analysis examined 67 total or
phosphorylated protein levels. However, PP2A regulates a large amount of proteins
outside of the pathways encompassed in this analysis. PP2A inhibition with okadaic
acid may be altering proteins outside of the remit of the RPPA platform used.

The combination of 500 nM lapatinib plus 3 nM okadaic acid caused 15 protein
expression and activation changes, five of these were common to the lapatinib
treatment (Akt, EGFR Y1068, HER2 Y1248, GAB1 Y627, NF«B p65 S536) and one
with okadaic acid treatment (Src Y416) (Table 3-4). Combination treatment showed
decreased phosphorylation of EGFR (Y1063 and Y1172) (p = 0.003 and 0.0001,
respectively), HER2 (Y1248) (p = 0.0025), and HER3 (Y1289) (p = 0.0006).
Downstream from HER family member signalling, combination treated HCC1954-L
cells showed significant decreases in phosphorylation of MAPK (T202/Y204) (p =
0.027), MEK 1/2  (S217) (p = 0.0007), Shc (Y317) (p = 0.04), Src (Y416) (p =
0.016), total and phosphorylated levels of mTOR (S2448) ( p = 0.042 and 0.019,
respectively) and total Raf levels (p value = 0.003). Total levels of the pro-angiogenic
receptor, VEGFR2, was also decreased (p = 0.042). Akt2 levels were increased with
lapatinib and decreased with okadaic acid, combination treatment negated these
changes and total Akt levels were significantly increased to similar levels to lapatinib

alone treatment.
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These changes indicate that the combination of PP2A inhibition and EGFR/HER2

inhibition have an enhanced effect at inhibiting survival signalling.
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Table 3-2: Statistically significant alterations in HCC1954-L cells treated with
lapatinib versus DMSO control by RPPA analysis.

DMSO v Lapatinib

Protein Phosphorylation site Fold change p value
EGFR - 0.37 0.009
GAB1 Y627 0.47 0.008
HER2 Y1248 0.74 0.016
HER3 Y1289 0.84 0.047
Akt2 - 1.40 0.034
Akt - 1.50 0.027
GSKp - 1.64 0.029
MET - 2.13 0.040
PKCa - 243 0.016
NFxB p65 S536 2.48 0.007

Table 3-3: Statistically significant alterations in HCC1954-L cells treated with
okadaic acid versus DMSO control by RPPA analysis.

DMSO v Okadaic acid
Protein Phosphorylation site Fold change p value
Akt2 - 0.11 0.0004
Src Y416 0.78 0.0350
p38 MAPK T180 1.62 0.0390

98



Table 3-4: Statistically significant alterations in HCC1954-L cells treated with
lapatinib plus okadaic acid versus DMSO control by RPPA analysis.

DMSO v Lapatinib + Okadaic acid

EGFR Y1068 0.41 0.003

GAB1 Y627 0.49 0.017

HER2 Y1248 0.73 0.003

HER3 Y1289 0.75 0.006

Src Y416 0.76 0.016

RAF - 0.78 0.003

VEGFR2 - 0.86 0.042

NFkB p65 S536 2.99 0.001
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Figure 3-14: Pathway analysis of HCC1954-L cells treated with lapatinib plus
okadaic acid using PANTHER software.

3.10 Sensitivity of lapatinib resistant cell lines to LB-100

Although okadaic acid is a potent PP2A inhibitor, it is not safe as a therapeutic
treatment [237, 282]. However, several PP2A inhibitors have been investigated in
clinical trials. LB-100 (Lixte, Biotechnology), a therapeutic PP2A inhibitor, has
recently been tested in a Phase I clinical trial in solid tumours and has been shown to
enhance response to chemotherapy and radiotherapy in pre-clinial studies [196, 258,
259, 264]. Both lapatinib resistant cell lines and their parental cell lines were tested
for sensitivity to LB-100 (Figure 3-15). Similar to PP2A inhibition with okadaic acid,
SKBR3-L and HCC1954-L cell lines were significantly more sensitive to LB-100
compared to their respective parental cell lines. The LB-100 ICsy value for SKBR3-L
cells was 2.13 £ 0.20 uM compared to 5.38 + 0.60 uM for SKBR3-Par cells. The LB-
100 ICsg values for HCC1954-L and HCC1954-Par cells were 2.31 = 0.19 uM and
5.32 £ 0.82, respectively. Furthermore, lapatinib plus LB-100 was synergistic in the
HCC1954-L and SKBR3-L cells (CI value at EDsy = 0.68 + 0.26 and 0.56 + 0.13,
respectively) (Figure 3-16).
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Figure 3-15: Proliferation of (A) SKBR3-Par and SKBR3-L and (B) HCC1954-
Par and HCC1954-L treated with LB-100 for 5 days was measured by acid
phosphatase assay. Error bars represent standard deviation of biological

triplicate experiments.
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Figure 3-16: Proliferation of (A) SKBR3-L and (B) HCC1954-L treated with
lapatinib, LB-100, or lapatinib plus LB-100 for S days was measured by acid
phosphatase assay. Error bars represent standard deviation of biological

triplicate experiments.

3.11 Assessment of sensitivity to LB-100 in 3D growth assays

In addition to examining the effect of LB-100 alone and in combination with lapatinib
in 2D adherent culture, SKBR3-L and HCC1954-L cells were tested in 3D Matrigel
growth assays (Figure 3-17). This is more representative of the in vivo tumour
environment.

Both cells lines maintained lapatinib resistance in 3D conditions following 7-day
treatment. The lapatinib ICsy values for SKBR3-L and HCC1954-L cells were 1.02 +
0.21 uM and 1.68 £ 0.37 uM. SKBR3-L displayed altered response to LB-100.
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SKBR3-L cells were significantly less sensitive to LB-100 compared to adherent
conditions (LB-100 ICsy value = 11.6 £ 0.46 uM versus 2.13 £ 0.2 uM in 2D assay).
Lapatinib and LB-100 did not enhance response to lapatinib (CI value at EDsy = 0.95
+ 0.49). The LB-100 ICso value was also reduced in HCC1954-L cells, 5.00 £ 0.12
uM compared to 2.31 £ 0.19 uM. However, lapatinib plus LB-100 was synergistic in
HCC1954-L cells in 3D (CI value at EDsp = 0.51 + 0.07). LB-100 ICs, values and CI

at EDsq values are summarised in Table 3-5.
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Figure 3-17: Proliferation of (A) SKBR3-L and (B) HCC1954-L treated with
lapatinib, LB-100, or lapatinib plus LB-100 for 7 days in 3D growth conditions
was measured by Presto blue assay. Error bars represent standard deviation of

triplicate experiments.
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Table 3-5: LB-100 response in SKBR3-L and HCC1954-L cells

SKBR3-L SKBR3-Par HCC1954-L.  HCC1954-Par

LB-100 ICs 2.12+0.20 5.38+0.60 2.31+0.19 5.32+0.82
2D assay (uM)
Lapatinib + 0.56 +£0.13 - 0.68 +0.26 -
LB-100
CI 2D assay
LB-100 ICs 11.6 £.046 - 50+0.12 -
3D assay (uM)
Lapatinib + 0.95+0.49 - 0.51+0.07 -
LB-100
CI 3D assay

3.12 The effect of lapatinib and LB-100 on cell cycle progression

SKBR3-L and HCC1954-L cells were treated with lapatinib, LB-100, and lapatinib
plus LB-100 for 48 h and cell cycle progression was analysed by flow cytometry
(Figure 3-18 and Figure 3-19). Lapatinib alone caused G1 arrest in SKBR3-L (41.8 +
2.5% versus 55.3 £8.7%) (p =0.01) and HCC1954-L cells (28.2 + 0.6% versus 37.2
+ 0.3%) (p = 1.6 x 10”). LB-100 increased the SubG1 population of SKBR3-L cells
(p = 0.019). The combination of lapatinib and LB-100 did not significantly increase
the Sub G1, apoptotic population compared to LB-100 alone (23/8 + 8.5% versus 22.6
+6.1%) (p = 0.82). In the HCC1954-L cell line model, LB-100 significantly induced
apoptosis (p = 0.046), which was enhanced in combination with LB-100 (Sub G1
with LB-100 = 10.7 = 1.6% compared to 15.3 &+ 2.2% with combination) (p = 0.046).
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Figure 3-18: Percentage population of SKBR3-L cells treated with 1 uM
lapatinib, 5 M LB-100, lapatinib plus LB-100 in SubG1, G1, S, and G2 phases
of the cell cycle. Cell cycle analysis was performed using the Guava EasyCyte
and analysed using ModFit LT software. Error bars represent standard
deviation of triplicate experiments. The Student’s t test was used to determine

statistical significance. * denotes p < 0.05, ** denotes p < 0.01.
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Figure 3-19: Percentage population of HCC1954-L cells treated with 1 yM
lapatinib, 5 M LB-100, lapatinib plus LB-100 in SubG1, G1, S, and G2 phases
of the cell cycle. Cell cycle analysis was performed using the Guava EasyCyte
and analysed using ModFit LT software. Error bars represent standard
deviation of triplicate experiments. The Student’s t test was used to determine
statistical significance. * denotes p < 0.05, ** denotes p < 0.01, *** denotes p <

0.001.

3.13 The effect of LB-100 plus neratinib on lapatinib resistant cells

As discussed in Section 3.2.1, lapatinib resistant cell lines have reduced sensitivity to
neratinib, and LB-100 has been shown to enhance response to lapatinib. It was
hypothesised that LB-100 may enhance the effect of neratinib in lapatinib resistant
breast cancer. Proliferation assays showed that neratinib plus LB-100 is synergistic in
HCC1954-L cells with a CI value at EDsy of 0.61 = 0.04 (Figure 3-20). Similar to
lapatinib plus LB-100, neratinib plus LB-100 did not show an additive effect in the
SKBR3-L cells (Figure 3-21).
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Figure 3-20: Proliferation of HCC1954-L treated with 0-5 yM neratinib, 20 xM
LB-100, or neratinib plus LB-100 (1:4 ratio) for 5 days was measured by acid

phosphatase assay. Error bars represent standard deviation of biological

triplicate experiments.

107



SKBR3-L
LB-100 (uM)
0 2 4 6 8 10

100

80

=*Neratinib
-#1B-100
=#=Neratinib + LB-100

% Growth

0 0.5 1 1.5 2 2.5
Neratinib (uM)

Figure 3-21: Proliferation of SKBR3-L treated with 0-2.5 M neratinib, 10 zM
LB-100, or neratinib plus LB-100 (1:4 ratio) for 5 days was measured by acid
phosphatase assay. Error bars represent standard deviation of biological

triplicate experiments.
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3.15 Summary

Both acquired lapatinib resistant cell lines, SKBR3-L and HCC1954-L, were cross-
resistant to the pan HER irreversible inhibitors, neratinib and afatinib, and to both
monoclonal antibodies, trastuzumab and pertuzumab. This suggests that another
therapeutic strategy other than targeting HER2 may be required to overcome
resistance.

PP2A represents a potential novel therapeutic target to overcome lapatinib resistance.
Previous work in our lab and the data generated in this study suggest that the
development of lapatinib resistance may increase PP2A activity [154]. This increased
PP2A activity contributes to the lapatinib resistant phenotype, as activating PP2A
decreased lapatinib sensitivity in both parental cell lines. Lapatinib resistant cell lines
were more sensitive to PP2A inhibition by okadaic acid and LB-100, compared to the
parental cells. RPPA analysis showed that inhibition with lapatinib plus okadaic acid
significantly reduced cell survival signalling in HCC1954-L cells, with down-
regulation of EGFR, HER2 and HER3 phosphorylation and downstream signalling
components such as phosphorylated Shc, GAB1, MEK 1/2, MAPK, and Src. LB-100
enhanced the effect of lapatinib in HCC1954-L cells in adherent and 3D conditions.
LB-100 caused induction of apoptosis in both SKBR3-L and HCC1954-L cells, which
was further enhanced with lapatinib in the HCC1954-L cell line. The combination of
lapatinib and PP2A inhibition was also able to prevent the development of lapatinib
resistance in short-term resistance assays. These data taken together suggest that the
combination of lapatinib and LB-100 may be effective in both lapatinib resistant and

lapatinib naive HER2-positive breast cancer.
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4 Assessment of LB-100 in lapatinib

resistant breast cancer in vivo
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4.1 Introduction

The efficacy of LB-100 alone and in combination with lapatinib was assessed in vitro
in 2D and 3D conditions in two lapatinib resistant cell lines (Section 3.10 and 3.11).
The HCC1954-L cell line showed in vitro sensitivity to LB-100 and had a synergistic
response to lapatinib plus LB-100. Similar responses were observed in 3D growth
conditions. HCC1954 and HCC1954-L cells have been demonstrated to grow in vivo
[283]. Therefore, HCC1954-L cells were chosen as the cell line model to progress to
in vivo assessment of LB-100 in combination with lapatinib. LB-100 has been tested
in vivo alone and in combination with chemotherapy and radiotherapy [259, 264,
265]. However, LB-100 has not been previously administered with HER2-targeted
therapies.

The objectives of this study were (i) to optimise tumour growth conditions for the
HCC1954-L cells in mice; (ii) to examine the safety of lapatinib and LB-100 in vivo;
(ii1) to determine if HCC1954-L cells retain the therapeutic targets of LB-100 and
lapatinib; (iv) to determine if HCC1954-L cells maintain lapatinib resistance in vivo;
and (v) to investigate the effect of LB-100 and lapatinib on HCC1954-L xenograft

tumour growth in vivo.

4.2 Optimisation of HCC1954-L tumour growth

4.2.1 Pilot study to determine optimum cell number

In order to assess the optimum cell number for tumour growth, six 8-week old, female
SCID mice were subcutaneously inoculated bilaterally with HCC1954-L cells, with 1
x 107 cells (higher cell number) injected on the left side and 5 x 10° cells (lower cell
number) on the right. Cells were injected in a 1:1 ratio with extracellular matrix. Mice
were 17.5 £0.5 g in weight at the time of tumour inoculation.

Tumours were allowed to develop and, when of sufficient size, were measured with
calipers. Both cell numbers caused tumour growth (Figure 4-1). Individual tumour
growth is represented in Figure 4-2 A and B. After 10 days, four of six mice had
palpable tumours but were too small to measure. Mice implanted with the higher cell
number had measurable tumours by day 21 (21.8 + 7.6 mm’, n = 5) and, after an

additional 6 days, three of the lower cell number implant tumours were measurable
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(16.7 + 5.1 mm®). The average tumour volume 49 days after implantation was 248.3 +
25.6 mm’ and 169.8 + 34.1 mm® for the higher and lower cell number, respectively.
The take rate for both cell numbers was 5 out of 6 (83.3%). Although, the higher cell
number implant tumours developed earlier and were larger by day 49, the lower cell
number implant tumours surprisingly had a shorter doubling time. The tumour
doubling time for the tumours implanted at higher cell number was 7.56 + 0.99 days.
The tumour doubling time for the lower cell number was 6.01 + 1.01 days (Figure 4-
3Figure 4-3). Doubling time was caluclated for each individual tumour as described

in Section 2.16.
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Figure 4-1: Average tumour growth of HCC1954-L cells in mice (n=5) bilaterally
implanted with 1 x 107 cell implant (blue) and 5 x 10° cell implant (red). Tumour
dimensions were measured by calipers and tumour volume was calculated as
(Height x Width x Depth)/1.9. Error bars represent standard error of the mean

of at least four tumours.
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Figure 4-2: Individual growth rate of HCC1954-L cells in SCID mice implanted
with (A) 1 x 107 and (B) 5 x 10° cells/mouse. Tumour dimensions were measured

by calipers and tumour volume was calculated as (Height x Width x Depth)/1.9.
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Figure 4-3: Tumour doubling time for 1 x 10’ and 5 x 10° cell implant tumours.
Doubling time was calculated as described in Section 2. Error bars represent
standard deviation of five tumours. The Student’s t test was used to determine

statistical significance. * denotes p < 0.05.

4.2.2 The effect of tumour burden on general health

The health of all mice was monitored daily and mouse body weight was used as an
indicator of overall health of the animal. Mice with bilateral tumour implantation
were weighed twice weekly and no significant effect of implantation of cells and
growth on mouse weight was observed. Mice were 17.5 £ 0.5 g at implantation and

19.1 +£ 1.0 g at day 47 (Figure 4-4).
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Figure 4-4: The weight of each mouse was normalised to its weight at tumour
implantation and measured throughout the study. Error bars represent standard

deviation (n = 5).

To assess the safety of the combination of lapatinib plus LB-100 six mice on study
were randomized into two groups; group A were untreated and group B were
administered lapatinib daily Monday to Friday and LB-100 Monday, Wednesday, and
Friday (Table 4-1). Treatment began on day 47.

Table 4-1: Randomisation of animals for treatment groups.

Groups for pilot study of

combination
Control Treatment
M1 M3
M5 M4
Mé M2

However, due to skin ulceration which occurred predominantly in the mice implanted

with 1 x107 cells (Figure 4-5), the pilot study had to be terminated early and treatment

115



was stopped after just 6 days. Skin ulceration can occur when tumour cells or tissue
are implanted subcutaneously. This is seen by a loss of skin integrity, hair loss over
the tumour, and skin breakage. This can be due to large tumour size, fast tumour
growth, or changes in internal tumour pressure [284].

Skin ulceration began on Day 36 post implantation in M3. All of the higher cell
number tumours and one of the lower cell number tumours developed skin ulceration.
When the skin broke over the tumours, the animal was culled for humane reasons.
The first mouse culled due to ulceration was on day 52 (M2) and three more were

culled on day 53. The study was terminated on day 70 with one animal remaining.

1 x 107 cells 5x 10 cells

Figure 4-5: Images of skin ulceration and hair loss on mice implanted with 1 x
107 cells (A and C) and 5 x 10° cells (B and D). A and B are images of M4, C and
D are of M2.

116



This pilot study confirmed the tumorigenesis of the HCC1954-L cells but suggested
that 5 x 10° cells may be a better cell number for implantation due to the skin
ulceration occurring in of all the mice implanted with 1 x 107 cells. However, the
average tumour volume achieved at day 53, in the five mice with measurable tumours,
was 178.7 + 29.3 mm’. This would be too small to assess any differences in tumour
size with treatment in a drug efficacy study. Therefore, an additional pilot study was
proposed to further assess implantation of 5 x 10° cells and to determine if skin

ulceration would occur at a larger tumour size in mice implanted with 5 x 10° cells.

4.2.3 Pilot study to test 5 x 10° cell subcutaneous implantation

Six female SCID mice were injected subcutaneously in the flank, with 5 x 10°
HCC1954-L cells, in a 1:1 ratio with extracellular matrix. At implantation, the
animals were on average 21.5 + 0.5 g in weight. 15 days after implantation,
measurable tumours developed (Figure 4-6). The average volume of these tumours
was 80.9 + 8.5 mm’. Unfortunately, skin ulceration again occurred. This time after 21
days, ulceration occurred in three of the six mice inoculated, with a further mouse
developing ulceration on day 22. Therefore, this pilot study was ended as humane
endpoints were reached in 4 of 6 animals, with final average tumour volumes of 128.0
+38.8 mm’.

It was concluded from these two pilot studies that subcutaneous injection of
HCC1954-L cells at either 1 x 10" or 5 x 10° cells/implant was not recommended for

drug efficacy testing.
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Figure 4-6: Individual growth rate of HCC1954-L cells in SCID mice (n=5)
unilaterally implanted with 5 x 10° cells/mouse. Tumour dimensions were

measured by calipers and tumour volume was calculated as (Height x Width x
Depth)/1.9.

424 Mammary fat pad implantation of HCC1954-L cells

As skin ulceration limited the achievable tumour volumes in the previous pilot
studies, the site of implantation, the cell number, and the strain of mouse were altered.
The site of implantation was changed to the mammary fat pad. It was hypothesised
that moving the site of implantation further from the skin would reduce the
occurrence of skin ulceration. The mammary fat pad also provides a milieu more
reflective of the tumour microenvironment in patients [285]. As the change of
implantation involved injection of cells directly into a small organ, the cell number
and injection volumes were decreased to 5 x 10°/50 uL per injection. The strain of
mouse was changed from SCID to BALB/c nude mice. This was due to a

recommendation from collaborators who reported a lower frequency of skin
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ulcerations when HCC1954 cells were implanted in the mammary fat pad of BALB/c
nude (personal communication, Dr Ian Miller and Prof Annette Byrne, Royal College
of Surgeons in Ireland).

Mice implanted with HCC1954-L in the mammary fat pad developed xenograft
tumours (Figure 4-7 and 4-8), with measurable tumours after 13 days (M1 and M3,
average tumour volume = 2.9 = 1.2 mm’). By day 59, four of six mice were tumour
bearing (Figure 4-9 and 4-10). Therefore, the tumour take rate was 66.7%. One
additional tumour developed at day 90 (tumour volume = 40.4 mm?®). However, this
tumour was not located in the mammary fat pad and was subcutaneous. This was most
likely due to inaccurate injection. This tumour was excluded in mammary fat pad
tumour growth analysis. The maximum average achieved was 545.0 + 190.1 mm® at
day 85. This includes the largest tumour achieved, 1074.5 mm®, in M6. This mouse
was culled as the tumour height (14.7 mm) approached the maximum allowed limit of
15 mm. Individual mammary fat pad HCC1954-L tumour growth is represented in
Figure 4-10. The average tumour doubling time was 7.6 + 2.6 days.

Skin ulceration did not occur on any tumours. However, hemorrhagic areas occurred
on the largest tumour (M6) (Figure 4-11), which occurred at day 83 as the tumour
approached size limits. These tumours were highly vascularised. This can especially

be observed in Figure 4-11.

Figure 4-7: Images of individual mammary fat pad tumours on day 76.
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Injection site

Subcutaneous
tumour

Figure 4-8: Image of HCC1954-L tumour that developed subcutaneously rather

than in the mammary fat pad.
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Figure 4-9: Average tumour volume of mammary fat pad implanted HCC1954-L
cells measured by calipers. Error bars represent standard error of the mean, n =

4 up to day 85; n = 3 from day 87 to 92.
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Figure 4-10: Individual tumour volumes of mammary fat pad implanted

HCC1954-L cells.
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M6 at day 83

Figure 4-11: Image of HCC1954-L. mammary fat pad tumour of M6, 83 days

post-implantation. Hemorrhagic areas observed in black regions on tumour.
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4.3 HCC1954-L cells maintain lapatinib resistance ex vivo

After euthanasia, tumours were retrieved and part of the tumour was taken for
primary cell culture. Two of the four tumours taken for primary culture, continued to
grow ex vivo (M1 and M3) (Figure 4-12). Both samples were tested by 5-day acid
phosphatase assay for sensitivity to lapatinib, LB-100, and the combination of
lapatinib and LB-100 (Figure 4-13Figure 4-13). Both cell populations maintained
resistance to lapatinib. The ICsy values for M1 and M3 were 2.23 uM and 1.39 puM,
respectively. This is similar to ICsy values achieved in previous 2D and 3D assays of
HCC1954-L cells. Similarly, ex vivo HCC1954-L cells maintained a similar response
to LB-100. LB-100 ICs values were 5.28 uM and 3.81 pM. Importantly, the synergy
previously observed with lapatinib and LB-100 was replicated with the ex vivo

HCC1954-L cells, with CI values of 0.67 and 0.79.

Ml M3

Figure 4-12: Representative images of ex vivo HCC1954-L cells in culture after

tumour retrieval. Images were taken at 200X magnification.
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Figure 4-13: Sensitivity of the ex vivo HCC1954-L cells to lapatinib, LB-100, and
lapatinib plus LB-100 was assessed by S-day acid phosphatase assay. The data

shown is an average of two ex vivo samples.

44 Assessment of the side effects of LB-100 and lapatinib in vivo

Due to the problems with ulceration and the requirement to change mouse strain and
implantation site a decision was made to perform a separate toxicity study using six
BALB/c nude mice, which were divided into two groups (untreated control and
lapatinib plus LB-100 treatment group). The three mice on treatment received
lapatinib and LB-100 for 45 days. All six mice were checked for adverse events and
weighed three times per week. The lapatinib plus LB-100 did not have a significant
effect on body weight (p = 0.42) (Figure 4-14 and Figure 4-15). As lapatinib inhibits
both HER2 and EGFR, it has been shown to cause skin rashes, redness or peeling of
skin, and hair loss [286, 287]. Repeated intra-peritoneal injection can also cause skin
necrosis at the site of injection [288]. Therefore, mice were monitored for signs of
skin damage. To minimise damage from repeated intra-peritoneal injection, the

injection site was alternated between left and right sides for each injection. All mice
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on treatment had no signs of necrosis or skin rashes (Figure 4-16). LB-100 has been
shown to cause dyspnea (shortness of breath) in humans. No breathing difficulties

were observed in mice treated with LB-100 and lapatinib.
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Figure 4-14: Relative weight change of BALB/c nude mice treated Monday —
Friday with LB-100 and Monday, Wednesday, and Friday with lapatinib (Red)
or untreated (Blue). Error bars represent standard error of the mean with three
animals per group. The Student’s t test was used to determine statistical

significance.
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Figure 4-15: Relative weight change of individual BALB/c nude mice treated
Monday — Friday with LB-100 and Monday, Wednesday, and Friday with
lapatinib (Red) or untreated (Blue).
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Control Lapatinib + LB-100

Sites of injection

Figure 4-16: Images representative of the abdomen of control and treated mice

taken after 39 days on treatment.

4.5 Pharmacodynamic effects of lapatinib and LB-100 on HCC1954-L cells in

vivo

Prior to the early termination of the first pilot study of subcutaneous implantation of
HCC1954-L cells, animals were divided into two groups of three with one group
receiving lapatinib plus LB-100. Treatment was ended after six days and no effect on
tumour growth was observed. However, tumours were retrieved post-mortem and
analysed for changes in total and phosphorylated levels of eEF2, as a marker for
PP2A activity. This was also compared to basal levels in HCC1954-L cells grown in
vitro (Figure 4-17). Total levels of eEF2 were unchanged between in vitro grown
HCC1954-L and HCC1954-L cells in vivo. Phosphorylated eEF2 was slightly
decreased in in vivo cells. The tumour from a mouse treated with lapatinib and LB-

100 showed a significant increase in phospho-eEF2 levels compared to an untreated
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HCC1954-L tumour sample. In order to to ensure that the protein expression in vivo
was due to HCC1954-L cells, the expression of human mitochondria was examined
by immunohistochemistry (Figure 4-18). HCC1954-L tumour tested positive for
human mitochondria similar to cells grown in vitro. In vivo samples showed some

positive staining in negative controls, which was due to sample preparation.
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Figure 4-17: Western blotting of total and phosphorylated eEF2 levels in
HCC1954-L cells grown in vitro, in vivo, and in vivo with lapatinib plus LB-100
treatment. Tubulin was used as a loading control. Blot shown representative of

individual in vivo tumours.
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Figure 4-18: Immunohistochemistry of HCC1954-L cells grown in vitro and in

vivo in SCID mice for human mitochondria (200X magnification).

4.6 Summary

HCC1954-L cells were demonstrated to grow in vivo following both subcutaneous
and mammary fat pad implantation. However, skin ulceration limited the length of
study and achievable tumour volumes following subcutaneous implantation. All mice
implanted with 1 x 107 cells and one mouse implanted with 5 x 10° cells ulcerated in
the bilateral pilot study. The 5 x 10° cell implantation was repeated. However,
ulceration also occurred before tumour volumes, which would allow for the
observation of drug effect changes, were reached. Importantly, implantation in the
mammary fat pad of BALB/c nude mice did not result in the development of skin
ulceration.

The combination of lapatinib and LB-100 was shown to be safe in BALB/c nude mice
on long-term treatment, with no significant side effects observed. Preliminary data
suggest that LB-100 is active in vivo and inhibits PP2A activity in HCC1954-L

tumours.
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Thus the conditions for evaluating the efficacy of lapatinib plus LB-100 in vivo have
been optimised and this will be performed using HCC1954-L cells mammary fat pad

xenografts in BALB/c nude mice.
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S5 PP2A in innate resistance to HER2-
targeted therapy
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5.1 Introduction

As Chapter 3 showed, PP2A is a potential mediator of lapatinib resistance in two
lapatinib-resistant HER2-positive breast cancer cell lines. Clinically, lapatinib
resistance can emerge after an initial response to lapatinib. However, HER2-positive
breast cancer tumours can also have de novo resistance to lapatinib. Therefore, the
possible role for PP2A in innate lapatinib resistance merited investigation. In this
study, a panel of HER2-positive breast cancer cell lines with varying sensitivities to
HER2-targeted therapies were examined for sensitivity to okadaic acid and LB-100

and expression levels of PP2A subunits.

5.2 HER2-positive breast cancer cell line panel response to lapatinib and

trastuzumab

A panel of HER2-positive breast cancer cell lines was assessed for lapatinib by 5-day
acid phosphatase proliferation assay (Table 5-1). Of the 10 cell lines tested, three cell
lines were classified as lapatinib resistant, with an ICsy value greater than 1 pM.
Trastuzumab sensitivity was taken from [184] (Table 5-2). Six of the 11 cell lines
were classified as trastuzumab resistant using the fold change cut-off of < 1.2.
Response to lapatinib was shown to correlate with response to trastuzumab (p =

0.004) (Figure 5-1).
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Table 5-1: Lapatinib ICs, values of a panel of HER2-positive breast cancer cell

lines.

Lapatinib ICs values (nM)

EFM192A

BT474

SKBR3

HCC1419

HCC1569

MDA-MB-361

HCC1954

JIMT-1

UACC732

MDA-MB-453

20.2 +18.6

23.9+19.6

259+29

63.1+29.7

242.0 £ 8.7

323.5+50.8

582.0+31.0

1416.0 £ 371.9

3180.0 £ 939.0

5186.3 £1542.8
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Table 5-2: Trastuzumab response in panel of HER2-positive breast cancer cell
lines taken from [184]. Fold change was calculated from the ratio of doubling
time in the presence of trastuzumab divided by the doubling time in the absence

of drug.

Fold change with 10 zg/mL

trastuzumab

Average StDev

BT474 5.00 1.05
EFM192A 1.86 0.54
UACCS812 1.49 0.27

SKBR3 1.45 0.09

MDA-MB-361 1.21 0.22
HCC1419 1.18 0.02
UACC732 1.17 0.01

JIMT-1 1.15 0.1
HCC1954 1.08 0.1

MDA-MB-453 1.04 0.04

HCC1569 1.04 0.06
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Figure 5-1: Lapatinib ICsy values versus growth fold change with 10 pg/mL
trastuzumab of HERZ2-positive breast cancer cell lines. R values and p values

were calculated using Spearman rank correlation.

5.3 Okadaic acid sensitivity in HER2-positive breast cancer panel

In order to determine the relationship between HER2-targeted therapy resistance and
sensitivity to PP2A inhibition, the panel of HER2-positive breast cancer cell lines was
assessed for sensitivity to 5 nM okadaic acid (Figure 5-2). Okadaic acid caused
growth inhibition in all cell lines tested, which indicates that PP2A may not be
playing a tumour suppressor role in these cell lines. Correlation between response to
okadaic acid and lapatinib or trastuzumab sensitivity was examined using Spearman
rank correlation analysis. Sensitivity to okadaic acid was found to positively correlate
with resistance to both lapatinib (p = 0.01) and trastuzumab (p = 0.01) (Figure 5-3 A
and B).
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Figure 5-2: Proliferation of cell lines following S-days of 5 nM okadaic acid
treatment. Cell lines were ranked by lapatinib sensitivity. Percentage growth was
calculated relative to untreated control and error bars represent standard

deviation of biological triplicate experiments.
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Figure 5-3: Relationship between (A) lapatinib ICs) values or (B) trastuzumab
response and growth response with 5 nM okadaic acid treatment. Blue dots
indicate cell lines sensitive to trastuzumab or lapatinib and red dots indicate
resistance. R values and p values were calculated using Spearman rank

correlation.
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5.3.1.1 The effect of lapatinib plus okadaic acid on innately resistant cell lines

The combination of lapatinib and okadaic acid had an additive effect in both the
SKBR3-L and HCC1954-L cells (Section 3.3). The three cell lines innately resistant
to both trastuzumab and lapatinib were tested for sensitivity to 500 nM lapatinib, 5
nM okadaic acid, and lapatinib plus okadaic acid. Two of the three cell lines showed a
significant enhancement in growth inhibition, the MDA-MB-453 cells (p value =
0.0001) and the UACC-732 cells (p value = 0.02) (Figure 5-4). The combination had
a slight but significant antagonistic effect in the JIMT-1 cells, with a 6.3% increase in
percentage growth with the combination compared to okadaic acid alone (p value =
0.015). A selection of five lapatinib sensitive cell lines was assessed for their
sensitivity to lapatinib plus okadaic acid. The combination of lapatinib plus okadaic
acid significantly decreased cellular proliferation in one of the five cell lines,
HCC1569 cells (p = 0.0005) (Figure 5-5). In summary, lapatinib plus okadaic acid
had an additive effect in three of eight cell lines and an antagonistic effect was only

observed in one cell line.
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Figure 5-4: Proliferation of JIMT-1, UACC-732, and MDA-MB-453 cells

following 5-day treatment with 500 nM lapatinib, S nM okadaic acid, and

lapatinib plus okadaic acid. Error bars represent standard deviation of

biological triplicate experiments. Percentage growth is relative to untreated

control cells. The Student’s t test was used to determine statistical significance. *

denotes a p value of < 0.05, *** denotes a p value of < (0.001.
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Figure 5-5: Proliferation of SKBR3, BT474, and HCC1419 treated with 50 nM
lapatinib, 5 nM okadaic acid, and lapatinib plus okadaic acid, and HCC1569 and
HCC1954 treated with 250 nM lapatinib, 5 nM okadaic acid, and lapatinib plus
okadaic acid. Error bars represent standard deviation of biological triplicate
experiments. Percentage growth is relative to untreated control cells. The
Student’s t test was used to determine statistical significance. *** denotes p <

0.001.

5.4 LB-100 sensitivity in HER2-positive breast cancer panel

LB-100 is the PP2A inhibitor that has made the most clinical progression and is the
chosen candidate PP2A inhibitor for acquired lapatinib resistance. Therefore, LB-100
was also tested in the panel of HER2-positive breast cancer cell lines; this would
indicate the sensitivities of the cell lines to a more clinically relevant inhibitor (Figure
5-6). Unexpectedly, LB-100 sensitivity did not correlate with sensitivity to okadaic
acid (Figure 5-7 and Table 5-3). This may be due to differences in phosphatase
inhibitory potency, chemical structure, or off-target effects [289]. LB-100 is a
cantharidin derivative. Although both okadaic acid and cantharidin most selectively
inhibit PP2A, they also inhibit other phosphatases at high concentrations. LB-100
response also did not correlate with either lapatinib or trastuzumab sensitivity (Figure

5-8 and 5-9).
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Figure 5-6: Proliferation of 11 HER2-positive breast cancer cell lines treated
with 0-10 M LB-100. Error bars represent standard deviation of biological

triplicate experiments. Lighter series are more resistant to lapatinib.

Table 5-3: LB-100 ICs, values for HER2-positive breast cancer cell lines.

LB-100 ICs, value (M)

EFM192A >20
BT474 7.04 £ 3.56
SKBR3 5.38+0.46

HCC1419 >20

HCC1569 5.28 £0.46

MDA-MB-361 8.22+£2.26

HCC1954 5.32+0.82
JIMT-1 4.96 + 0.68

UACC732 19.34 £3.68

MDA-MB-453 6.87 +0.39
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Figure 5-7: Relationship between percentage growth with 5 nM okadaic acid
relative to untreated controls and LB-100 ICs, values of the panel of HER2-
positive breast cancer cell lines. R values and p values were calculated using

Spearman rank correlation.
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5.4.1.1 The effect of lapatinib plus LB-100

Although LB-100 sensitivity did not correlate with innate resistance to HER2-targeted

therapies, we hypothesised that LB-100 may enhance lapatinib treatment in innately

resistant cell lines. The three lapatinib resistant cell lines were evaluated for

sensitivity to the combination therapy (Figure 5-9). Synergy was observed in one of
the three cell lines tested, the MDA-MB-453 cells (CI value = 0.65 + 0.16). An
additive effect was not observed in either JIMT-1 or UACC732 cells (CI values =

1.21 +£0.29 and 1.25 + 0.21 respectively).
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Figure 5-9: Proliferation of MDA-MB-453, JIMT-1, and UACC732 with

lapatinib, LB-100, and lapatinib plus LB-100. Error bars represent standard

deviation of biological triplicate experiments.
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5.5 PP2A subunit expression in HER2-positive breast cancer cell lines

Alterations in PP2A subunit expression occurs in several cancer types [290, 291]. In
order to examine if PP2A subunit expression is altered in HER2-positive breast
cancer cell lines, both isoforms of the catalytic and structural subunits were assessed
in the panel of cell lines (n=10). The catalytic subunits PPP2CA and PPP2CB did not
correlate with sensitivity to either lapatinib or trastuzumab (p = 0.33 and 0.16
respectively) (Figure 5-10). Likewise, the expression levels of PPP2R1A and
PPP2RI1B also did not correlate with lapatinib (p = 0.244 and 0.96) or trastuzumab
sensitivity (p = 0.185 and 0.444) (Figure 5-11).
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Figure 5-10: (A) Western blotting of PPP2CA, phospho-PPP2CA, and PPP2CB
levels in a panel of HER2-positive breast cancer cell lines. Tubulin was used as a
loading control. Blots shown are representative of triplicate blots. (B) R values
and p values were calculated using Spearman rank correlation.to determine the
relationship between total/phospho-PPP2CA, PPP2CB and lapatinib or

trastuzumab sensitivity.
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Figure 5-11: (A) Western blotting of PPP2R1A and PPP2R1B levels in a panel of
HER2-positive breast cancer cell lines. Tubulin was used as a loading control.
Blots shown are representative of triplicate blots. (B) R values and p values were
calculated using Spearman rank correlation to determine the relationship

between PPP2R1A or PPP2R1B and lapatinib or trastuzumab sensitivity.
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5.6 Analysis of PP2A subunit expression in HER2-positive breast cancer

patients

5.6.1.1 Correlation between PP2A subunit expression and survival

The expression of the PP2A catalytic and structural subunit isoforms was assessed in
HER2-positive breast cancer patients and the association with overall and disease-free
survival was examined. This analysis was done using the publicly available database
BreastMark (http://glados.ucd.ie/BreastMark) [292]. This was carried out to validate
the lack of correlation between PP2A subunit levels and HER2-targeted therapy
response in the panel of HER2-positive cell lines. This database uses gene expression
and survival data from 26 datasets, corresponding to approximately 17,000 genes and
4,738 breast cancer patients. In this study, the patient cohort was restricted to HER2-
positive breast cancer patients. For each PP2A subunit, a Kaplan Meier curve was
plotted. Patient samples with high and low expression of each subunit were stratified
using the median and the 25™ and 75™ percentiles.

The mRNA expression of the a and B subunits of both the catalytic and structural
subunits did not show a positive or negative correlation with survival outcomes
(Figure 5-12 — 5-15). The p values for each PP2A subunit and survival outcome are
summarised in Table 5-4. This is in agreement with the analysis of PP2A catalytic and
structural subunit expression and the lack of a relationship with trastuzumab or

lapatinib sensitivity.
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Figure 5-12: Kaplan Meier survival curves based on PAMS0 classifier for OS

and DFS with high and low expression of PPP2CA.
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5.6.1.2 Correlation between PP2A endogenous inhibitor expression and survival

As PP2A catalytic and structural subunit expression did not correlate with survival,
the gene expression levels of the PP2A inhibitor proteins CIP2A and SET were
assessed. CIP2A and SET both interact with PP2A and reduce its phosphatase
activity. Increased expression of both of these proteins has been previously associated
with cancer progression [293]. However, in the BreastMark HER2-positive breast
cancer dataset, high level expression of SET did not impact survival outcome (p for
OS = 0.134 and DFS = 0.353) and high levels of CIP2A levels correlated with
improved overall survival (p = 0.005) (Figure 5-16 and 5-17). CIP2A expression did
not significantly impact DFS (p = 0.129). In contrast, in another breast cancer survival
analysis, CIP2A was correlated with positive lymph node status and higher levels of
proliferation markers. The correlation between low expression of CIP2A and
improved OS in the BreastMark dataset may indicate that PP2A activity is increased

in the patient tumours with poorer survival outcomes.
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Table 5-4: Significance levels of correlation between PP2A catalytic and

structural subunits/PP2A inhibitors and OS and DFS.

Gene Overall survival Disease-free survival
(p value) (p value)

PPP2CA 0.448 0.525
PPP2CB 0.713 0.923
PPP2R1A 0.321 0.134
PPP2R1B 0.537 0.920
SET 0.134 0.353
CIP2A 0.005 0.129
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5.7 Summary

Not all HER2-positive breast cancers have an initial response to HER2-targeted
therapies and de novo resistance is a common clinical occurrence. This is also
reflected in immortalised HER2-positive breast cancer cell lines. The panel of cell
lines assessed had a variety of sensitivities to trastuzumab and lapatinib, with three
cell lines displaying innate resistance to lapatinib and five cell lines resistant to
trastuzumab. Okadaic acid caused varying some level of growth inhibition in all cell
lines tested, indicating that PP2A is not playing a tumour suppressor role in these cell
lines. The sensitivity to okadaic acid positively correlated with both trastuzumab and
lapatinib resistance.

LB-100 was also examined in the panel of HER2-positive breast cancer cell lines.
Interestingly LB-100 sensitivity did not correlate with response to okadaic acid or
lapatinib or trastuzumab sensitivity.

There was no relationship observed between PP2A catalytic and structural subunit
expression levels in the HER2-positive breast cancer cell lines and their HER2-
targeted therapy sensitivity. Likewise, mRNA levels of the catalytic and structural
isoforms did not correlate with survival outcomes in the HER2-positive breast cancer
patients. However, high levels of the PP2A inhibitor protein CIP2A did correlate with

positive patient outcomes.
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6 The role of Src in resistance to

afatinib and neratinib
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6.1 Introduction

Despite advances in the treatment of HER2-positive breast cancer with HER2-
targeted therapies, the majority of patients with metastatic HER2-positive breast
cancer develop progressive disease with resistance to HER2 targeted therapies.
Irreversible HER family inhibitors are in various stages of clinical development and

represent novel HER2-targeting strategy for these patients.

Afatinib (Giotrif) is an anilinoquinazoline-derivative which functions as an
irreversible pan-HER inhibitor, covalently binding to Cys797 of EGFR, Cys805 of
HER?2 and Cys803 of HER4, and rendering the receptors inactive [118]. Afatinib was
FDA-approved for the treatment of non-small cell lung cancer in 2014 and is
currently in phase III clinical trials in breast cancer [129]. Afatinib has shown efficacy
in HER2-positive breast cancer in vitro and in vivo [123]. Canonici et al. showed an
additive effect for the combination of trastuzumab and afatinib in trastuzumab-
sensitive cell lines [123]. This study also showed that a cell line model of acquired
trastuzumab resistance was sensitive to afatinib, with afatinib also restoring sensitivity

to trastuzumab.

Likewise, neratinib (Nerlynx) is an irreversible HER family tyrosine kinase inhibitor
that has shown activity in HER2-positive breast cancer in the pre-clinical and clinical
setting [108]. In addition, following the phase III ExteNET trial, in which neratinib
improved invasive disease free survival after relapse on trastuzumab, neratinib is

FDA approved for the treatment of early stage HER2-positive breast cancer [294].

Using afatinib and neratinib resistant cell line models of HER2-positive breast cancer,
the aim of this study was to examine the mechanisms by which these cells develop
resistance, and to determine a therapeutic strategy to overcome or prevent resistance

to irreversible pan-HER inhibitors.
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6.2 Development of the afatinib-resistant SKBR3-A cell line

The afatinib resistant cell line model, SKBR3-A, was developed by Dr. Alexandra
Canonici through continuous long-term exposure of the HER2-positive breast cancer
cell line SKBR3 to afatinib. The SKBR3 cells were treated twice weekly with 150 nM
afatinib until resistance developed (Figure 6-1 A). An age-matched, parental cell line
(SKBR3-Par) was cultured alongside the treated cells. No significant morphological
changes were observed in the afatinib resistant cell line compared to the parental cell
line (Figure 6-1 B and C). SKBR3-A cells were significantly less sensitive to afatinib,
with an afatinib ICsy value of 197.7 + 53.8 nM compared to 10.9 £ 3.4 nM in the
parental cell line. Pharmacokinetic studies of afatinib dosed at 40 mg per day show a
peak plasma concentration of 38 ng/mL or 78.2 nM nM [128, 295]. Therefore, the
cut-off concentration for afatinib sensitivity for this study was set at 80 nM. SKBR3-

A cells are resistant to afatinib at clinically relevant concentrations.
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Figure 6-1: Proliferation of SKBR3-Par and SKBR3-A cells following 5-day
treatment with afatinib (0 — 625 nM). Percentage growth was calculated relative
to untreated control and error bars represent standard deviation of biological
triplicate experiments. Images taken of SKBR3-A cells and SKBR3-Par cells at
400X magnification.
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6.2.1 Effect of HER2-targeted therapies on SKBR3-A and SKBR3-Par

The SKBR3-A cells were also tested for cross-resistance to other HER2-targeted
therapies. Parental SKBR3 cells are highly sensitive to the HER2-specific monoclonal
antibody trastuzumab, the dual-targeting (EGFR/HER2) reversible TKI lapatinib, and
the irreversible pan-HER TKIs afatinib and neratinib. SKBR3-A cells displayed
cross-resistance to lapatinib and neratinib after five days of treatment (Figure 6-2 A
and B). The SKBR3-A lapatinib ICsy was 1530.0 + 380.0 nM compared to 51.0 £
23.0 nM for SKBR3-Par cells (30-fold resistance) and the neratinib ICsy value was
114.0 £ 31.1 nM compared to 3.4 = 1.1 nM (38-fold resistance). SKBR3-A cells were
also assessed for altered sensitivity to trastuzumab, pertuzumab and the combination
of monoclonal antibodies (Figure 6-3). The SKBR3-Par cell line showed 28.9 £ 2.1%
growth inhibition following five days of trastuzumab treatment (10 pg/mL). In
contrast, SKBR3-A cell growth was inhibited by 9.7 + 2.1% (p = 0.0003).
Pertuzumab also had a reduced anti-proliferative effect on SKBR3-A cells compared
to the parental cell line, -3.1 £ 6.3% compared to 14.2 = 1% (p = 0.009). The
enhanced combination effect observed in SKBR3-Par cells (42.2 + 2.2% growth
inhibition) was also not seen in the SKBR3-A cells (-10.7% + 8.9% growth
inhibition) (p = 0.0005). Sensitivity of the SKBR3-A and SKBR3-Par cells to each of
the HER2-targeted therapies is summarised in Table 6-1.
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Figure 6-2: Proliferation of SKBR3-Par and SKBR3-A cells following 5-day
treatment with A) 0 — 10 zM lapatinib and B) 0 — 1.25 yM neratinib. Percentage
growth was calculated relative to untreated control and error bars represent

standard deviation of biological triplicate experiments.

160



SKBR3-Par v SKBR3-A

s+ ko

3k

120

ook o
100
8
60
40
20

Control 10 ng/mL 10 pg/mL  Trastuzumab
Trastuzumab Pertuzumab + Pertuzumab

=]

W SKBR3-Par
®SKBR3-A

% Growth

o

Figure 6-3: Proliferation of SKBR3-Par and SKBR3-A cells following 5-day
treatment with 10 zg/mL trastuzumab, 10 zg/mL pertuzumab, trastuzumab plus
pertuzumab. Percentage growth was calculated relative to untreated control and
error bars represent standard deviation of biological triplicate experiments. The
Student’s t test was used to determine statistical significance. ** denotes a p
value of < 0.01, *** denotes P < 0.001.
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Table 6-1: SKBR3-A versus SKBR3-Par TKI ICsy values and % growth

inhibition following treatment with 10 zg/mL trastuzumab and/or pertuzumab.

Cell line SKBR3-Par SKBR3-A
Afatinib ICsy (nM) 109 £3.4nM 197.7 +53.8
Lapatinib ICs¢ (nM) 51.0£23.0 1530.0 + 380.0
Neratinib ICsy (nM) 34+1.1 114.0+31.1
% Growth inhibition 289 +2.1 9.7+2.1
10 pg/mL trastuzumab
% Growth inhibition 142+1 -3.1+6.3
10 pug/mL pertuzumab
% Growth inhibition 422+22 -10.7+ 8.9

trast + pert

6.3 Molecular characterisation of SKBR3-A cell line

6.3.1 Genetic profiling of SKBR3-A cells versus SKBR3-Par cells

Cancers that have become resistant to HER2-targeted therapy have been shown to
develop genetic mutations, which cause oncogenic signalling changes [170, 198,
208]. In order to assess genetic alterations between the resistant and parental cells,
both SKBR3-A and SKBR3-Par cell lines underwent whole exome sequencing,
performed by Beijing Genomic Institute [271] (as described in Section 2.14). This
analysis provided copy number variations (CNVs), single nucleotide variations
(SNVs), and insertions and deletions (InDels). In SKBR3-A cells, 19 InDels were
observed conpared to the parental cells. Only one of these indels caused a frameshift
in the protein coding sequence (Table 6-2). This was a frameshift in the lactase (LCT)
gene. There were 150 unique SNVs observed, 48 of which occurred within genes and
34 with structural implications on proteins (Table 6-3). SKBR3-A cells had 168
unique CNVs compared to SKBR3-Par cells, with four significant deletions and 205
amplifications. A significant alteration was deemed as a copy number ratio greater

than 1.4 and less than 0.4 (Table 6-4). The InDel changes did not indicate any
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possible oncogenic changes. Interestingly, SKBR3-A cells did not display mutations
or gene amplification of HER family members, which has been shown as a
mechanism of resistance to HER2-targeted therapies [170, 296]. However, the CNV
analysis showed alterations in several signalling pathways. A number of genes
associated with EMT, which has been implicated in lapatinib resistance, had
significantly increased copy number, including PDE4A, PDE4D, ITGB4, SPHKI1,
S100A9, and NR4A1 [297-301]. SKBR3-A cells also showed gene copy number
amplification of ITPR4 and TNIK, which are involved in autophagy induction [302].
Autophagy can act as a mechanism of cell death and also cell survival and afatinib has
been shown to induce autophagy [303]. Pathway analysis using PANTHER also
showed changes in several signalling pathways (Figure 6-4). These pathway
alterations include inflammation related signalling such as inflammation mediated by
chemokine and cytokine signalling, CCKR pathway, and T cell activation. Growth
factor signalling was altered including insulin/IGF, VEGF, and PDGF signalling.
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Table 6-2: Somatic insertions and deletion in SKBR3-A compared to SKBR3-Par

cells.

Insertions/Deletions

CEP104 Centrosomal protein 104 3'UTR

FBXO028 Centromere protein 30 Intron

LCT Lactase Frameshift

USP49 Ubiquitin specific peptidase 49 Downstream

gene

NMBR Neuromedin B receptor Intron

ST7 Suppression of tumorigenicity 7 Intron

LEMD3 LEM domain containing 3 Intron

AKAP13 A-kinase anchoring protein 13 Intron

ZNF791 Zinc finger protein 791 Intron
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PRPF31 Pre-mRNA processing factor 31 Intron

OFD1 Centriole and centriolar satellite protein Intron
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Table 6-3: Single nucleotide variants in SKBR3-A compared to SKBR3-Par cells.

Gene Gene description Mutation Nucleotide
change

HIVEP3 Human Immunodeficiency Virus Type I Silent AlIC
Enhancer Binding Protein 3

CFH Complement factor H Missense GIA

LRPPRC Leucine Rich Pentatricopeptide Repeat Silent GTlA
Containing

GORASP2 Golgi Reassembly Stacking Protein 2 Silent AT

PRKAG3 Protein Kinase AMP-Activated Non- Missense CUG
Catalytic Subunit Gamma 3

LZTFL1 Leucine Zipper Transcription Factor Like  Silent GTA

‘ ._‘

TNK2 Tyrosine Kinase Non Receptor 2 Missense ClA

TCOF1 Treacle Ribosome Biogenesis Factor 1 Missense ATIC

HIST1H3A Histone Cluster 1 H3 Family Member A~ Missense GTIC

FILIP1 Filamin A Interacting Protein 1 Missense AT
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GPR22 G Protein-Coupled Receptor 22 Silent GIA

MPDZ Multiple PDZ Domain Crumbs Cell Missense coT
Polarity Complex Component

ADARB2 Adenosine Deaminase, RNA Specific B2  Silent GTA

JMJD1C Jumonji Domain Containing 1C Missense coT

OR9G4 Olfactory Receptor Family 9 Subfamily Missense TOC
G Member 4

CCDCS88B Coiled-Coil Domain Containing 88B Silent COT

METTL25 Methyltransferase Like 25 Missense ATT

PCNXL4 Pecanex-Like Protein 4 Missense GUT

AHNAK?2 AHNAK Nucleoprotein 2 Missense COT

STAT3 Signal Transducer And Activator Of Silent GA
Transcription 3
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ATP8B1 ATPase Phospholipid Transporting 8B1 Missense G'IC

CACTIN Cactin, Spliceosome C Complex Subunit ~ Missense ClA

THBD Thrombomodulin Silent GlLA

SOGA1 Suppressor Of Glucose, Autophagy- Silent GlIA
Associated Protein 1
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Table 6-4: Copy number variations in SKBR3-A compared to SKBR3-Par cells.
Copy number ratio is given as a relative number of gene copies in SKBR3-A cells
to SKBR3-Par cells. A cut of >1.5 and < 0.35 copy ratio was used. Complete table

of significant copy ratio changes in Appendix.

Gene Gene description Copy

ratio
LSM5 LSMS5 Homolog, U6 Small Nuclear RNA And MRNA 0.350

Degradation Associated

STS Steroid Sulfatase 0.394
STAC SH3 And Cysteine Rich Domain 0.527
ITGA9 Integrin Subunit Alpha 9 0.581
TRPS1 Transcriptional Repressor GATA Binding 1 1.501
TFAP2C Transcription Factor AP-2 Gamma 1.501
ZBTB33 Zinc Finger And BTB Domain Containing 33 1.502
COL14A1 Collagen Type XIV Alpha 1 Chain 1.506
QRICH2 Glutamine Rich 2 1.511
ZNFX1 Zinc Finger NFX1-Type Containing 1 1.514
EIF4G2 Eukaryotic Translation Initiation Factor 4 Gamma 2 1.520
TPD52L.2 Tumor Protein D52 Like 2 1.524
F8 Coagulation Factor VIII 1.524
USP26 Ubiquitin Specific Peptidase 26 1.528
EPM2AIP1 EPM2A Interacting Protein 1 1.530
CASKIN2 CASK Interacting Protein 2 1.531
DCLK3 Doublecortin Like Kinase 3 1.531
TRANK1 Tetratricopeptide Repeat And Ankyrin Repeat Containing 1 1.531

169



COL14A1 Collagen Type XIV Alpha 1 Chain 1.538

CNGB3 yclic Nucleotide Gated Channel Beta 3 1.539

GRM7 Glutamate Metabotropic Receptor 7 1.541

MSC Musculin 1.542

TERF1 Telomeric Repeat Binding Factor 1 1.542

TCEB1 Transcription elongation factor B polypeptide 1 1.542

PEX2 Peroxisomal Biogenesis Factor 2 1.542

MRPS28 Mitochondrial Ribosomal Protein S28 1.542

KCNB2 Potassium Voltage-Gated Channel Subfamily B Member 2 1.543

S100A9 S100 Calcium Binding Protein A9 1.551

RHBDF2 Rhomboid 5 Homolog 2 1.554
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KIAA1210 KIAA1210 1.559

STAU2 Staufen Double-Stranded RNA Binding Protein 2 1.565

COL14A1 Collagen Type XIV Alpha 1 Chain 1.567

MTBP MDM?2 Binding Protein 1.567

C170rf80 Chromosome 17 Open Reading Frame 80 1.570

MTBP MDM?2 Binding Protein 1.577

PDE4D Phosphodiesterase 4D 1.584

FOXK2 Forkhead Box K2 1.598

DLEC1 Deleted In Lung And Esophageal Cancer 1 1.628

SCN10A Sodium Voltage-Gated Channel Alpha Subunit 10 1.628

CX3CR1 C-X3-C Motif Chemokine Receptor 1 1.628

FAM104A Family With Sequence Similarity 104 Member A 1.631
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MYO15B Myosin XVB 1.631

EXOC7 Exocyst Complex Component 7 1.631

CYTH1 Cytohesin 1 1.631

NPB Neuropeptide B 1.631

SCYL1 SCY1 Like Pseudokinase 1 1.670

DEPTOR DEP Domain Containing MTOR Interacting Protein 1.682

NR4A1 Nuclear Receptor Subfamily 4 Group A Member 1 1.751

HIST1H2BD Histone Cluster 1 H2B Family Member D 1.866

KRT7 Keratin 7 1.921

FLJ42969 Uncharacterized LOC441374 1.966

CCDC57 Coiled-Coil Domain Containing 57 2.160
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Figure 6-4: PANTHER pathway analysis of CNVs in SKBR3-A cells.
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6.3.2 RPPA analysis of SKBR3-A cells versus SKBR3-Par

The levels of 73 proteins and phospho-proteins involved in key signalling pathways
were examined in the SKBR3-A and SKBR3-Par cells by RPPA analysis. Applying a
p-value of < 0.05, the levels of five proteins/ phospho-proteins were significantly
decreased and nine significantly increased in the SKBR3-A cells (Table 6-5Table
6-5).

SKBR3-A displayed changes in the levels of some members of the HER family and
HER-family-related signalling proteins. SKBR3-A cells had decreased phospho-
HER3 (Y1289) (fold change = 0.4, p = 0.0026), but had significantly increased levels
of total EGFR (fold change = 2.02, p = 0.043). Phospho- and total-HER2 and HER4
levels were not significantly affected, although, several phospho-proteins downstream
of HER family signalling were down-regulated. Levels of phospho-Akt (T308 and
S473) (fold change = 0.44, p = 0.028, and fold change = 0.01, p = 0.022, respectively)
were decreased compared to parental cells. However, total levels of the Akt isoform,
Akt2, (fold change = 2.31, p = 0.0017) were significantly increased. The
phosphorylated levels of the receptor scaffolding protein, She, (fold change = 0.41, p
= 0.025) and MEK 1/2 (fold change = 0.19, p = 8 x 10™), a protein involved in the
ERK signalling cascade, were decreased. The levels of the anti-apoptotic protein Bcl-
2 (fold change = 4.14, p = 0.003) were significantly elevated, along with its activating
phosphorylated from (S70) (fold change = 1.78, p = 0.027). Interestingly, the NR4A1
gene, which was found to be amplified in SKBR3-A cells by whole exome
sequencing, can increase levels of EGFR and Bcl-2 levels [304].

The highest fold change (fold change = 4.41, p = 0.028) observed in the RPPA
analysis was in levels of phosphorylated Src (Y416). Src is an oncogenic kinase that
has been implicated in trastuzumab and lapatinib resistance in breast cancer and
afatinib resistance in lung cancer [160, 204, 305]. Src is also a druggable target;
dasatinib is an FDA-approved Src inhibitor used in the treatment of chronic
myelogenous leukaemia and acute lymphoblastic leukaemia [220]. Therefore, Src was
chosen as a candidate drug target to overcome afatinib resistance in HER2-positive

breast cancer.
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Table 6-5: Statistically significant alterations in SKBR3-A compared to SKBR3-
Par cells by RPPA analysis.

Decreased protein level

p-Akt T308 0.44 2.8x 107

p-HER3 Y1289 0.40 26x 10

p-Akt S473 0.01 2.2x 107

Increased protein level

p-Src Y416 4.41 2.8x 107

pS3 - 2.46 20x 10

EGFR - 2.02 43x 10

p27 - 1.46 4.6x 10

p38 MAPK - 1.38 2.1x 107
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6.3.2.1 Validation of phospho-Src and total EGFR levels in SKBR3-A cells

The increased levels of phospho-Src (Y416) and EGFR in SKBR3-A cells, which
were observed by RPPA, were validated by Western blotting (Figure 6-5). Total Src
levels were unchanged between the SKBR3-A and parental cell lines (p = 0.51).
However, there was a significant increase in phosphorylated Src (Y416) levels (fold
change = 2.38, p = 0.04). EGFR levels showed an increase but did not achieve
statistical significance (fold change = 3.39, p = 0.08).
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Figure 6-5 (A) Western blotting of SKBR3-Par and SKBR3-A cells for Src and
phospho-Src (Y416) and EGFR. Blots shown are representative of triplicate
blots. (B) Densitometry analysis of immunoblots of SKBR3-Par and SKBR3-A
cells for total and phospho-Src and EGFR. Error bars represent standard

deviation of biological triplicate experiments.
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6.4 Assessment of SKBR3-A sensitivity to Src inhibition

The effect of the Src inhibitor dasatinib was assessed using a proliferation assay.
SKBR3-A cells were moderately more sensitive to dasatinib compared to SKBR3-Par
cells, with ICsy values of 1718.8 + 901.8 nM and 2948.7 + 441.7 nM respectively
(Figure 6-6).
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Figure 6-6: Proliferation of SKBR3-Par and SKBR3-A cells following 5-day
treatment with dasatinib (0 — 1.25 uM). Percentage growth was calculated
relative to untreated control and error bars represent standard deviation of

biological triplicate experiments.

6.5 The effect of afatinib and dasatinib on SKBR3-A cells

In order to establish if the addition of Src inhibition would enhance the effect of
afatinib, SKBR3-A cells were assessed for sensitivity to afatinib, dasatinib and
afatinib plus dasatinib at a 1:2 ratio, in proliferation assays. The combination of
afatinib and dasatinib was highly synergistic in SKBR3-A cells (CI value = 0.09 +
0.06) (Figure 6-7).
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Figure 6-7: A) Proliferation of SKBR3-A cells following 5-day treatment with
afatinib (0 — 625 nM), dasatinib (0 — 1250 nM) and 1:2 afatinib:dasatinib
combination. Percentage growth was calculated relative to untreated control and

error bars represent standard deviation of biological triplicate experiments.

6.5.1 Mechanism of action of afatinib and dasatinib combination in SKBR3-A

cells

The anti-cancer effect of afatinib and dasatinib as single agents can occur through cell
cycle arrest, apoptosis and/or autophagy [122, 303, 306-309]. Therefore, the
combination was tested in SKBR3-A cells using assays for cell cycle apoptosis and

autophagy.

6.5.1.1 The effect on cell cycle progression

SKBR3-A cells were treated with afatinib, dasatinib, and the combination to
investigate alterations in cell cycle progression, using propidium iodide staining and

flow cytometry. There was no significant induction of cell cycle arrest with either
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inhibitor, alone or in combination (p values for G1: control v afatinib = 0.51, control v
dasatinib = 0.41, control versus combination = 0.09, afatinib versus the combination =
0.36, dasatinib versus combination = 0.08) (Figure 6-8). Likewise, the subGl
population was not significantly changed following treatment. However, afatinib plus
dasatinib increased the combined population of SubGl and Gl (63.8 £ 2.7%)
compared to either afatinib (56.5 = 1.0%, p = 0.03) or dasatinib (48.3 + 0.7%, p =
0.007) alone.
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Figure 6-8: Cell cycle assays of SKBR3-A cells treated with afatinib, and/or
dasatinib were examined by propidium iodide staining and flow cytometry.
Error bars represent standard deviation of biological triplicate assays. The

Student’s t test was used to determine statistical significance.
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6.5.1.2 Apoptosis induction

In order to determine if the combination of afatinib and dasatinib induces apoptosis,
SKBR3-A cells treated with afatinib, dasatinib, or the combination were assessed for
caspase 3/7 activation after 48 h of drug treatment using the Caspase-Glo 3/7 assay.
Afatinib treatment alone resulted in decreased levels of caspase 3/7 activation (p =
0.004 compared to DMSO control). The combination of afatinib and dasatinib also
decreased caspase 3/7 activation (p = 0.007 relative to DMSO), but did not
significantly alter caspase 3/7 activity compared to afatinib treatment (p = 0.3) (Figure
6-9). The lack of subG1 population increase and caspase 3/7 activation, suggest that

afatinib plus dasatinib does not induce apoptotic cell death.

,_.
~
]

—_
(-]
1

Caspase 3/7 activation relative to control

|-
0.8
0.6 -
0.4
0.2 -
0 - ; . .

Control DMSO 150 nM 300 nM 150 nM
Afatinib Dasatinib  Afatinib + 300
nM Dasatinib

Figure 6-9: Caspase 3/7 activation in SKBR3-A cells following 48 h treatment
with 150 nM afatinib, 300 nM dasatinib, or afatinib plus dasatinib. Error bars
represent standard deviation of biological triplicate assays. Student’s t test was

used to determine statistical significance.

180



6.5.1.3 Autophagy induction

Both afatinib and dasatinib individually, have been shown to induce autophagy in
other cell line models [303, 308]. Induction of autophagy was examined by treating
SKBR3-A cells with 150 nM afatinib, 300 nM dasatinib or the combination for 2
days. Evidence of autophagy was then examined by fluorescent microscopy and
fluorescent photospectrometry. Afatinib treatment alone stimulated a 13% increase in
autophagy activity (p = 0.04). However, there was no increase in autophagy levels
with the combination of afatinib plus dasatinib compared to afatinib alone (p = 0.21)

(Figure 6-10).
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Figure 6-10: Autophagy levels in SKBR3-A cells treated with DMSO, 150 nM
afatinib, 300 nM dasatinib, or the combination for 48 h, or 50 M chloroquine
for 24 h measured by fluorescent spectroscopy and immunofluorescence images.
Error bars represent standard deviation of triplicate experiments. The Student’s

t test was used to determine statistical significance. * denotes p < 0.05.
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6.5.1.4 Necrosis

Cells undergoing necrosis have been shown to secrete the nuclear protein HMGBI.
Apoptotic cells can also passively release HMGBI1; however, this is cell line
dependent and may rely on DNA deacetylation [310, 311]. Extracellular HMGBI1 was
found to be elevated 3-fold in conditioned medium of SKBR3-A cells treated with
afatinib and dasatinib for 48 h (p = 0.039) (Figure 6-11). Secreted HMGBI levels
were not significantly increased by either afatinib or dasatinib alone. This result
suggests that afatinib in combination with dasatinib induces necrosis rather than

apoptosis or autophagy.
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Figure 6-11: Western blotting of extracellular and intracellular HMGBI1 in
SKBR3-A cells treated with 150 nM afatinib, 300 nM dasatinib, afatinib plus
dasatinib. Densitometry was carried out on triplicate assays. Blots shown are
representative of triplicate blots. Tubulin was used as a loading control. The
Student’s t test was used to determine statistical significance. Error bars

represent standard deviation of biological triplicate experiments. * denotes p <
0.05.
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6.6 Assessment of afatinib plus dasatinib in other HER2-targeted therapy

resistant cell lines

6.6.1 Afatinib plus dasatinib in trastuzumab-resistant cell lines

We have shown that Src is a potential mediator of afatinib resistance. Src has
previously been implicated in trastuzumab and lapatinib resistance [160, 305].
Therefore, we hypothesised that afatinib-sensitive HER2-targeted therapy-naive and
trastuzumab-resistant cells may have an improved response to the combination of
afatinib and dasatinib. A panel of trastuzumab-resistant cell lines (SKBR3-T, BT474-
T, EFM192A-T) and their parental cells (SKBR3-Par, BT474, EFM192A) were
assessed for sensitivity to afatinib and dasatinib. All six cell lines were highly
sensitive to afatinib, with ICsy values < 20 nM (Table 6-6). Dasatinib was ineffective
as a single agent; an ICsy value was not reached at 160 nM dasatinib in any of the six
cell lines. Three of the six cell lines showed no growth inhibition with 160 nM
dasatinib alone. BT474 cells were most sensitive to dasatinib with 68.2 = 7% growth
following treatment with 160 nM dasatinib. The trastuzumab resistant variant,
BT474-T, was less sensitive to 160 nM dasatinib, with 91.5 + 10.1% growth. The
combination of afatinib and dasatinib did not enhance response to afatinib in the cell
lines tested (Figure 6-12). However, SKBR3-T cell did show a small additive effect at
40 and 80 nM (p = 0.008 and 0.001, respectively).

Table 6-6: Afatinib ICsy values for trastuzumab-resistant and parental cell lines.

Afatinib ICsy values (nM)

SKBR3-Par SKBR3-T BT474 BT474-T EFM192A EFM192A-T

6.6+0.4 144+19 43+14 28%+15 84+6.2 129+5.1

184



SKBR3-Par

== fatinib + Dasatinib

Dasatinib (nM)
0 40 S0 120 160

120

100
£ %0
2 60 w4 fatinib
;} 40 ==])asatinib

(

(

SKBR3-T
Dasatinib (nM)

0 40 30 1200 160
120

100

w4 fatinib
== Dasatinib
i A fatinib + dasatinib

% Growth
Ea s

-

0 20 40 60 80 0 20 40 60 80
Afatinib (nM) Afatinib (nM)
BT474 BT474-T
Dasatinib (nM) Dasatinib (nM)
0 40 20 120 160 i 40 80 120 160
120

0 20 40 60 30
Afatinib (nM)

(
(
£ 50 80
s z 60
o] &0 . 3 o A fatinib
2w Afatinib = 4o == asatinib
==])asatinib tinib b
20 e 2 atinib + Dasatinib 20 == A fatinib + Dasatini
o 0
L] 20 40 60 80 0 20 40 60 80
Afatinib (nM) Afatinib (nM)
EFMI192A EFMI192A-T
Dasatinib (nM) Dasatinib {(nM)
0 a0 S0 120 160 0 40 80 120 160
120 120 -
100 = - 100 =
= =
= 80 = 80
g 6 = 5 tinib é 0 A fatinib
il
(-? a0 =) acatinib < " == Yasatinib
= = - AL s
= ftinib -+ Dasatinib 40 Afatinib + Dasatinib
20 20 b ¢

o 20 40 60 80
Afatinib (nM)

Figure 6-12: Proliferation of SKBR3-Par, SKBR3-T, BT474, BT474-T,
EFM192A, and EFM192A-T with afatinib, dasatinib, and afatinib plus dasatinib

treatment. Error bars represent standard deviation of biological triplicate

experiments.

6.6.2 Afatinib plus dasatinib in lapatinib-resistant cell lines

As was previously shown, SKBR3-L cells are 13.9-fold less sensitive to afatinib
compared to controls (Table 3-1). SKBR3-L cells are resistant to dasatinib (ICs, value
> 10 uM). However, SKBR3-L cells showed enhanced response to the combination of
afatinib and dasatinib similar to SKBR3-A cells (CI value = 0.12 + 0.4) (Figure 6-13).

This suggests the afatinib plus dasatinib combination could also be effective in

lapatinib-refractory breast cancer.
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Figure 6-13: Proliferation of SKBR3-L cells treated with afatinib, dasatinib, or
afatinib plus dasatinib. Error bars represent standard deviation of triplicate

experiments.

6.7 Afatinib plus dasatinib in the prevention of afatinib resistance development

Although afatinib plus dasatinib did not enhance the effect of afatinib alone in the
SKBR3, BT474, or EFM192A cell lines or the trastuzumab-resistant variants, the
combination may have longer-term anti-cancer effects. Therefore, in order to assess if
afatinib plus dasatinib can improve long term response to afatinib and prevent the
development of afatinib resistance, the parental and resistant cell lines were treated
twice weekly with 75 nM afatinib, 150 nM dasatinib, or the combination (as described
in Section 2.9) (Figure 6-14 and 6-15). The concentrations chosen for afatinib and
dasatinib are close to peak plasma levels [295, 312] and follow the 1:2 ratio that was

used in five-day proliferation assays.

186



All cell lines were highly sensitive to 75 nM afatinib, with all but the HCC1954 cell
line achieving greater than 80% growth inhibition after two weeks. Untreated SKBR3,
BT474, EFM192A, SKBR3-T and BT474-T cells became confluent at 14 days. At
this point, the afatinib plus dasatinib treatment did not enhance growth inhibition
compared to afatinib alone. Likewise, after 28 days when dasatinib treated cells
became confluent, no difference was observed between afatinib alone and the
combination. However, after 70 days of treatment, EFM192A, SKBR3, and SKBR3-T
cells developed resistance to afatinib (% growth with afatinib = 20.5 + 1.0%, 20.5 +
6.2%, 143 £ 4.3% compared to 1.6 + 1.7%, 2.4 £ 2.0%, and 3.2 + 2.1%,
respectively). The BT474 cell lines did not develop resistance after 70 days. The %
growth with afatinib was 3.9 £ 0.6% and 3.8 £ 0.5% with afatinib plus dasatinib in the
BT474-T cell line.

HCC1954 cells displayed a synergistic response to afatinib plus dasatinib in 5-day
proliferation assays. Therefore, these cells were also treated twice weekly with
afatinib and dasatinib for longer-term treatment (Figure 6-14). Control cells became
confluent after 7 days, with afatinib treatment causing a 58.3 + 6.9% growth
reduction. The second plate was treated for a further 7 days. The afatinib-treated cells
were spread out, however, were at 38.9 = 13.7% growth level of the untreated control
cells at day 7. Importantly, afatinib plus dasatinib treated cells had 8.4 + 5.9% growth
relative to control at day 7, and this growth level was maintained until day 14 (3.7 +

1.5%).
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Figure 6-14: SKBR3, BT474, EFM192A, and HCC1954 cells were treated with
75 nM afatinib, 150 nM dasatinib, or afatinib plus dasatinib twice weekly until

188



untreated control cells became confluent (Plate 1) [each row represents one
plate], dasatinib-treated cells became confluent (Plate 2), and afatinib-treated
cells became confluent (Plate 3). Each image is representative of three biological

assays.
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Figure 6-15: SKBR3-T and BT474-T cells were treated with 75 nM afatinib, 150
nM dasatinib, or afatinib plus dasatinib twice weekly until untreated control
cells became confluent (Plate 1), dasatinib-treated cells became confluent (Plate
2) and afatinib-treated cells became confluent (Plate 3). Each image is

representative of three biological triplicate assays.

189



6.8 The role of Src in neratinib resistance

6.8.1.1 Acquired neratinib resistant cell line

In order to test if the combination effect of afatinib and dasatinib was specific to
afatinib, and as neratinib has now been approved for early-stage HER2-positive
disease, the combination of neratinib and dasatinib was examined in a neratinib
resistant model. The HCC1954-N cell line was developed by Dr. Susan Breslin and
Prof. Lorraine O’Driscoll, Trinity College Dublin, by treating HCC1954 cells with
250 nM neratinib three times per week for 6 months, and gifted to the NICB.
HCC1954-N cells were resistant to neratinib with an ICsy value of 781.8 £ 142.7 nM
compared to 26.1 = 1.2 nM for HCC1954-Par (Figure 6-16 A). Similar to the lapatinib
and afatinib resistant cell lines, HCC1954-N cells were cross-resistant to the other

tyrosine kinase inhibitors (Figure 6-16 B and C).
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Figure 6-16: Proliferation of HCC1954-Par and HCC1954-N cells following 5
days of treatment with A) neratinib (0 — 2.5 M), B) 0-2.5 uM afatinib, and C) 0-
10 uM lapatinib. Error bars indicate standard deviation of triplicate biological

experiments.

190



6.8.2 Dasatinib sensitivity in HCC1954-Par and HCC1954-N cells

The effect of dasatinib on HCC1954-Par and HCC1954-N cells was assessed by 5-
day proliferation assays using the acid phosphatase method. HCC1954-N cells were
less sensitive to dasatinib compared to HCC1954-Par cells. The dasatinib ICs, value
for the HCC1954-N cells was 2086.2 + 2324.9 nM and was 681.3 = 170.8 nM for
HCC1954-Par cells. However, dasatinib in combination with neratinib was highly
synergistic in both parental (CI value = 0.09 + 0.1) and resistant (CI value = 0.1 +
0.03) cells (Figure 6-17 and Figure 6-18).

Neratinib and dasatinib were also assessed, as single agents and in combination, in
HCC1954-N cells under 3D growth conditions. HCC1954-N cells were significantly
more sensitive to neratinib in 3D conditions compared to 2D assays (ICso value in 3D
=129.6 £ 3.9 versus 781.8 + 142.7 nM in 2D). HCC1954-N cells were slightly more
resistant to dasatinib in 3D culture (ICsy value in 3D = 3.1 £ 0.4 uM compared to 2.1
+ 2.3 uM in 2D). However, the combination of neratinib and dasatinib was also

synergistic in 3D (CI value = 0.36 + 0.02) (Figure 6-19).
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Figure 6-17: 2D acid phosphatase proliferation assays of HCC1954-N cells
following S days of treatment with neratinib (0 — 625 nM), dasatinib (0 — 1250
nM), and 1:2 neratinib plus dasatinib. Error bars indicate standard deviation of

triplicate biological experiments.
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Figure 6-18: 2D acid phosphatase proliferation of HCC1954-Par cells following 5
days of treatment with neratinib (0 — 625 nM), dasatinib (0 — 1250 nM), and 1:2
neratinib plus dasatinib. Error bars indicate standard deviation of triplicate

biological experiments.
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Figure 6-19: Proliferation of HCC1954-N cells, grown in 3D suspension in 4%
Matrigel, following 7 days of treatment with neratinib (0 — 625 nM), dasatinib (0
— 1250 nM), and 1:2 neratinib plus dasatinib. Error bars indicate standard

deviation of triplicate biological experiments.

6.8.3 Mechanism of cell death by neratinib and dasatinib

The induction of apoptosis by neratinib and dasatinib was examined in the HCC1954-
N cells by investigating caspase 3/7 activation and by cell cycle analysis. Cell cycle
analysis showed a highly significant increase in the sub G1 population in cells treated
with the combination (61.7 + 8.3%) compared to neratinib (11.4 £ 1.3%, p = 0.018)
and dasatinib (11.9 £ 1.3%, p value = 0.013) (Figure 6-20). Both neratinib and
dasatinib increased caspase 3/7 activity compared to control cells (p = 0.04 and 0.006,
respectively). Neratinib plus dasatinib caused a significant increase in caspase 3/7
activation compared to both single agents (p = 7 x 10 relative to neratinib treatment,

and 0.015 compared to dasatinib) (Figure 6-21).
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Figure 6-21: Caspase 3/7 activation in HCC1954-N cells treated with 150 nM
neratinib, 300 nM dasatinib, and neratinib plus dasatinib. Error bars represent
standard deviation of triplicate experiments. The Student’s t test was used to

determine statistical significance. * denotes p < 0.05.

6.9 Summary

Afatinib-sensitive cells developed resistance to afatinib following long-term
treatment. SKBR3-A cells were cross-resistant to the HER2-targeted therapies
trastuzumab, pertuzumab, lapatinib and neratinib. The SKBR3-A cell line showed
alterations in key signalling pathways including down-regulation of Akt and MEK 1/2
activity and an up-regulation of EGFR levels and Src activity. The SKBR3-A cell line
displayed multiple genetic changes. There were 168 unique CNVs, 34 SNVs with
protein structural implications, and 1 frameshift InDel in a protein-coding region.
These adaptations indicate the possibility of EMT and an increase in autophagy-
related proteins. Interestingly, afatinib treatment increased levels of autophagy in

SKBR3-A cells.
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Src was selected as a therapeutic target to overcome afatinib resistance, as Src has
previously been implicated in trastuzumab and lapatinib resistance and can be
inhibited by the FDA-approved drug dasatinib. SKBR3-A cells were modestly more
sensitive to dasatinib than the SKBR3-Par cells. Afatinib plus dasatinib was strongly
synergistic in SKBR3-A cells. The effect of afatinib plus dasatinib was independent
of apoptosis and autophagy and may be due to induction of necrosis.

The combination of afatinib plus dasatinib was tested in other models of HER2-
targeted therapy resistance. SKBR3-L cells had reduced sensitivity to afatinib and
were innately resistant to dasatinib. Nonetheless, strong synergy was observed with
the combination. The trastuzumab-resistant cell lines, SKBR3-T, BT474-T, and
EFM192A-T cells, were exquisitely sensitive to afatinib and did not show
enhancement with five-day combination treatment. However, longer term treatment
with afatinib and dasatinib prevented afatinib resistance development in SKBR3-T
cells. This was also observed in SKBR3, EFM192A, and HCC1954 cells.

The synergy of pan-HER inhibition and Src inhibition was also replicated in the
neratinib resistant HCC1954-N model. HCC1954-N cells were highly sensitive to
neratinib plus dasatinib in 2D acid phosphatase assays and 3D growth assays.

The combination of afatinib or neratinib plus dasatinib showed promise in HER2-
positive breast cancer in vitro, in both HER2-targeted therapy naive and resistant cell
lines. Afatinib plus dasatinib overcame afatinib resistance, prevented afatinib
resistance development in three of four treatment naive and one of two trastuzumab

resistant cell lines, and showed efficacy against lapatinib resistant cells.
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7 Discussion
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7.1 Introduction

There are five HER2-targeted therapies approved for the treatment of HER2-positive
breast cancer [34-36, 39, 313]. However, the optimal treatment window and order of
HER2-targeted therapies has been a much debated topic and the emergence of
resistance to these therapies is a significant issue. HER2-targeted therapy has
dramatically improved the prognosis of patients with HER2-positive breast cancer,
especially in early-stage disease. The disease-free survival rate after three years for
patients with early-stage HER2-positive breast cancer treated with trastuzumab and
pertuzumab is 92%, and for patients with node negative disease that increases to
97.5% [314]. The addition of neratinib to this setting may also further improve the
disease-free survival of those patients [294]. There have also been incredible
advances in the metastatic setting; median survival for patients with metastatic HER2-
positive breast cancer with trastuzumab plus pertuzumab in the CLEOPATRA trial
was 56.5 months [67]. The use of lapatinib plus capecitabine or T-DMI1 provides
additional second- or third-line therapy for these patients. Nonetheless, unfortunately,
the majority of these patients still die of their disease. Therefore, there is a clinical
need for novel treatment options for metastatic HER2-positive breast cancer patients.
The aim of this study was to examine the mechanisms of resistance to currently
approved HER2-targeted therapies and to identify novel therapies for those patients

whose disease no longer respond to HER2-targeted agents.

7.2 Cross-resistance to HER2-targeted therapies

In vitro assessment of the sensitivity of cell line models of HER2-targeted therapy
resistant breast cancer to HER-family targeting monoclonal antibodies (trastuzumab
and pertuzumab), and TKIs (lapatinib, afatinib and neratinib) provides pre-clinical
evidence that may inform the order in which HER2-targeted therapies should be
administered and also allows evaluation of cross-resistance that may emerge
following specific HER2 targeted therapies. The three trastuzumab-resistant cell lines
tested in this study were sensitive to afatinib, with I1Csy values <20 nM (Figure 6-12).
Trastuzumab-resistant cell lines have previously been shown to be sensitive to the

irreversible pan-HER inhibitors afatinib neratinib, and dacomitinib [108, 123, 315]

199



The TKI sensitivity in trastuzumab-resistant cells indicates that the irreversible TKIs
could be active as a second-line therapy in metastatic disease after cells become
refractory to trastuzumab, similar to lapatinib. Clinical examination of neratinib in the
ExteNET trial showed that neratinib enhanced the clinical benefit when given after
adjuvant trastuzumab in early-stage HER2-positive breast cancer and showed a 2.3%
improvement in 2-year iDFS in a sub-population that had developed trastuzumab
resistance [294]. Likewise, afatinib showed some single agent clinical benefit in a
trastuzumab-refractory setting. In a phase II clinical trial afatinib monotherapy 46%

of patients achieved clinical benefit, with 10% PR [128].

Trastuzumab is given as first-line therapy for metastatic breast cancer and, following
the results of the CLEOPATRA trial, pertuzumab may soon be added to first-line
trastuzumab as standard-of-care [275, 316]. In this study, the effectiveness of
trastuzumab, pertuzumab or the dual combination was assessed in HER2-targeted
therapy naive cells and cells with acquired lapatinib or afatinib resistance. The
combination of the HER2 antibodies can have an additive anti-proliferative effect,
which was seen in the SKBR3-Par cells (Figure 3-3). This was previously observed in
BT474 cells, which are also innately sensitive to trastuzumab alone [66]. Notably,
however, the combination had no effect on the innately trastuzumab-resistant cell line
HCC1954-Par. This was also found in both the SKBR3-L and HCC1954-L cell lines
(Figures 3-3 and 3-4). A caveat to this observation is that only the anti-proliferative
effect of the antibody combination was assessed here. In another study, the innately
trastuzumab- and lapatinib-resistant JIMT-1 cells were shown to be more sensitive to

trastuzumab plus pertuzumab due to an increase in NK cell mediated ADCC [317].

Both acquired lapatinib resistant cell lines also had reduced sensitivity to the
irreversible pan-HER inhibitors afatinib and neratinib (Figure 3-2). The HCC1954-L
cell line was cross-resistant to afatinib and neratinib at reported maximum plasma
concentrations (80 nM and 150 nM respectively). The SKBR3-L cells achieved an
afatinib 1Csy value greater than the resistance cut-off. However, the neratinib 1Cs
value was below the cut-off but was still 22.7-fold less sensitive to neratinib (Table 7-
1). This result is also consistent with the clinical evidence of reduced effectiveness of
neratinib in lapatinib-refractory breast cancer compared to lapatinib-naive disease

[114]. In a phase I/II clinical trial, the ORR with neratinib treatment was 64% for the

200



lapatinib-naive and 57% for the lapatinib pre-treated patients, with median PFS of
40.3 and 35.9 weeks, respectively. Likewise, in clinical investigation of afatinib plus
vinorelbine versus trastuzumab plus vinorelbine, the afatinib-containing regimen did
not show superiority in trastuzumab- or lapatinib-refractory breast cancers [318]. The
LUX-Breast 3 clinical trial of afatinib plus vinorelbine versus the investigator’s
choice of therapy demonstrated the investigator’s choice had a higher PFS and patient

benefit rate [129].

Despite the clinical potential of the irreversible pan-HER inhibitors in HER2-positive
breast cancer, resistance may develop. For example, afatinib resistance commonly
occurs in lung cancer. In a small trial of 24 NSCLC patients, 23 patients developed
progressive disease [319]. The SKBR3-A cells developed cross-resistance to
trastuzumab alone, pertuzumab alone, and the combination of the antibodies, similar
to the SKBR3-L cells (Figure 6-3). However, afatinib resistance also conferred
resistance to lapatinib (ICsp value > 1 uM) (Figure 6-2). Afatinib is approved in
NSCLC and, although lapatinib is not approved in this setting, the EGFR-targeted
TKIs, gefitinib and erlotinib are [320, 321]. Reduced sensitivity to afatinib was also
observed in lung cancer after progression following gefitinib or erlotinib in the LUX-
Lung 1 trial [322]. Similar to the lapatinib resistant SKBR3-L, SKBR3-A cells had a
significant reduction in neratinib sensitivity reflected in a 33.5-fold increase in 1Csg
value (Figure 6-2). Nevertheless, this was still just below the maximum plasma
concentration of neratinib. Similarly, the HCC1954-N cell line was cross-resistant to
both lapatinib and afatinib (Figure 6-16). The results from this study suggest that
HER2-targeted TKIs should be given after trastuzumab treatment and that treatment
with a HER-targeted TKI might have reduced efficacy after other HER2-targeted TKI
treatment. Other pre-clinical studies have also observed cross-resistance in HER2-
targeted TKI resistant cell lines. Using the irreversible pan-HER inhibitor
dacomitinib, Kalous et al. showed that an SKBR3-L cell line was less sensitive to
dacomitinib than the parental cells. Interestingly, SKBR3-T cells were as sensitive to
dacomitinib as their parental cells [315], mirroring the results observed with afatinib

in this study and in that of Canonici, et al. [123].
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Table 7-1: Fold change of HER2-targeted therapy response in SKBR3-L,
HCC1954-L, and SKBR3-A cell lines.

Fold change relative SKBR3-L HCC1954-L SKBR3-A
to parental cell lines
10 pg/mL 1.2 1.0 1.3
trastuzumab
10 pug/mL 1.1 1.0 1.2
pertuzumab
Trastuzumab plus 1.7 1.1 1.9
pertuzumab
Lapatinib 1Cs, 47.4 52 30.6
Neratinib ICs, 22.8 10.4 33.5
Afatinib ICs 13.9 75.3 58.1

In summary, HER2-targeted therapy treatment affects future sensitivity to other
HER2-targeted therapy agents. These results suggest that there is a role for HER2-
targeted TKIs as a second-line therapy following progression on monoclonal antibody
therapies, which is consistent with the approved use of lapatinib in this setting.
However, the data indicates that irreversible TKIs might have reduced impact
following lapatinib or other irreversible TKI treatment. Future work should examine
the possible sensitivity of resistant models to T-DM1, the only other approved HER2-
targeted therapy not examined in this study. The cytotoxic component of this
trastuzumab-based antibody drug conjugate could offer a potential treatment strategy

for both monoclonal antibody- and TKI-refractory disease.

The reduced sensitivity of HER2-targeted TKI resistant breast cancer cell lines to
other HER2-targeted therapies indicates that a novel therapeutic target is required for
these patients with metastatic disease that has acquired resistance to the TKIs. That
led us to examine the lapatinib, afatinib and neratinib resistant cell lines for targetable
alterations. PP2A was selected as the potential target in lapatinib resistance and Src

was assessed in afatinib and neratinib resistance.
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7.3 PP2A in acquired lapatinib resistance

We have previously shown that lapatinib treatment elevated phosphorylated (p-) eEF2
levels in SKBR3-Par cells, but not in SKBR3-L cells [154]. Both SKBR3-L and
HCC1954-L cells showed decreased p-eEF2 levels and increased PP2A activity
compared to parental cells. eEF2 is a phosphatase substrate of PP2A [323]. Thr56
phosphorylation of eEF2 prevents ribosomal binding, thereby preventing global
protein translation within the cell [323, 324]. Another study has also shown that
lapatinib treatment stimulated an increase in PP2A activity in a lapatinib-sensitive
HER2-positive breast cancer cell line [193]. Therefore, increased PP2A activity may

be a stress response to lapatinib treatment.

PP2A plays a critical role in cell growth and development and several studies indicate
PP2A may have a tumour suppressor role [226, 228, 290]. Contrary to this, other
studies have shown an anti-apoptotic and anti-proliferative effect, suggesting the
phosphatase has an oncogenic function [325-327]. This starkly contrasting behaviour
may be due to the multi-faceted activity of PP2A in the cell, the complexity of its

trimeric holoenzyme composition, or cell line variations [190, 328].

Compared to their parental cell lines, both SKBR3-L and HCC1954-L cells were
more sensitive to PP2A inhibitors, okadaic acid and LB-100 (Figures 3-5 and 3-14).
Importantly, PP2A inhibition enhanced the anti-proliferative effect of lapatinib.

In order to determine if the growth inhibition with okadaic acid and LB-100 was
inhibitor-specific, siRNA knockdown was employed (Section 3.6). Knockdown of the
PP2A catalytic subunit PPP2CA, which carries out the majority of the holoenzyme’s
phosphatase activity [225], resulted in a significant reduction of HCC1954-L
proliferation. The combination of siRNA PPP2CA knockdown and lapatinib also
caused a minor enhancement, although not statistically significant compared to the
siRNA alone (Section 3.6). Another study examining the effect of PP2A inhibition in
HER2-positive breast cancer showed that PPP2CA knockdown in both BT474 and
SKBR3 cells caused apoptosis [325]. These results combined give further evidence
that inhibiting PP2A can suppress HER2-positive breast cancer cell growth.
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To further validate the role of PP2A and lapatinib resistance, PP2A activity was
increased in lapatinib sensitive cells using FTY720 (Section 3.7). FTY720 is a
sphingosine derivative that activates PP2A [329]. FTY720 activates PP2A through
several mechanisms; it can inhibit SET-PP2A binding, down-regulate CIP2A and
cause de-phosphorylation of PP2A Tyr307 [231, 330, 331]. FTY720 (2.5 uM) has
previously been shown to increase PP2A activity and disrupt SET:PP2A binding in
cancer cell lines and was therefore chosen as the concentration to be used [332, 333].
Activation of PP2A in the SKBR3-Par and HCC1954-Par cells using FTY720
reduced lapatinib sensitivity by 5.4- and 2.1-fold. Conversely, another study of
lapatinib resistance showed that knockdown of CIP2A increased sensitivity to
lapatinib [197]. In this study, a BT474-L cell line was generated by lapatinib
treatment for 5 months up to a concentration of 5 uM lapatinib. This cell line had up-
regulation of CIP2A, along with increased phosphorylated levels of HER2, Akt, and
mTOR. Increased CIP2A, in the BT474-L cell line and CIP2A-transfected SKBR3
cells, reduced sensitivity to lapatinib [197]. The discrepancy in the effect of PP2A
activation on lapatinib response between the Zhao et al. study and the results
described herein (Section 3.7) may be due to variations in the cell lines used or
differences in the mechanism of PP2A activation employed. The lapatinib resistant
model of their study used BT474-L cells. The BT474 cell lines are ER-positive and
this may impact the role PP2A is playing in the cells. Increased ER can increase
expression of the PP2A inhibitor SET [334]. FTY720 activates PP2A by several
mechanisms and can directly bind to the PP2A inhibitors SET, CIP2A, and ANP32A
[330, 335]. Therefore, the effect of FTY720 may be due to interactions with PP2A
inhibitors other than CIP2A. In addition, the experiment in this PhD project used pre-
treatment with FTY720 rather than combinatorial treatment, which may prevent
antagonistic effects of lapatinib plus FTY720. Future work could examine the binding
affinity of SET:PP2A in lapatinib resistant cell lines and in lapatinib-treated parental
cell lines. The relationship between PP2A and CIP2A and ANP32A should also be

examined.
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7.3.1 Mechanism of action of lapatinib plus PP2A inhibition

As PP2A can affect the activity of a myriad of proteins [190, 192], RPPA analysis
was used to determine the pathway alterations in the HCC1954-L cells treated with 3
nM okadaic acid with or without 500 nM lapatinib (Section 3.9) (Figure 7-1). RPPA
allows for ~80 proteins to be analysed in samples simultaneously. The concentration
of okadaic acid used (3 nM) was chosen to ensure phosphatase inhibition was specific
to PP2A [289]. The combination of okadaic acid and lapatinib increased phospho-
eEF2 levels most at 18 h, compared to 4, 6, and 24 h treatment. Treatment with 3 nM
okadaic acid for 18 h showed minimal changes to key signalling pathways, including
HER family signalling, Bcl-2 family members, STAT3 signalling, and caspase/PARP
cleavage. The phosphorylation states of two proteins were altered: Src (Y416) and
p38 MAPK (T180). The decreased levels of phosphorylated Src was unexpected as
PP2A inhibition by okadaic acid has been shown to increase phosphorylated Src
(Y416) in cell-free experiments [336]. However, higher concentrations of okadaic
acid were used in that study, which may be a reason for the different effect in the
lapatinib-resistant cells. The two cell lines may also have different levels of the
regulatory subunits. It is possible that further alteration to PP2A substrates would be
seen at a later timepoint. PP2A is a known regulator of p38 MAPK phosphorylation
[337]. Previous studies demonstrated that chemical inhibition of PP2A caused p38
MAPK phosphorylation, which inhibited apoptosis induction. This anti-apoptotic
effect was not observed in the HCC1954-L cells as okadaic acid and LB-100
treatment decreased cell proliferation and induced apoptosis (Sections 3.3, 3.10 and
3.12). The apoptotic effect of PP2A inhibition may be due to the inhibition of eEF2
and, therefore, the down-regulation of protein synthesis. Inhibition of eEF2 has
previously been shown to inhibit cell growth in colon cancer cell lines and eEF2 is
over-expressed in colon cancer and head and neck squamous cell carcinoma [338,
339].

RPPA analysis of 18 h 500 nM lapatinib treatment showed inactivation of HER2 and
HER3 and down-regulation of total levels of EGFR in HCC1954-L cells. This is
consistent with previous reporting of the HER family inhibitory activity of lapatinib
[88, 340]. Interestingly, lapatinib also induced increased activation of NF«xB p65 and
MET. NF«B p65 has previously been shown to be up-regulated by lapatinib in breast
cancer [341] and activation of NF«B can confer lapatinib resistance [342]. MET has
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also been previously implicated in lapatinib resistance [343]. These increases may be
a stress response by the resistant cells to overcome the effect of lapatinib.

Importantly, the combination of okadaic acid and lapatinib caused a significant
increase in inhibition of survival signalling pathways. The inhibition of EGFR, HER2,
and HER3 activity, along with inactivation of downstream signalling components
such as mTOR, ERK 1/2, MEK 1/2, and Src was observed. PP2A, with B56
regulatory subunit composition, negatively regulates ERK phosphorylation [344], but
inhibition of PP2A in combination with lapatinib inhibited ERK 1/2 phosphorylation.
The down-regulation of MEK 1/2 and ERK 1/2 acitivity may be due to the up-stream
inhibition of Src or decreased total levels of RAF, which activates MEK1/2, which
was also observed in the RPPA analysis [345].

Notably, HCC1954-L cells are more sensitive to lapatinib plus okadaic acid than
SKBR3-L cells (Figure 3-6) and previous investigations in our lab showed that
HCC1954-L cells had increased levels of phosphorylated Akt and ERK compared to
HCC1954-Par cells [346]. The opposite trend is observed in SKBR3-L cells. The
enhanced growth inhibition observed with the combination of lapatinib and okadaic
acid in HCC1954-L cells may be due to the additional inhibition of Akt and ERK
signalling.

Lapatinib plus okadaic acid did not abrogate the increased activation of NFkB p65
that was seen with lapatinib alone treatment. As NFxB p65 can stimulate cell
proliferation and prevent apoptosis [341, 347], this may be a potential mechanism of
resistance to treatment. Conversely, okadaic acid treatment of PANC-1 cells induced
apoptosis by activating NFkB. NF«kB caused up-regulation of the pro-apoptotic genes
TNF-0, TRAILRI1, and TRAILR2 [348]. Further work should examine the role of
NFkB p65 in lapatinib and PP2A inhibitor response.
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Figure 7-1: Representation of pathway alterations of HCC1954-L cells observed
in RPPA analysis. Red arrows indicate lapatinib treatment, green arrows
indicate okadaic acid treatment, and yellow arrows represent lapatinib plus

okadaic acid (Pathway adapted from [349]).

7.3.2 PP2A expression in lapatinib resistant cells

The composition of the PP2A holoenzyme governs the localisation and substrate
specificity of the molecule. The a isoforms of the catalytic subunits are dominant and
90% of PP2A holoenzymes contain the a isoforms [225, 350]. Changes to subunit
composition can therefore lead to significantly altered function and could contribute
to lapatinib resistance.

Analysis of both lapatinib resistant cell lines by Western blotting showed no alteration
in total levels of either catalytic subunit isoform (Section 3.5). However, post-
translational modifications of PPP2CA were altered in the HCC1954-L cells.
Phosphorylation of PPP2CA inhibits the phosphatase activity of the enzyme [351]. As

PP2A activity was increased in these cells, it was unsurprising that Y309
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phosphorylation was decreased. Methylation of PPP2CA was also decreased in the
lapatinib resistant cell line. PPP2CA methylation affects the regulatory subunits that
can bind to the dimer [352]. Methylation levels were significantly decreased in
HCC1954-L cells compared to their parental cells. Phosphorylation and methylation
of PP2A catalytic subunit may be a marker of lapatinib resistance and, therefore,
future work should examine phospho- and methyl-PPP2CA in lapatinib-resistant

HER2-positive breast cancer patient samples.

7.3.3 LB-100 in lapatinib resistance

Although there are several chemical inhibitors of PP2A, including okadaic acid,
fostriecin, and cantharidin [353-355], many of these inhibitors cannot be used
clinically due to severe toxicities. However, LB-100 shows promise as a clinical
PP2A inhibitor. A phase I clinical trial of LB-100 showed that the drug was safe and
tolerable [268]. Pre-clinical studies demonstrated that LB-100 enhances response to
chemotherapy and radiotherapy [262, 263]. LB-100 has also shown some efficacy in
overcoming resistance to the EGFR-targeted therapy, gefitinib, in pre-clinical models
of EGFR-mutant NSCLC. Two acquired gefitinib-resistant cell lines showed
improved response to gefitinib in combination with LB-100, which was also
replicated in in vivo examination [267]. In this study, SKBR3-L and HCC1954-L cells
were 2.5- and 2.3-fold more sensitive to LB-100 than their respective parental cell
lines. The ICs values achieved in the lapatinib resistant cell lines are similar to those
observed in other cancer cell line models [265, 266, 356]. Both cell lines showed
reduced LB-100 sensitivity in 3D conditions. However, synergy with lapatinib was
maintained in the HCC1954-L cell line. Interestingly, a similar effect was also
observed with LB-100 in combination with neratinib, as synergy was observed in the
HCC1954-L cells. This is of particular interest as neratinib is now approved for the
treatment of early-stage HER2-positive breast cancer [39]. To provide clinically
relevant pre-clinical data, future work should examine the efficacy of LB-100 in
trastuzumab resistant cell lines and the potential of LB-100 with lapatinib or neratinib
in acquired trastuzumab resistant models. Future studies should also attempt to

understand why there is a reduced response to LB-100 in 3D conditions. Cantharidin
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efficacy has been shown to be influenced by calcium and phosphate transporters
[357], these may be altered in 3D conditions.

Previous studies by other groups have shown that LB-100 can induce apoptosis,
mitotic catastrophe, G1 cell cycle arrest, and G2/M cell cycle arrest [260, 266, 356].
LB-100 in combination with DNA-chelating chemotherapy enhances DNA damage
by preventing cell cycle arrest. This forced cell cycle progression allows for
additional DNA damage by DNA-chelating agents [260, 265, 356]. Combination
treatment of LB-100 with cisplatin showed an induction of apoptosis [260]. This was
also observed in hepatocellular carcinoma in combination with the VEGFR inhibitor
sorafenib [266]. In the lapatinib-resistant cell lines, LB-100 alone significantly
induced apoptosis, evident from cell cycle analysis (Section 3.12), and the
combination with lapatinib further enhanced this effect in the HCC1954-L cells.
Lapatinib alone instigated G1 cell cycle arrest in both SKBR3-L and HCC1954-L
cells. This G1 cell cycle arrest was down-regulated by the combination with LB-100
in both cell lines. This suggests LB-100 was driving the arrested cells into apoptosis,

similar to that observed in previous studies by other laboratories [260, 266].

7.3.4 PP2A inhibition prevented lapatinib resistance development

Although short-term growth assays are a useful tool for screening potential anti-
cancer drugs, longer-term clonogenic assays provide a better insight into what can be
expected in vivo [358]. Resistance development assays were carried out to examine
the efficacy of okadaic acid and LB-100 in preventing the development of lapatinib
resistance (Section 3.8 and 3.14). Twice weekly treatment of SKBR3 and HCC1954
cells with lapatinib with or without okadaic acid or LB-100 showed that PP2A
inhibition can prevent the development of lapatinib resistance in vitro. After 2-4
weeks, growth of SKBR3 and HCC1954 cells continued in the presence of lapatinib,
but this recommencement of growth did not occur with the addition of a PP2A

inhibitor.
In summary, PP2A is a mediator of the lapatinib resistant phenotype in both the

SKBR3-L and HCC1954-L cells. Both cell lines were more sensitive to PP2A
inhibition with okadaic acid and LB-100. This PP2A inhibition also enhanced
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lapatinib response, primarily in the HCC1954-L cell line. Lapatinib plus okadaic acid
significantly inhibited survival signalling; an effect that was not observed with either
inhibitor alone.

LB-100 showed pre-clinical efficacy in the lapatinib resistant HER2-positive breast
cancer, particularly in the HCC1954-L model (Figure 7-2). LB-100 alone and in
combination with lapatinib or neratinib inhibited HCC1954-L proliferation. From this,

an in vivo assessment of lapatinib plus LB-100 was proposed to further investigate the

clinical potential of LB-100 in lapatinib-resistant HER2-positive breast cancer.
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Figure 7-2: Lapatinib plus PP2A inhibition in HER family member signalling
(Pathway adapted from [349]). Red X indicates inhibition by lapatinib. Green X
indicates inhibition by okadaic acid/LB-100.
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7.4 Lapatinib resistance in vivo

74.1 Maintenance of lapatinib resistance phenotype in vivo

Although numerous acquired lapatinib resistant cell line models have been developed,
not all of these can be used for in vivo assessment of candidate drugs to overcome
resistance. This can be due to the low tumourigenicity of the cell lines in mice or loss
of the resistant phenotype when withdrawn from lapatinib treatment. The SKBR3-L
cell line is not a good in vivo model for both of these reasons. Previous work from our
group showed that withdrawal of lapatinib treatment resulted in increased sensitivity
to lapatinib in SKBR3-L. In contrast, the lapatinib ICsy value of the HCC1954-L did
not significantly change after three months without lapatinib; the ICsy value following
one week of lapatinib withdrawal was 2.73 + 0.05 uM and after 12 weeks it was 2.63
+ 0.16 uM [148]. In comparison, the SKBR3-L cell line had a 7.6-fold decrease in
lapatinib ICsy value 14 weeks after lapatinib withdrawal, rendering the cells sensitive
to lapatinib [346]. Although lapatinib resistance in HCC1954-L cells was shown to be
maintained in vitro, it was not known if the resistant phenotype would be maintained
in vivo. The ex vivo experiments showed that lapatinib resistance was retained by
HCC1954-L after 12 weeks in vivo growth in the absence of lapatinib treatment
(Figure 4-13). Importantly, this work also demonstrated that in vivo conditions did not
significantly affect the synergy observed between lapatinib and LB-100 in HCC1954-
L.

Implantation of cancer cell lines into mouse models can impact on the expression of
RTKs, such as HER2, insulin receptor, and IGF-1R [359]. Therefore, prior to
assessment of lapatinib plus LB-100 against HCC1954-L, the maintenance of the
respective targets needed to be confirmed. This was achieved by analysing HER2 and
phospho-eEF2 levels in HCC1954-L xenografts and comparing them to levels found
in vitro; no differences were observed between in vitro and in vivo samples (Figure 4-
17). Previously, LB-100 has been shown to inhibit PP2A in a glioblastoma model at a
dose of 1.5 mg/kg, the same concentration used in this study [356]. In order to
examine if LB-100 was also effective in the in vivo HCC1954-L model, tumour tissue
was removed post-mortem from a mouse treated with 75 mg/kg lapatinib plus 1.5
mg/kg LB-100. Phosphorylated eEF2 levels were up-regulated in a treated sample

(Figure 4-17). As protein samples were taken from extracted tumours, it is possible
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mouse cells were also extracted. However, HER2 levels were similar to that of the
HER2-amplified HCC1954-L cells. In addition, the relative levels of phospho-eEF2
to both a-tubulin and HER?2 levels indicate that the increased phospho-eEF2 is due to
the effect of LB-100 on the tumour cells.

7.4.2 Lapatinib plus LB-100 is non-toxic in BALB/c nude mice

If the combination of lapatinib plus LB-100 resulted in high levels of toxicity, it
would be difficult to support the progression of this combination to clinical
assessment. Although LB-100 has been examined in vivo previously [258, 261, 265,
356], it has not been tested in combination with HER2-targeted therapy. Assessment
of LB-100 alone by Lu ef al. inhibited PP2A but did not cause systemic toxicities
after 21 days of consecutive treatment [356]. Likewise, 1.5 mg/kg LB-100 in
combination with doxorubicin showed no toxicity in animals after 11 days of
treatment [360]. We tested 75 mg/kg lapatinib plus 1.5 mg/kg LB-100 in non-tumour-
bearing mice for 30 days, with lapatinib given daily Monday-Friday by oral gavage
and LB-100 administered by IP injection Monday, Wednesday, and Friday (Section
4.4). The drug regimen scheduled in treatment holidays at weekends to allow for
recovery from treatments. Thirty days was chosen as the duration of treatment as this
would allow the establishment and maintenance of long-term peak plasma
concentration of lapatinib and LB-100. Lapatinib has previously been shown to reach
peak plasma levels after 5 to 7 days in humans and has a half-life of approximately 24
h [361]. Despite the short half-like of LB-100, its maximum PP2A inhibition occurs
2-4 h after infusion [194]. This 30-day treatment regimen was chosen to give an
indication of the expected adverse events of this combination in vivo. The most
common adverse events related to lapatinib in humans are diarrhoea and skin rashes
[362] and LB-100 has been shown to impair renal function [268]. These side effects,
along with the adverse effects of the drug administration, were monitored by weight
measurement and observation for skin damage. The absence of such side effects
suggest that the combination of lapatinib and LB-100 could be tolerated in a pre-
clinical model, which adds support to the rationale for testing this combination in a

phase I clinical trial.
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7.4.3 Mammary fat pad is optimal for HCC1954-L cells in vivo

The first objective of the in vivo assessment of lapatinib plus LB-100 in a model of
lapatinib resistance was to optimise the tumour growth conditions for HCC1954-L
cells in mice. The two pilot studies examining HCC1954-L growth in SCID mice with
sub-cutaneous implantation (Sections 4.2.1 and 4.2.2) confirmed that HCC1954-L
cells form tumours in vivo. However, best practice and adherence to animal welfare
regulation meant that the occurrences of skin ulceration on the tumours terminated
these studies prior to any investigation of the effect of the drug combination on
xenograft tumour growth. Skin ulceration can occur due to rapid tumour expansion,
haemorrhagic development, continuous abrasion, tumour type, or cell line
predisposition to cause ulceration [363]. This has been observed in several cell line
models when implanted sub-cutaneously including the ovarian cancer cell line A2780
and the pancreatic cancer cell line AR42J [284]. This skin ulceration can be painful to
the animal and cause loss of skin integrity and injection. Therefore, extensive skin
ulceration requires humane termination [284, 363].

Mammary fat pad implantation allowed for greater maximum tumour volume
compared to the sub-cutaneous injections (545.0 = 190.1 mm® compared to 248.3 +
25.6 mm’) without incidence of skin ulceration. Although sub-cutaneous injection is a
more simple procedure and avoids the need for anaesthetic, mammary fat pad
implantation allows for a more accurate recreation of the tumour microenvironment,
increases the metastatic potential of the developing tumours, and reduces the
likelihood of skin ulceration [285, 364, 365]. One disadvantage of the procedure is the
accuracy and technical proficiency required to inject cells into the murine mammary
fat pad. In this mammary fat pad implant pilot study, the take rate was 66.7%, with an
additional tumour developing subcutaneously (Section 4.2.4). Importantly, skin
ulceration did not occur in any of the six mice tested. The only tumour-related side
effect was haemorrhagic areas developing at a large tumour volume in one mouse
(Figure 4-11). Adverse haemorrhagic events at this volume should not interfere with a
drug efficacy study of lapatinib plus LB-100 as expected tumour volume differences
between treatment arms would be expected below the volume at which the
haemorrhagic necrosis occurred.

There is little information in the literature relating to the occurrence of skin ulceration

with implanted HCC1954 cells. Some studies briefly mention the development of
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tumour ulceration but do not give details of percentage occurrences or the size of

tumours at ulceration [366, 367].

In summary, the HCC1954-L cell line showed high tumourigenic potential both in
sub-cutaneous and mammary fat pad injection. The lapatinib resistant cell line
maintained its HER2 and phospho-eEF2 levels in vivo and lapatinib resistance was
preserved despite the absence of lapatinib treatment for over three months.
Unfortunately, skin ulceration of sub-cutaneous implanted tumours hampered the
further study of lapatinib plus LB-100 in vivo. As skin ulceration did not occur in the
mammary fat pad model, future work should use this model to test the efficacy of the
drug combination. This study should also examine the metastatic potential of the

HCC1954-L cell line and evaluate the in vivo mechanisms of lapatinib plus LB-100.

7.5 PP2A in innate lapatinib resistance

As the acquired lapatinib resistant cells were more sensitive to okadaic acid and LB-
100 than their parental cell lines (Sections 3.2 and 3-10), the role of PP2A in innate
lapatinib resistance was examined (Section 5.3). Previous work in our research group
showed that there was a relationship between lower levels of phospho-eEF2 and
innate lapatinib resistance in a panel of HER2-positive breast cancer cell lines [346].
In this study, the sensitivity of the HER2-positive cell lines to okadaic acid was
shown to correlate with both lapatinib and trastuzumab sensitivity (Figure 5-3). The
cytotoxic effect of okadaic acid in cancer cell lines has been examined in a number of
studies. Okadaic acid has shown anti-proliferative activity in osteosarcoma, pancreatic
cancer, and breast cancer cell lines [327, 368, 369]. Okadaic acid induced apoptosis
and cell differentiation in three breast cancer cell lines: MDA-MB-231, MCF7, and
AUS5S65 [368, 370]. Okadaic acid may also induce increased expression of Fas
receptor and ligand and also affects sensitivity to TRAIL [239, 371]. In contrast,
okadaic acid has also demonstrated pro-growth activity in prostate and pancreatic cell
lines [331, 372]. In this study, okadaic acid enhanced the anti-proliferative effect of

lapatinib in two of three lapatinib-resistant cell lines (Figure 5-4).
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As discussed earlier, LB-100 has been examined in a phase I clinical trial and was
shown to be safe and tolerable [268] and, in this study, has shown efficacy in acquired
lapatinib resistant HER2-positive breast cancer [154]. However, when LB-100
sensitivity was assessed in a panel of HER2-positive cell lines naive to any HER2-
targeted therapy, sensitivity to LB-100 did not correlate with either lapatinib or
trastuzumab resistance (Figure 5-8). The difference in okadaic acid and LB-100
sensitivity may be due to the differences in potency and selectivitiy of the molecules.
LB-100 is a cantharidin derivative and therefore has different selectivity to PP2A
[289]. The associated transporter proteins of LB-100 have not yet been investigated.
Okadaic acid uptake is regulated by OATP1B3 and p-glycoprotein [373, 374]. LB-
100 may be regulated by different transporter molecules.

LB-100 enhanced lapatinib in the HCC1954-L cells and synergy was also observed in
the innately lapatinib and trastuzumab resistant MDA-MB-453 cell line (Figure 5-9),
but slight antagonism was observed in the JIMT-1 and UACC732 cell lines. The
MDA-MB-453 cells showed a similar enhancement with okadaic acid. However, the

additive effect observed with okadaic acid plus lapatinib was lost with LB-100.

Alterations in PP2A subunit levels have been observed in several cancer types [277].
This may occur through mutation of the structural subunit, which decreases
holoenzyme assembly [375]. This study showed that there was no relationship
between PP2A catalytic and structural subunit expression and sensitivity to lapatinib
or trastuzumab (Figure 5-10). This indicates that the mediator of okadaic acid and
HER2-targeted therapy response is independent from PP2A expression in HER2-
positive breast cancer cell lines. The lack of a relationship between PP2A expression
and HER2-targeted therapy response was mirrored by the absence of a correlation
between high expression of PP2A catalytic or structural subunits and HER2-positive
breast cancer patient survival response (Figure 5-12 — 5-17). Interestingly, low levels
of the PP2A inhibitor protein CIP2A were associated with improved overall survival.
CIP2A levels has previously been reported to correlate with poor prognosis in breast
cancer [231]. Future work should examine the expression of CIP2A in the panel of
HER2-positive breast cancer cell lines and evaluate the relationship between CIP2A
levels and HER2-targeted therapy response. Methylation levels of PP2A and PP2A

activity should also be evaluated in the HER2-positive breast cancer cell lines.
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7.6 Analysis of afatinib resistant cell line model

In addition to evaluating the potential of PP2A as a novel target for the treatment of
HER2-positive breast cancer, the afatinib resistant SKBR3-A cells, which were
generated by Dr. Alexandra Canonici in our research group, were examined in order
to identify additional novel targets in the treatment of HER-targeted TKI resistance.
Acquired resistance to afatinib has not previously been investigated in HER2-positive
breast cancer. All pre-clinical investigations of afatinib resistance have focused on the
emergence of resistance in NSCLC using cell lines to develop resistant models to
afatinib in vitro and in vivo [170, 198, 204, 319, 376-378].

An afatinib resistant breast cancer cell line model, SKBR3-A was developed in our
lab by Dr Alexandra Canonici. In order to investigate the mechanisms by which the
SKBR3-A cells become resistant to afatinib and the other HER2-targeted therapies
tested, the afatinib-resistant and parental cells were analysed by whole exome

sequencing and RPPA.

7.6.1 HER family member alterations

The acquisition of EGFR- or HER2-mutations is the most commonly occurring
resistance mechanism in afatinib-resistant NSCLC models. EGFR L858R, V8431 and
T790M mutations and EGFR exon insertions have all been associated with afatinib
resistance [201, 378, 379]. However, the SKBR3-A cell line did not develop
secondary HER family member mutations (Table 6-3), insertions or deletions (Table
6-2), or gene copy number alterations (Table 6-4); indicating afatinib resistance in a
HER2-positive breast cancer model utilises alternative mechanisms to those described
in lung cancer. Other previously reported afatinib resistance mechanisms were also
examined in the SKBR3-A cells by RPPA and whole exome sequencing analysis. The
SKBR3-A cells did not display MET amplification, which has been shown to occur in
afatinib-resistant lung cancer (Table 6-5) [380]. RPPA analysis showed changes in
HER family members. Total levels of EGFR were significantly increased and
phosphorylated levels of HER3 (Y1289) were decreased in SKBR3-A cells. The
results suggest that EGFR has a role to play in circumventing afatinib resistance in

SKBR3 cells. This increased EGFR was also seen in previous work in our lab on the
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lapatinib-resistant SKBR3-L cell line model [154]. Levels of HER2 were also slightly
decreased in the SKBR3-A cells but this was not statistically significant. Increased
EGFR levels, through amplification or mutation, is a common mechanism of
resistance to HER2-targeted therapies and has been observed in our SKBR3-L,
SKBR3-T, and SKBR3-TL cell lines [169, 198]. Alterations to EGFR, through
increased levels or by mutation, has been shown to drive afatinib resistance in a lung

cancer cell line model [377].

7.6.2 Downstream signalling changes

Reactivated signalling downstream of EGFR and HER2 can compensate for the effect
of HER2-targeted therapies and several downstream kinases have been associated
with afatinib, lapatinib, and trastuzumab resistance [153, 199, 202, 377]. RPPA
analysis showed no significant increase in mTOR levels or S2448 phosphorylation.
Likewise, phosphorylation of AKT (S473 and T308) and phosphorylated MEK 1/2
(S217/221) were down-regulated. This suggests that the afatinib resistant cells have
become less dependent on Akt and ERK signalling. As discussed, total levels of
EGFR were significantly increased, despite the absence of EGFR amplification
(Figure 6-5 and Table 6-3). Phosphorylation of EGFR was increased but not
statistically significantly. EGFR up-regulation has been observed in afatinib-resistant
NSCLC cell lines [198]. However, this increase in EGFR caused constitutive
activation of PI3K/Akt signalling, which was not observed in RPPA analysis of our
afatinib-resistant HER2-positive breast cancer model. This is possible due to the lack
of a similar increase in phospho-EGFR levels.

However, the RPPA data indicated increased activation of other signalling pathways.
Despite down-regulation of PI3K/AKT and ERK signalling, SKBR3-A cells had
increased total p38 MAPK, phosphorylated AMPK (T172), AKT2, and
phosphorylated Src (Y416) levels. All of these proteins are involved with EGFR
activity, which may be driving compensatory signalling networks. P38 MAPK can act
independently of EGFR and HER2 signalling and can act as an internal activator of
EGFR, by phosphorylating EGFR Y845 [381, 382]. AKT2 activity is driven by EGFR
signalling [383], which may account for the increased AKT2 in the SKBR3-A cells.
Src kinase cross-talks with EGFR and has been associated with a variety of HER-
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targeted therapies [157, 204, 305, 384, 385]. Src can be activated by EGFR through
phosphorylation of Y416. Activated Src can then interact with EGFR and
phosphorylate EGFR Y845 [386] and Src activation is more dependent on EGFR than
HER?2 signalling [160].

The gene copy number of nuclear receptor subfamily 4 group 1 (NR4Al) was
significantly amplified in the SKBR3-A cells. NR4ALl is a transcription factor that has
been implicated in several cancer types and is now being pursued as a potential anti-
cancer drug target [301, 387-389]. Importantly, knockdown of NR4Al caused
decreased levels of EGFR and Bcl-2 and an increase in cleaved caspase-3 and PARP
[387]. Thus increased expression of NR4A1 in the SKBR3-A cells may contribute to
the increased levels of EGFR observed. Future work should further investigate the
role of NR4A1 in afatinib resistance and in regulating EGFR in afatinib resistant

cells.

7.6.3 Epithelial-mesenchymal transition

The development of a stem cell-like phenotype has previously been observed in
afatinib resistant lung cancer cell lines [376]. In that study, 10 afatinib resistant cell
lines were developed. Of those cell lines, three afatinib-resistant cell lines, (two
originating from HCC4011 and one from HCC827) and a dual afatinib and crizotinib
resistant HCC827 cell line showed increased vimentin, a mesenchymal marker, and
down-regulated E-cadherin, an epithelial marker. In our study, whole exome
sequencing showed amplification of several genes associated with EMT. The EMT-
associated amplified genes include NR4A1, SPHKI1, ITGB4, S100A9, and PDE4A
[297-301]. The emergence of an EMT phenotype has also been observed in both
trastuzumab and lapatinib resistance [189, 390]. Further investigation into the
possible stem-like properties of afatinib resistant HER2-positive breast cancer cells
may be warranted. This should be done by examining the protein levels of the EMT-
associated genes altered in the exome sequencing and by assessing the mammosphere
formation ability of the SKBR3-A and SKBR3-Par cell lines. Mammosphere assays
indicate the stem cell potential of tumour cells. In this assay, cells are cultured in
suspension in mammosphere medium (DMEM/F12, B27 supplement, and EGF). The

number of spheroids > 50 um formed after five days, relative to the cell seeding
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density, indicates the stem cell progenitor activity. Disaggregation and reseeding of
these spheroids for a secondary mammosphere assays then gives the self-renewal

potential of the cells [391, 392].

7.6.4 Integrin level alterations

Integrin proteins are cell adhesion molecules that are involved in cancer progression,
proliferation, and metastasis [393]. Whole exome sequencing of SKBR3-A cells show
significant changes in the gene copy number of two integrins, integrin subunit alpha 9
(ITGA9) and integrin subunit beta 4 (ITGB4).

ITGAY is a suspected tumour suppressor and its copy number ratio is decreased in
SKBR3-A cells. ITGA9 has been shown to be down-regulated or hyper-methylated in
lung, breast and nasopharyngeal cancer [394-396].

ITGB4 is an oncogenic integrin that has been shown to increase invasion of cancer
cells [298, 397-399]. This gene was significantly amplified in SKBR3-A cells.
ITGB4 promoted EMT and metastasis in pancreatic cancer and was a negative
prognostic marker [298]. In hepatocellular carcinoma, ITGB4 is often over-expressed
and has been demonstrated to induce an invasive and migratory phenotype. ITGB4
can also interact with EGFR, thereby activating FAK and AKT signalling [397]. As
the SKBR3-A cells have over-expression of EGFR, ITGB4 may stimulate cell
survival through interaction with EGFR. Levels of both integrin proteins should be

evaluated in order to determine if they are having an effect on afatinib response.

7.6.5 Bcl-2 expression and activation

Bcl-2 is an anti-apoptotic protein found on the mitochondrial membrane. Bcl-2 family
member proteins regulate intrinsic apoptosis. The eponymous Bcl-2 prevents
apoptosis induction by blocking caspase 9 activation. Inhibition of Bcl-2 family
members, MCL-1 and BIM, has been shown to overcome lapatinib resistance in cell
line models of acquired resistance [91, 93, 400]. SKBR3-L and SKBR3-TL cells were
previously shown in our lab to have decreased levels of the pro-apoptotic Bcl-2
family member BAX and increased levels of MCL-1 [401]. RPPA analysis of the
SKBR3-A cells showed no significant alterations to BAX, MCL-1, the anti-apoptotic
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Bcl-xL, or pro-apoptotic BIM. However, SKBR3-A cells had increased total and
phosphorylated (S70) Bcl-2 levels.

Like the increase observed in EGFR levels, this up-regulation of Bcl-2 could be
related to amplification of the transcription factor NR4A1, as NR4A1 has been shown
to increase Bcl-2 expression [402]. Interestingly, when NR4A1 is exported out of the
nucleus it binds to Bcl-2 to form a pro-apoptotic complex [403]. This has led to the
development of NR4A1 mimetics and drugs that induce nuclear export [387, 404,
405]. This may be a therapeutic strategy to examine in this SKBR3-A cell line.

7.7 Dasatinib in afatinib resistant HER2-positive breast cancer

Src kinase was chosen as the best candidate target to overcome afatinib resistance, as
phosphorylated Src (Y416) had a 4-fold increase in the RPPA data and a 2-fold
increase by Western blotting. Src has been implicated in cell line models of lapatinib
and trastuzumab resistance in HER2-positive breast cancer and afatinib resistance in
NSCLC [160, 204, 305]. Dasatinib plus afatinib has also shown some potential in
triple negative breast cancer in pre-clinical studies [406]. Dasatinib was chosen as the
Src inhibitor for this study as saracatinib is not being further pursued for novel
oncological use. In addition, afatinib plus dasatinib has completed phase I clinical
testing to examine safety and tolerability in NSCLC at 30 mg afatinib plus 100 mg
dasatinib [205]. Dasatinib has shown little activity in pre-clinical testing in HER2-
positive breast cancer [210]. The triple negative breast cancer subtype proved more
sensitive to dasatinib in pre-clinical models but did not show clinical efficacy in triple
negative breast cancer patients as a single agent [312]. Following this outcome,
further investigation of the clinical potential of dasatinib has been in combination
with chemotherapy or another targeted therapy, with some positive results. For
example, dasatinib showed an enhancing effect in combination with doxorubicin in
triple negative breast cancer cells [407] and is currently being investigated in
combination with trastuzumab and paclitaxel as first-line therapy in HER2-positive
breast cancer [408].

In our study, SKBR3-A cells were more sensitive to the Src inhibitor dasatinib than
the parental cell line (Figure 6-6). However, single agent dasatinib still had only

modest activity in SKBR3-A cells. Our results suggest the therapeutic potential is in
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the combination of afatinib plus dasatinib, which was strongly synergistic in the
afatinib resistant model (Section 6.2.4). This anti-proliferative enhancement of Src
inhibition and HER2-targeted therapies has been reported in both breast and lung
cancer cell lines. Lapatinib plus saracatinib had a greater than additive effect in the
innately lapatinib resistant JIMT-1 cell line [160]. One study showed that lapatinib
plus dasatinib or afatinib plus dasatinib can act synergistically in the
lapatinib/trastuzumab resistant MDA-MB-453 cell line, but showed antagonism in
SKBR3 cells [409]. This antagonism was not observed in the SKBR3-Par or the
trastuzumab- and lapatinib-resistant variants in our lab. However, the combination of
afatinib plus dasatinib showed a slight enhancement in SKBR3-T cells and synergism

in SKBR3-L cells.

This study shows that the combination of afatinib and dasatinib may also be a
therapeutic approach to overcome and prevent the development of afatinib resistance
in HER2-positive breast cancer. Interestingly, the synergistic growth inhibitory effect
of the combination was apoptosis-independent (Figure 6-8 and 6-9). Dasatinib plus
afatinib at concentrations causing approximately 80% growth inhibition caused no
significant change in caspase 3/7 activation or increase in the subGl, apoptotic
population. Both agents have been shown to cause cell cycle arrest and apoptosis in
other cancer types [306, 309]. They are also known to stimulate autophagy [303, 308].
This led us to examine if the combination of afatinib and dasatinib caused induction
of autophagy. Although afatinib treatment alone caused an increase in autophagy, the
combination did not significantly enhance this effect (Figure 6-10). However, the
RPPA data showed that the SKBR3-A cells had an increase in total and
phosphorylated (activating) Bcl-2 levels. Bcl-2 has been implicated in cell death
mechanism switching. In a study using Bcl-2 transfected HeLa cells, Bcl-2 prevented
apoptotic cell death at low concentrations of H,O, that caused apoptosis in control
vector cells. Notably, at higher HO, concentrations, Bcl-2 transfected cells died at a
greater rate than control cells as Bcl-2 prevented apoptosis induction but stimulated
necrosis [410].

As the combination of afatinib and dasatinib did not result in increased levels of
apoptosis or autophagy, necrosis was considered as a possible mechanism. Afatinib
has been shown to induce apoptosis and necrosis in a retinoblastoma cell line, RB116

[411]. Afatinib in combination with paclitaxel has also caused tumour necrosis in vivo
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[412]. We examined if afatinib plus dasatinib causes necrotic death in SKBR3-A cells
by assaying the levels of secreted HMGBI1 (Figure 6-11). HMGBI1 is a chromatin
protein that is bound to chromatin during apoptosis, but, when a cell undergoes
necrosis, it is released into the extracellular matrix and signals to surrounding cells to
elicit an inflammatory response [310, 413]. Extracellular HMGB1 was found to be
elevated in afatinib plus dasatinib treated SKBR3-A cells relative to untreated
controls and single agent treatment. A limitation of this experiment was that in order
to distinguish HMGB1 through Western blotting, SKBR3-A cells were grown in
serum-free conditions, which may alter the growth of the cells. However, this result
combined with the cell cycle and caspase 3/7 activation experiments suggest that
afatinib plus dasatinib induces non-apoptotic, necrotic cell death in this afatinib-
resistant cell model. As HMGBI release can cause immune cell activation [310],
future work should examine the effect of extracellular HMGBI1 on natural killer cell
cytotoxicity against SKBR3-A cells. This would give insight into the possible

advantageous immunological effect of afatinib plus dasatinib.

As well as looking for therapeutic strategies to overcome afatinib resistance, we also
investigated ways of preventing the development of resistance. As HER2-positive
breast cancer patients that could potentially receive afatinib would most likely have
received previous HER2-targeted therapy, we examined the efficacy of afatinib alone
and in combination with dasatinib in acquired trastuzumab resistant cell lines and a
lapatinib resistant cell line model. A panel of HER2-targeted therapy-naive cell lines
were also examined as representatives of patients without prior HER2-targeted
intervention. All HER2-targeted therapy-naive cell lines and the three trastuzumab
resistant cell lines were exquisitely sensitive to afatinib alone (ICsy values < 15 nM)
(Figure 6-12), while the lapatinib resistant model, as previously discussed in Section
7.2, was resistant to afatinib alone at clinically relevant concentrations. Similar to
literature reports, the HER2-positive breast cancer cells tested with dasatinib alone in
this study showed minimal to no growth inhibition [210].

Afatinib plus dasatinib was strongly synergistic in SKBR3-L cells (Figure 6-13). In
contrast, the combination only slightly improved afatinib response in one HER2-
targeting TKI-naive cell line, the SKBR3-T cells and had a non-antagonistic but non-
additive effect in the other cell lines tested. It is possible that in a five day assay,

afatinib causes such growth inhibition that dasatinib cannot enhance growth inhibition
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further in such a short timeframe. Thus, we then used a longer-term treatment format
to assess growth response (Section 6.4). By treating cells twice weekly until cells
become treatment refractory, the drug response can be measured across time as well
as by growth inhibition. The benefit of addition of dasatinib was observed in four of
the six cell lines tested. For example, SKBR3 cells, which showed no improvement in
the five-day assay, began to actively grow again after approximately 70 days of
afatinib treatment. In contrast, SKBR3 cells treated with afatinib plus dasatinib did
not develop resistance by this point. This was also observed in the SKBR3-T,
EFM192A and HCC1954 cell lines. Importantly, the HCC1954 cells, which showed
an initial synergistic response to afatinib plus dasatinib, maintained their response in
this repeated treatment assay over a longer timescale. BT474 and BT474-T cells did
not show emergence of afatinib resistance following treatment with 80 nM afatinib.

Unfortunately, SKBR3 cells show a low tumourigenic potential in vivo [414] and
therefore the effect of afatinib plus dasatinib on the SKBR3-A cell line cannot be
investigated in vivo. In order to further examine the potential of afatinib plus dasatinib

an in vivo model should be generated.

The HCC1954-N cell line may provide an appropriately model for studying the
combination of a pan-HER inhibitor and dasatinib in vivo; HCC1954 cells are
tumourigenic and the combination of neratinib and dasatinib was synergistic in this
model. However, there are a number of differences between the HCC1954-N and
SKBR3-A. The HCC1954-N cells displayed a different mechanism of cell death to
the SKBR3-A cells. Both cell cycle and caspase 3/7 activation showed that neratinib
plus dasatinib significantly induces apoptosis (Figure 6-20 and 6-21). Notably,
previous work by another group showed that the HCC1954-N have decreased levels
of EGFR, HER2 and HER3 and had increased IGF-1R, which is unlike the SKBR3-A
cells [151, 206]. This would indicate that alternate resistance mechanisms are being
exploited in the HCC1954-N cell line. However, the response to neratinib plus
dasatinib in both the resistant and parental cell lines suggests that this is a viable
therapeutic combination (Figure 6-17 and 6-18). The synergy observed in the
HCC1954-N cell model was also observed in a 3D environment (Figure 6-19).

Previous investigations into the mechanism of neratinib resistance in the HCC1954-N
cell line model by the group that developed the cell line have implicated CYP3A4

activity, over-expression of Neuromedin U, and down-regulation of miR-630 [151,
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165, 206]. CYP3A4 is a cytochrome P450 that metabolises approximately half of all
marketed drugs, including neratinib [415]. Therefore, the elevated CYP3A4 activity
in HCCI1954-N cells may decrease intracellular neratinib accumulation.
Pharmacokinetic analysis of neratinib in combination with the CYP3A inhibitor
ketoconazole showed a 3.2-fold increase in neratinib Cy,x [416]. CYP3A4 may also
be relevant to the potential of neratinib plus dasatinib. Dasatinib is also a substrate
and weak inhibitor of CYP3A4 and dasatinib levels are increased by co-
administration of ketoconazole [417]. This may explain the reduced inhibition of
neratinib or dasatinib alone in HCC1954-N cells compared to HCC1954-Par cells
(Figures 6-17 and 6-18). Neuromedin U confers neratinib resistance by interacting
with Hsp27, which stabilises HER2. Neuromedin U can increase HER2 and EGFR
expression and reduce sensitivity to HER2-targeted therapy [165]. As the neratinib
and dasatinib are acting downstream of HER2, the combination may overcoming this

resistance mechanism.

In summary, the combination of afatinib or neratinib plus dasatinib shows potential
for the treatment of pan-HER inhibitor resistant HER2-positive breast cancer (Figure
7-3). The combination of afatinib and dasatinib was strongly synergistic in SKBR3-A
cells and cell death was due to necrosis and independent of apoptosis and autophagy.
Neratinib plus dasatinib was also highly synergistic in HCC1954-N cells and, in
contrast to the afatinib resistant model, stimulated a significant induction of apoptosis.
The addition of dasatinib to afatinib does not enhance response in cell lines highly
sensitive to afatinib, in short-term treatment experiments. However, the combination
can delay or block the emergence of afatinib resistance. One cell line model of
afatinib resistance and one model of neratinib resistance were tested in this study.
This should be expanded in order to ensure that this is not a cell line-dependent
phenomenon. Further in vivo investigations are necessary to determine the potential

therapeutic benefit of afatinib or neratinib in combination with dasatinib.
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Cell survival, proliferation and migration

Figure 7-3: Afatinib/neratinib plus dasatinib in HER family member signalling
(Pathway adapted from [349]). Red X indicates inhibition by afainib/neratinib.

Green X indicates inhibition by dasatinib.
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7.8 Summary

Acquired HER2-targeted therapy resistant cell lines represent a valid model of
resistance observed in the clinic [148]. This study utilised seven HER2-targeted
therapy resistant cell lines: three trastuzumab resistant, two lapatinib resistant, one
afatinib resistant and one neratinib resistant cell line. These cell lines showed that the
irreversible inhibitors afatinib and neratinib had a better efficacy against trastuzumab
resistant cell lines than lapatinib resistant cell lines. Afatinib and neratinib resistant
cell lines were insensitive to trastuzumab, pertuzumab, lapatinib and either pan-HER
inhibitor, highlighting the need for novel targets for treatment-refractory HER2
positive breast cancer.

Both SKBR3-L and HCC1954-L cell lines were more sensitive to PP2A inhibition
with okadaic acid and LB-100 compared to their parental cell lines. Okadaic acid and
LB-100 in combination with lapatinib were both synergistic in HCC1954-L cells.
PP2A inhibition and lapatinib caused apoptosis in both lapatinib-resistant cell lines.
Importantly, combining PP2A inhibition with lapatinib in both SKBR3-Par and
HCC1954-Par cell lines prevented the development of lapatinib resistance. Activation
of PP2A using FTY720 also generated a less lapatinib sensitive phenotype in both
parental cell lines. The proteomic analysis of HCC1954-L cells treated with okadaic
acid and lapatinib by RPPA gave an insight into the molecular mechanism of action
as combination therapy significantly inhibited downstream survival signalling
compared to either single agent.

The optimal xenograft model of the HCC1954-L cell line was found to be mammary
fat pad implantation. HCC1954-L cells caused skin ulceration on the tumour surface
when implanted subcutaneously. This limited the size of the tumours and ultimately
both subcutaneous implantation pilot studies were ended early for humane reasons.
The mammary fat pad implantation did not display skin ulceration and will be the
chosen model for future efficacy studies of LB-100 plus lapatinib. Preliminary study
of the activity of LB-100 and lapatinib in vivo shows that the treatment can increase
phospho-eEF2, indicating decreased PP2A activity, and the combination did not cause
any adverse events in mice.

In a panel of HER2-positive breast cancer cell lines, sensitivity to okadaic acid
correlated with resistance to both lapatinib and trastuzumab. Response to okadaic acid

did not show any relationship to PP2A catalytic or structural subunit expression.
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Likewise, PP2A expression had no relationship with lapatinib or trastuzumab
sensitivity, showing that PP2A inhibition sensitivity is independent of PP2A catalytic
and structural subunit expression. PP2A inhibition with LB-100 did not relate to
HER2-targeted therapy or okadaic acid response. This indicates that LB-100 may
have a different mechanism of action to okadaic acid in the panel of cell lines.

The SKBR3-A cell line represents an afatinib resistant model in HER2-positive breast
cancer. This cell line showed increased EGFR and phosphorylated Src levels and -
heightened sensitivity to the combination of afatinib and dasatinib. The combination
caused a non-apoptotic, necrotic cell death in this model. The combination of afatinib
and dasatinib prevented the development of afatinib resistance in five of seven cell
lines tested.

Similarly, the neratinib resistant HCC1954-N cell line showed a synergistic response
to the other pan-HER inhibitor neratinib plus dasatinib. In contrast to the SKBR3-A

cells, the combination significantly induced apoptosis in these cells.
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7.9 Conclusions

In conclusion, two novel approaches have been identified to overcome resistance to
HER2-targeted therapies. Firstly, the combination of lapatinib plus LB-100 may be
effective in acquired lapatinib resistant breast cancer, which will be further evaluated
in in vivo efficacy testing. Levels of PP2A expression did not correlate with response
to PP2A inhibition. Therefore, other potential biomarkers of response should be
investigated, including methylated PP2A and PP2A substrate levels.

Secondly, afatinib or neratinib in combination with dasatinib has potential as a novel
treatment strategy to block the emergence of TKI resistance in HER2-positive breast
cancer. This combination could be evaluated clinically in two different settings: the
combination may be effective as a second line-therapy in metastatic breast cancer
after progression on trastuzumab or as a third line-therapy after the subsequent

development of resistance to lapatinib.
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9 Appendix
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Table 9-1: All significant copy number variations in SKBR3-A compared to SKBR3-

Par cells. Copy number ratio is given as a relative number of gene copies in SKBR3-

A cells to SKBR3-Par cells. A cut of > 1.4 and < 0.35 copy ratio was used.

Gene Gene description Copy ratio

LSMS5 LSMS5 Homolog, U6 Small Nuclear RNA 0.350
And MRNA Degradation Associated

STS Steroid Sulfatase 0.394

STAC SH3 And Cysteine Rich Domain 0.527

ITGA9 Integrin Subunit Alpha 9 0.581

MUC16 Mucin 16 1.401

TRAF4 TNF Receptor Associated Factor 4 1.401

ENPP2 Ectonucleotide 1.403
Pyrophosphatase/Phosphodiesterase 2

BPTF Bromodomain PHD Finger Transcription 1.404
Factor

C170rf58 Chromosome 17 Open Reading Frame 58 1.404

LINC00674 Long Intergenic Non-Protein Coding RNA 1.404
674

AMZ2 Archaelysin Family Metallopeptidase 2 1.404

CCNL1 Cyclin L1 1.406

KRTS8 Keratin 8 1.406

JPH1 Junctophilin 1 1.406

MUC16 Mucin 16 1.408

MRPL13 Mitochondrial Ribosomal Protein L13 1.411

ENPP2 Ectonucleotide 1.411
Pyrophosphatase/Phosphodiesterase 2

DCLK3 Doublecortin Like Kinase 3 1.412

NFE2L3 Nuclear Factor, Erythroid 2 Like 3 1.412

HNRNPA2B1 Heterogeneous Nuclear Ribonucleoprotein 1.412
A2/B1

CBX3 Chromobox 3 1.412

RGAG1 Retrotransposon GAG Domain-Containing 1.412
Protein 1

MUC16 Mucin 16 1.412

ZNFX1 Zinc Finger NFX1-Type Containing 1 1.413
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FRMPD3 FERM And PDZ Domain Containing 3 1.414

MRPS28 Mitochondrial Ribosomal Protein S28 1.415

SCNSA Sodium Voltage-Gated Channel Alpha 1.417
Subunit 5

TRAM1 Translocation Associated Membrane 1.420

Protein 1

RBM39 RNA Binding Motif Protein 39 1.425

GPRASP1 G Protein-Coupled Receptor Associated 1.426
Sorting Protein 1

CTDNEP1 CTD Nuclear Envelope Phosphatase 1 1.428

ID3 Inhibitor Of DNA Binding 3, HLH Protein 1.433

TRPS1 Transcriptional Repressor GATA Binding 1 1.434

TRPS1 Transcriptional Repressor GATA Binding 1 1.435
T T
COL14A1 Collagen Type XIV Alpha 1 Chain 1.438
R T el N
SLITRK4 SLIT And NTRK Like Family Member 4 1.438
(ECCHCW  ZincTinger OCHC Type Comtaning 14 1443
SNAI3-AS1 SNAI3 Antisense RNA 1 1.443
APRT . AdemincPhogphorbonfnsfere 143
DEF8 Differentially Expressed In FDCP § 1.443
Homolog
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THOP1 Thimet Oligopeptidase 1 1.446

MUC16 Mucin 16 1.446

PDE4A Phosphodiesterase 4A 1.446

RTBDN Retbindin 1.446

TRPMS Transient Receptor Potential Cation 1.447
Channel Subfamily M Member 8

BPTF Bromodomain PHD Finger Transcription 1.448

Factor

IRS4 Insulin Receptor Substrate 4 1.452

PTPN21 Protein Tyrosine Phosphatase, Non- 1.458
Receptor Type 21

NRDE2 NRDE-2, Necessary For RNA Interference, 1.465

Domain Containing

RNF213 Ring Finger Protein 213 1.466

BRWD3 Bromodomain And WD Repeat Domain 1.469

Containing 3

TCP11X2 T-Complex 11 Family, X-Linked 2 1.469

CLDN2 Claudin 2 1.469

ACSL4 Acyl-CoA Synthetase Long-Chain Family 1.469

279



Member 4

PLS3 Lipoprotein Lipase 1.469

CT47A4 Cancer/Testis Antigen Family 47, Member 1.469
A4

CT45A5 Cancer/Testis Antigen Family 45 Member 1.469
A5

MAGEC3 MAGE Family Member C3 1.469

SPANXN2 SPANX Family Member N2 1.469

DNASEI1L1 Deoxyribonuclease 1 Like 1 1.469

MIR1184-1 MicroRNA 1184-1 1.469

TRANK1 Tetratricopeptide Repeat And Ankyrin 1.470
Repeat Containing 1

XIRP1 Xin Actin Binding Repeat Containing 1 1.473

MTBP MDM2 Binding Protein 1.475

GALC Galactosylceramidase 1.478
PTPN21 Protein Tyrosine Phosphatase, Non- 1.478
Receptor Type 21

TTC7B Tetratricopeptide Repeat Domain 7B 1.478
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TC2N
TRIP11
CSNK1A1
CTU2
LOC100132891
PLXNA3
MYO15B
TRIP11
CCRS8
MYO15B
NID2
TXNDC16
DDX27
ZNFX1
SNORD12B
PLCL2
TRPS1
TFAP2C
ZBTB33

COL14A1
QRICH2
ZNFX1
EIF4G2

TPDS52L.2
F8

USP26
EPM2AIP1
CASKIN2
DCLK3
TRANK1

MLH1
COL14A1
ATP6VOD2

Tandem C2 Domains, Nuclear

Thyroid Hormone Receptor Interactor 11
Casein Kinase 1 Alpha 1

Cytosolic Thiouridylase Subunit 2

MSC antisense RNA 1

Plexin A3

Myosin XVB

Thyroid Hormone Receptor Interactor 11
C-C Motif Chemokine Receptor 8
Myosin XVB

Nidogen 2

Thioredoxin Domain Containing 16
DEAD-Box Helicase 27

Zinc Finger NFX1-Type Containing 1
Small Nucleolar RNA, C/D Box 12B
Phospholipase C Like 2

Transcriptional Repressor GATA Binding 1
Transcription Factor AP-2 Gamma

Zinc Finger And BTB Domain Containing
33

Collagen Type XIV Alpha 1 Chain
Glutamine Rich 2

Zinc Finger NFX1-Type Containing 1
Eukaryotic Translation Initiation Factor 4
Gamma 2

Tumor Protein D52 Like 2

Coagulation Factor VIII

Ubiquitin Specific Peptidase 26

EPM2A Interacting Protein 1

CASK Interacting Protein 2
Doublecortin Like Kinase 3
Tetratricopeptide Repeat And Ankyrin
Repeat Containing 1

MutL Homolog 1

Collagen Type XIV Alpha 1 Chain
ATPase H+ Transporting VO Subunit D2

1.478
1.478
1.480
1.481
1.481
1.483
1.485
1.487
1.488
1.489
1.494
1.494
1.495
1.495
1.495
1.499
1.501
1.501
1.502

1.506
1.511
1.514
1.520

1.524
1.524
1.528
1.530
1.531
1.531
1.531

1.531
1.538
1.539
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ITPR1 Inositol 1,4,5-Trisphosphate Receptor Type 1.541

‘

DSCC1 DNA Replication And Sister Chromatid 1.542

Cohesion 1

TRPA1 Transient Receptor Potential Cation 1.542

Channel Subfamily A Member 1

STAU2 Staufen Double-Stranded RNA Binding 1.542

Protein 2

JPH1 Junctophilin 1 1.542

STMN2 Stathmin 2 1.542

TPD52 Tumor Protein D52 1.542

KCNB2 Potassium Voltage-Gated Channel 1.551
Subfamily B Member 2

BHLHE40 Basic Helix-Loop-Helix Family Member 1.553
E40

RDH10 Retinol Dehydrogenase 10 1.556

FLNA Filamin A 1.560

HERPUDI1 Homocysteine Inducible ER Protein With 1.565
Ubiquitin Like Domain 1

MRPL13 Mitochondrial Ribosomal Protein L13 1.567
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ZACN Zinc Activated Ion Channel 1.569

MYO15B Myosin XVB 1.574

SEC16B SEC16 Homolog B, Endoplasmic 1.579

Reticulum Export Factor

GPR112 G protein-coupled receptor 112 1.590

JPH1 Junctophilin 1 1.617

SCN5A Sodium Voltage-Gated Channel Alpha 1.628
Subunit 5

CSRNP1 Cysteine And Serine Rich Nuclear Protein 1.628

‘

RPSA Ribosomal Protein SA 1.628

GPRCSC G Protein-Coupled Receptor Class C Group 1.631
5 Member C

ITGB4 Integrin Subunit Beta 4 1.631

SPHK1 Sphingosine Kinase 1 1.631

RPTOR Regulatory Associated Protein Of MTOR 1.631
Complex 1

TUFT1 Tuftelin 1 1.649

TAF2 TATA-Box Binding Protein Associated 1.682
Factor 2
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PRKDC Protein Kinase, DNA-Activated, Catalytic 1.712
Polypeptide

REEP2 Receptor Accessory Protein 2 1.834

TNIK TRAF2 And NCK Interacting Kinase 1.892

HIST2H3A Histone Cluster 2 H3 Family Member A 1.950

TXNRD1 Thioredoxin Reductase 1 2.055

AADACL2 Arylacetamide Deacetylase Like 2 2.217
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