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Abstract

Reactive oxygen species (ROS) are critical mediators of cell signalling and are implicated across
different processes during tumorigenesis and progression. Depending on ROS levels, this can be
beneficial or harmful to the tumor. p66ShcA is an adaptor protein that is involved in mediating an
oxidative stress response by promoting the production of mitochondrial reactive oxygen species
in response to stress stimuli. In cancer, p66ShcA has been shown to have both pro and anti-
tumorigenic functions and is expressed variably. Our work has focused on characterizing whether
p66ShcA is pro or anti-tumorigenic in breast cancer during tumor outgrowth and metastasis, if this
depends on redox status, and whether this contributes to cellular plasticity. A key process that
increases cellular plasticity and the malignant potential of breast tumors is the epithelial-to-
mesenchymal-transition (EMT). To model this, we looked at the role of p66ShcA in ErbB2
positive luminal breast cancer versus aggressive triple-negative breast cancer (TNBC). We outline
a novel role for p66ShcA in promoting cellular plasticity by inducing an EMT in HER2 positive
luminal breast tumors through the Met RTK. p66ShcA-induced plasticity contributes to
intratumoral heterogeneity, particularly in the luminal A subtype, where tumors are normally well-
differentiated and express epithelial markers. We also identify p66ShcA as a biomarker of primary
breast tumors possessing mesenchymal features, across molecular subtypes. Further studies
revealed these effects appear to be independent of mitochondrial-p66ShcA.

Breast cancer is the most commonly diagnosed cancer in women and metastasis to distant
organs is responsible for 90% of cancer-related deaths. The metastatic cascade involves a series of
steps that contribute to successful colonization. While our understanding of the underlying
molecular and cellular processes that contribute to metastatic disease has vastly improved, our

ability to effectively treat patients has not. Hence, further studies in relevant pre-clinical models



are necessary to overcome current barriers in therapy. We discovered mitochondrial versus
cytoplasmic pools of p66ShcA regulate different stages of the metastatic cascade in aggressive
TNBC by employing expression vectors stably overexpressing wild-type p66ShcA or a

nonphosphorylatable mutant (p66ShcAS36A) that cannot translocate into the mitochondria.

Mitochondrial-p66ShcA is required for entry/survival in the circulation which leads to high levels
of circulating tumor cells compared to p66ShcAS36A that is limited to the cytoplasm. In contrast,
cytoplasmic p66ShcA was necessary for elevated migration from the primary site and increased
focal adhesion turnover to facilitate colonization from the circulation. Therefore, in agreement
with the literature, we show that ROS can be pro- or anti-tumorigenic both from the primary or
metastatic site and depending on the molecular subtype. This work highlights p66ShcA’s
pleiotropic roles in breast cancer as a promiscuous molecule in tumorigenesis and metastasis. We
identified high expression of p66ShcA in 1/3 of pre-existing parental TNBC clones, indicating
high p66ShcA levels are enriched in TNBCs through metastatic in vivo selection and suggests that
selection of p66ShcA as a metastasis progression gene. This evidence supports previous studies
indicating metastases often resemble the primary tumor, that driver mutations are a rare event in
breast cancer and metastatic progression genes often are already present in the primary tumor and
are selected for through environmental factors such as stress and the microenvironment. Finally,
p66ShcA has been shown to be epigenetically regulated through promoter methylation and
hyperacetylation. We discovered that high p66ShcA expression correlates with the presence of
active histone marks, including: H3K4Ac, H3K9Ac and H3K27Ac. Furthermore, the chromatin
insulator, CTCF, binds to the p66ShcA promoter in breast cancer cells that express high levels of
p66ShcA expression. These data suggest p66ShcA may be epigenetically regulated in breast

cancer.



Résumeé

Les especes réactives de l'oxygene (ROS) sont des médiateurs critiques de la signalisation
cellulaire et sont impliquées dans différents processus au cours de la tumorigenése et de la
progression. Selon les niveaux de ROS, cela peut étre bénéfique ou néfaste pour la tumeur.
p66ShcA est une protéine adaptatrice impliquée dans la médiation d'une réponse au stress oxydatif.
Dans le cancer, il a été démontré que p66ShcA avait a la fois des fonctions pro et anti-tumorigénes
et s'exprimait de maniere variable. Notre travail a principalement consisté a déterminer si p66ShcA
est un pro ou anti-tumorigene dans le cancer du sein au cours de la croissance tumorale et de la
métastase, si cela dépend du statut redox et si cela contribue a la plasticité cellulaire. Un processus
clé qui augmente la plasticité cellulaire et le potentiel malin des tumeurs du sein est la transition
¢épithéliale-mésenchymateuse (EMT). Pour modéliser cela, nous avons examiné le rdole de
p66ShcA dans le cancer du sein luminal positif ErbB2 par rapport au cancer du sein agressif triple
négatif (TNBC). Nous décrivons un nouveau role pour p66ShcA dans la promotion de la plasticité
cellulaire en induisant un EMT dans les tumeurs mammaires lumineuses HER2 positives par le
biais de la RTK Met. La plasticité induite par p66ShcA contribue a 1'hétérogénéité intratumorale,
en particulier dans le sous-type luminal A, ou les tumeurs sont normalement bien différenciées et
expriment des marqueurs épithéliaux. Nous identifions également p66ShcA en tant que
biomarqueur de tumeurs primitives du sein possédant des caractéristiques mésenchymateuses, sur
différents sous-types moléculaires. D'autres études ont révélé que ces effets semblent étre
indépendants de p66ShcA mitochondrial. Le cancer du sein est le cancer le plus souvent
diagnostiqué chez les femmes et les métastases a des organes distants sont responsables de 90%
des déces liés au cancer. La cascade métastatique implique une série d'étapes qui contribuent au

succes de la colonisation. Bien que notre compréhension des processus moléculaires et cellulaires



sous-jacents qui contribuent a la maladie métastatique se soit considérablement améliorée, notre
capacité a traiter efficacement les patients ne s’est pas améliorée. Par conséquent, des études
complémentaires sur des modéles précliniques pertinents sont nécessaires pour surmonter les
obstacles actuels en mati¢re de traitement. Nous avons découvert des pools mitochondriaux contre
cytoplasmiques de p66ShcA régulant différents stades de la cascade métastatique dans une TNBC
agressif. p66ShcA mitochondriale est nécessaire a I’entrée / a la survie dans la circulation, ce qui
entraine des taux élevés de cellules tumorales en circulation par rapport aux mutants VC et
p66ShcAS36A limités au cytoplasme. Au contraire, p66ShcA cytoplasmique était nécessaire pour
une migration élevée a partir du site primaire et une augmentation du renouvellement de I’adhésion
focale afin de faciliter la colonisation par la circulation. Par conséquent, en accord avec la
littérature, les ROS peuvent étre pro- ou anti-tumorigenes a la fois du site primaire ou métastatique
et en fonction du sous-type moléculaire. Ce travail met en évidence les rdles pléiotropes de
p66ShcA dans le cancer du sein en tant que molécule promiscuité dans la tumorigenése et les
métastases. Nous avons identifié une expression élevée de p66ShcA dans 1/3 des clones TNBC
parentaux préexistants, ce qui indique que des taux ¢levés de p66ShcA sont enrichis en TNBC par
sélection métastatique in vivo et suggere que la sélection de p66ShcA en tant que géne de
progression métastatique. Ces preuves corroborent les études antérieures indiquant que les
métastases ressemblent souvent a la tumeur primitive, que les mutations du conducteur sont un
événement rare dans le cancer du sein et que les génes de progression métastatique sont déja
présents dans la tumeur primitive et sont sélectionnés en fonction de facteurs environnementaux
tels que le stress et le microenvironnement. Enfin, il a été démontré que p66ShcA était régulé de
manicre épigénétique par le biais d'une méthylation et d'une hyperacétylation du promoteur. Nous

avons découvert qu'une expression élevée de p66ShcA est corrélée a la présence de marques



d'histone actives, notamment : H3K4Ac, H3K9Ac et H3K27Ac. De plus, l'isolant de la chromatine,
CTCEF, se lie au promoteur p66ShcA dans les cellules du cancer du sein qui expriment des niveaux
¢levés d'expression de p66ShcA. Ces données suggerent que p66ShcA pourrait étre régulé

épigénétiquement dans le cancer du sein.
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transgenic mouse models of different breast cancer subtypes. L.F. completed figure 1A.
Note: Figures 1C-G, S1, S2 and S6 were used in L.P.’s M.Sc. thesis.

In chapter 3, K.L. and J.R.H. completed figure 2D-E, K. L. completed figure 5A, A.K. and J.S.
completed figure 3A-C and figure 4A-E, M.G.A. completed figure 5B-C, V.S. completed tail vein
IHC for 6A-C and S1D-G, S.T. and P.M.S. generated the in vivo selected metastatic variants,
provided tumor lysates and taught our lab spontaneous metastasis assay, R.A. performed MFP
injections for certain experiments, M.S. completed S2B, R.L and E.C. aided in experimental design

and discussing results.

In chapter 4, H.L. completed figure 4B, V.S. completed figure 3A-B, J.Z. and M.W. provided cell

lines, primers and guidance with CHIP assays and M.W. also generated figure 2A.
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Original Contributions to Knowledge

1.

We provide the first in vivo evidence of the role of p66ShcA in breast cancer. We showed
that p66ShcA promotes an EMT in ErbB2 positive luminal breast cancer which enhances
cellular plasticity and increases intratumoral heterogeneity. p66ShcA induces an EMT
through activated Met signaling and is enriched in both the luminal A and claudin-low
subtypes. We also discovered that p66ShcA acts as a biomarker of breast tumors possessing
mesenchymal features regardless of molecular subtype.

p66ShcA can be pro or anti-tumorigenic during breast tumorigenesis depending on the
context. In two ErbB2 positive luminal cell lines p66ShcA was sufficient to reduce tumor
outgrowth by inhibiting cell proliferation. In contrast, in 4T1 parental TNBC tumors,
p66ShcA was sufficient to elevate tumor outgrowth by reducing apoptosis.

Different pools of p66ShcA regulate early and late stages of the metastatic cascade during
breast cancer metastasis to the lung. Mitochondrial-p66ShcA is important for intravasation
and/or survival within the circulation. In contrast, cytoplasmic-p66ShcA controls
migration from the primary site early on, enhances focal adhesion turnover to promote lung
colonization and reactivate cell proliferation pathways during the late stages of the
metastatic cascade. Hence, the role of ROS in promoting metastasis is context specific.
p66ShcA is epigenetically regulated in breast cancer. High p66ShcA expression correlates
with active chromatin marks, binding of the chromatin boundary forming protein CTCF
and inhibition of PARP activity reduces p66shcA expression. Furthermore, p66ShcA is
transcriptionally regulated in lung metastatic variant breast cancer cells expressing high
endogenous p66ShcA and these cells possess elevated levels of active chromatin within

the p66ShcA promoter compared to parental cells.
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Introduction — Rationale and objectives

p66ShcA is best characterized as a redox protein that regulates apoptosis in response to
stress stimuli. p66ShcA expression is variable compared to the shorter ShcA isoforms, p46/52,
adaptor proteins that mediate mitogenic signalling and are ubiquitously expressed (Giorgio et al.
2005a; G. Pelicci et al. 1992). Furthermore, the role of p66ShcA in breast cancer is inconsistent
and poorly understood with some studies associating p66ShcA with favourable outcomes and
others correlating p66ShcA with increased severity and recurrence (Frackelton et al. 2006;
Grossman et al. 2007; Jackson et al. 2000). Indeed, reactive oxygen species (ROS) and various
proteins can serve as promoters or suppressors of breast tumor progression and metastasis
depending on the context and the molecular subtype (M. Feng et al. 2014; McLaughlin et al. 2013).
Hence, my work has focused on understanding the role of p66ShcA in ErbB2 positive luminal
versus basal breast cancer progression and lead to the first studies on the in vivo function of
p66ShcA in these settings. In addition, an important aspect has been to delineate the mechanisms
controlling p66ShcA expression in breast cancer with a focus on epigenetic control of the p66ShcA

locus.

AIMS:

Aim #1: Characterizing the role of p66ShcA in ErbB2 positive luminal breast cancer as an
inducer of cellular plasticity by promoting an EMT

Aim #2: Define the requirement and sufficiency of p66ShcA as a contextual regulator of
breast cancer metastasis to the lung in aggressive TNBC

Aim #3: Delineate the epigenetic mechanisms controlling p66ShcA expression in breast

cancer across molecular subtypes and in metastatic variants
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Chapter 1 - Literature Review
General Cancer Overview and Hallmarks

Cancer is a remarkably heterogeneous disease that can occur in over 100 different forms
and can arise from almost any tissue (Hanahan and Weinberg 2000). Moreover, unique features of
the disease define virtually every individual cancer. This is due to the fact that tumors result from
the sequential accumulation of mutations and are composed of complex tissues with multiple
distinct cell types (Hanahan and Weinberg 2011). Despite this, certain characteristics, known as
hallmarks are common to all cancers, (1) self-sufficiency in growth signals, (2) insensitivity to
anti-growth signals, (3) ability to avoid programmed cell death, (4) infinite replicative potential
(5), stimulate blood vessel formation to supply nutrients to tumors and (6) they invade local tissue
and spread to distant sites (Hanahan and Weinberg 2000). Furthermore, since the establishment of
these initial hallmarks, new, emerging hallmarks have been defined involving deregulated cellular
energetics, genomic instability, tumor-promoting inflammation and avoidance of immune
destruction (Hanahan and Weinberg 2011). Malignant transformation of a cell occurs through the
accumulation of genetic mutations within DNA, or through epigenetic modifications, and can
occur years before clinical detection of the tumor. These changes provide growth and survival
advantages and functionally contribute to intratumoral heterogeneity (Wahl and Spike 2017).

Genetic hits to two classes of master regulators, known as proto-oncogenes and tumor
suppressors, often leads to the uncontrolled growth and spread of disease seen in human cancer
(Visvader 2009). Proto-oncogenes act to accelerate excessive production or activation of growth
stimuli either through enhanced growth factor production or through increased ligand-independent
receptor activation. In contrast, tumor suppressor genes act to decelerate, signalling to the cell to

reduce the activation of these stimulatory growth pathways and maintain homeostasis. Evasion or
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reduction of these inhibitory signals promotes transformation and progression (Perou et al. 2000).
In addition, these inhibitory cues can arise from neighboring cells within the stroma or from the
tumor itself. In conclusion, the accumulation of genetic mutations and/or epigenetic modifications
in key cell types and signalling molecules is required for successful transformation. Finally,
crosstalk between the stroma and the tumor mass mediates critical interactions to promote tumor

growth and progression.

Breast Cancer Epidemiology

Breast cancer is the most common cancer in Canadian women, making up over a 1/4 new
cases with over 25,000 women being newly diagnosed each year (Smith et al. 2018). Of note, the
incidence of breast cancer has remained stable for the past three years, with lifetime risk standing
at 1/8 women. 1/2 of diagnoses occur in women aged between 50-69 with another 1/3 occurring
in those aged 70 and above. Hence, breast cancer is rare in young women (aged below 50), with
the largest group being 40-49. Currently, breast cancer is the second-leading cause of cancer-
related death in Canadian women. Despite this, cancer mortality rates are at their lowest since
1950, largely due to the introduction of early screening and development of effective adjuvant

treatments that target steroid receptors or RTK signalling.

Breast Cancer Prognosis

Approximately 7% of women with breast cancer are diagnosed before the age of 40 and
survival rates for this group are poor (particularly in patients diagnosed with stage 3 and 4 breast
cancer) when compared to those in older women. Multivariate analysis has shown younger age,
BRCA1 and BRCAZ2 status to be independent predictors of adverse outcome, including metastasis

(Anders et al. 2009; Elston and Ellis 1991; Fredholm et al. 2009). However, the incidence of breast
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cancer is rising with age and the average diagnosis is now at age 61 and the majority of women
who die from breast cancer are age 65 and older (Shachar, Hurria, and Muss 2016). Hence, there

are at least two major age groups that are at increased risk of mortality.

Risk factors

Many of the established risk factors for breast cancer are linked to oestrogen levels,
including: early menarche, late menopause, and obesity in postmenopausal women (Key,
Verkasalo, and Banks 2001). Activation of sex steroids, including the nuclear estrogen (ER) and
progesterone receptors (PR), combined with growth factors drive the development, growth and
differentiation of breast epithelial tissue and are critical for breast cancer development and
progression (B. Jones and Russo 1987). High estrogen levels allow the PR to be abundantly
expressed together with alternative growth factor signalling. However, at low estrogen levels, the
PR may be absent with an intact estrogen—ER pathway (Key, Verkasalo, and Banks 2001). ER
positive cells secrete paracrine growth factors to ER negative epithelial cells that promote tumor
cell proliferation (Clarke, Anderson, and Howell 2004).

Positive ER receptor status correlates with favorable prognostic features, including a lower
rate of cell proliferation and histologic evidence of tumor differentiation. During the first several
years after diagnosis, patients with ER positive tumors tend to have a lower recurrence rate;
however, this is balanced by a higher recurrence rate in subsequent years (Bardou et al. 2003). In
addition, when accurately measured, ER/PR status is an independent predictive factor for patients
that would benefit from adjuvant endocrine therapy (Bardou et al. 2003). An early age at first birth
and breastfeeding are components of childbearing that appear to provide a protective effect.
Obesity, alcohol or tobacco use increases risk, whereas physical activity reduces it. Finally,

hereditary genes significantly increase breast cancer risk, but represent a small number of cases

21



(Key, Verkasalo, and Banks 2001). Thus, a large proportion of environmental factors combined

with a small number of genetic factors contribute to cancer development and progression.

Structure, development and remodeling of the mammary gland

Most vertebrate organs develop during embryogenesis and the majority retain their basic
structure throughout adulthood. Breast tissue, however, is unique in that it continually undergoes
structural remodeling throughout the lifetime of reproductively active females. Breast cancer
displays many of the characteristics seen during normal mammary gland development. In addition,
several stromal factors that promote mammary development are also recruited during breast
tumorigenesis. Crosstalk between the mammary epithelium and the mesenchyme leads to
mammary bud formation at mid-gestation. The next phase occurs at puberty, due to the release of
ovarian hormones, the distal ends of the mammary ducts swell into terminal end buds (TEBs), that
consist of cuboidal epithelial cells. The TEBs are the invading fronts of the ducts that proliferate,
extend into the fat pad, and branch by bifurcation until the ducts reach the limits of the fat pad.
The major functional units of the mammary gland are the lobular structures comprising several
small blind ended ductules situated at the end of the terminal ducts and known as terminal ductal
lobular units (TDLUs). The entire ductal system is lined by a continuous layer of luminal epithelial
cells surrounded by a layer of myoepithelial cells which, in turn, is surrounded by and in direct
contact with a basement membrane. The TDLUs are then surrounded by delimiting fibroblasts and
embedded in a specialized intralobular stroma. Each of these cell types can be differentiated in
terms of unique patterns of antigen and cytokeratin expression. For example, only luminal
epithelial cells express cytokeratins 8 and 18, the sialomucin MUCI1 and low levels of cytokeratins
5 and 6, whereas myoepithelial cells express smooth muscle actin (SMA) and high levels of

cytokeratins 5 and 6. Reproductive hormones induce the expansion and terminal differentiation of
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the mammary epithelium into secretory, milk-producing, lobular cells. During pregnancy, the
mammary epithelium invades from the nipple into the mammary fat pad and forms a small,
branched ductal network. Once the pups no longer suckle on the mammary gland, the secretory

epithelium of the mammary gland undergoes apoptosis and remodels back to its previous state.

Origins of Breast Cancer

Remodelling of the breast occurs during puberty and each pregnancy in response to the
release of progesterone from stem cells. Normal breast stem cells are crucial to give rise to the
various cell types required during these phases. Normal breast stem cells (nBSCs) are long-lived,
capable of self-renewal activity and differentiate into a common progenitor that gives rise to
luminal and myoepithelial progenitors that can differentiate into luminal/ductal epithelial or
myoepithelial cells, respectively. Finally, the breast stem cell and breast progenitor pool is
replenished during pregnancy and the reproductive cycle through the release of the RANKL ligand

by ductal epithelial cells (Figure 1) (Frasor et al. 2003).
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Figure 1 - Hierarchy of normal breast epithelial development with possible links to the
tumour-initiating cells of the different molecular cancer subtypes and to the role of steroid
hormones in the control of the mammary stem and progenitor cells. Obtained from

(Bombonati and Sgroi 2011).

Breast cancer derives from a luminal progenitor cell that gives rise to the human epidermal
growth factor receptor 2 (HER2) positive and basal-like breast cancer subtypes (Molyneux et al.
2010; Shehata et al. 2012). In contrast, the more differentiated ductal epithelial cell likely gives
rise to luminal breast cancers (Bombonati and Sgroi 2011). The BSC with intrinsic self-renewal
potential differentiates into a common progenitor that gives rise to committed myoepithelial and
luminal progenitors, which ultimately differentiate into myoepithelial, luminal and ductal
epithelial cells. During puberty and pregnancy, the RANKL ligand is expressed by ductal epithelial
cells in response to a surge in progesterone release to expand the stem cell population via paracrine

signalling.
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Breast Cancer Histology

The majority of the breast consists of fat (adipose tissue) that is embedded with a complex
network of lobes/lobules that produce milk and ducts which transport it to the nipple. Mammary
lobes/lobules and ducts are lined by a basal layer of myoepithelial cells that deposit fibronectin
and collagen to maintain the integrity of the basement membrane and a surface layer of luminal
epithelial cells that sit beneath these cells. Breast cancers are defined as carcinomas because they
originate from these luminal epithelial cells within the duct or lobe (Molyneux et al. 2010; Shehata
et al. 2012). Histopathological characterization of breast tumors can be broadly classified into in
situ carcinoma and invasive (infiltrating) carcinoma (Figure 2). Invasive carcinoma makes up (70-
80%) of breast tumors and includes seven subtypes: tubular, ductal lobular, invasive lobular,
infiltrating ductal (well-differentiated), infiltrating ductal (poorly-differentiated), mucinous and
medullary. Breast carcinoma in situ is further sub-classified as either ductal or lobular, where
growth patterns and cytological features form the basis to distinguish between the two types.
Ductal carcinoma in situ (DCIS) consists of a heterogeneous group of tumors and is far more
common than lobular (LCIS) carcinoma in situ. DCIS has traditionally been further sub-classified
based on architectural features, using histology, which gives rise to five well recognized subtypes:
comedo, cribiform, micropapillary, papillary and solid. However, newer molecular markers have
proven to have greater prognostic significance. In light of surgical advances leading to breast-
conserving therapy, it has become necessary to more accurately stratify patients based on relative
risk of recurrence or progression. These demands have led to the generation of several newer
classification systems that incorporate molecular markers such as ER, PR, ErbB2 (Her2) and p53.

(Malhotra et al. 2010)
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Histological classification of breast cancers
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Figure 2 - Breast Cancer Histology. Obtained from (Malhotra et al. 2010).

Histological classification of breast cancer subtypes based on architectural features and growth

patterns that is currently used by clinicians and which categorizes the heterogeneity found in breast

cancer. HPF: high power field.

Immunohistochemistry is also used to divide breast cancers based on receptor tyrosine

kinase and hormone receptor expression within the tumor tissue and correlates well with gene

expression profiling. The level of immunohistochemical staining for the estrogen receptor (ER),

progesterone receptor (PR) and HER2 is calculated from patient samples and divided into 3 groups.
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Those that are ER positive, PR positive and HER2 positive/negative are defined as luminal breast
cancer and most closely resemble the luminal A and B subsets. ER negative, PR negative, but
HER?2 positive patient samples largely fall into the HER2 positive molecular subtype, making up
15-20% of breast tumors and are characterized by HER2 gene amplification, lack of ER expression
and reduced survival (Slamon et al. 1987b). The lack of expression of all three receptors is
classified as triple-negative breast cancer (TNBC), where the majority of breast tumors are
invasive ductal carcinoma and associate with poor outcome. ~75% of triple negative breast cancers
are classified as basal-like and the majority of these tumors possess mutations in p53 and are

characterized by increased incidence of germline BRCA1 mutations (Koboldt et al. 2012).

Targeted Therapy

A range of therapeutic options exist for breast cancer patients. The current standard of care
includes: surgery, radiation, hormone therapy, chemotherapy and targeted therapy. The estrogen
receptor acts as a major driver of breast tumorigenesis and is expressed in the majority of breast
cancers (75%) (Murphy and Dickler 2016). However, these cancers tend to be of lower grade with
a high survival rate, ten years following therapy due to a high response rate to hormone therapy
against the estrogen receptor (Tamoxifen). HER2 is the only other predictive marker that has been
shown to be highly effective in treating breast tumors possessing amplified or overexpressed HER2
using anti-HER2 antibodies (Trastuzumab/Herceptin) (Goldhirsch et al. 2009). In addition,
Lapatinib (a dual EGFR/HER?2 tyrosine kinase inhibitor) is used in patients with HER2 positive
metastatic breast cancer as the standard of care alongside conventional chemotherapy, like
paclitaxel (Geyer et al. 2006; Masoud and Pagés 2017). Despite these significant benefits,
however, resistance eventually develops in the majority of advanced cases (Geyer et al. 2006). A

common resistance mechanism (to hormone or RTK inhibition) involves activation of
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PI3K/Akt/mTOR signalling, as these pathways are engaged in the majority of breast cancers and
particularly in ER positive tumors downstream of IGF-1 or in those expressing high levels of
ErbB2 (Bahrami et al. 2018). One study indicates that PI3K pathway hyperactivation promotes
estrogen-independent ER transcriptional activation (Miller, Balko, and Arteaga 2011). A second
frequently observed mechanism involves Src activation and this has been suggested to be
responsible for the resistance of HER2 positive breast cancer and to drive anti-estrogen tumor
growth (Jin et al. 2017; Larsen et al. 2015). In contrast, systemic chemotherapy remains the
standard of care in the TNBC subtype. Therefore, research aimed at identifying targetable
molecular drivers in this class, as well as work aimed at overcoming therapeutic resistance and

methods to effectively eradicate tumors at the secondary site are all critical research priorities.

Molecular Subtypes

As outlined above, treatment options have certainly improved through the development of
therapies targeting the ER or HER2, but they are not effective against all subtypes. Breast cancer
is a heterogeneous disease that can be divided into at least 6 intrinsic molecular subtypes based on
gene expression profiling that correlate with patient outcome (Dai et al. 2015; Sorlie et al. 2001).
These include: Luminal A, luminal B, HER2, basal-like, claudin-low and normal-like subtypes
(Perou et al. 2000; Prat and Perou 2011). The advantages of this intrinsic classification system lies
in the fact that the differences seen in gene expression between tumors also reflects the
fundamental differences at the molecular level, as these molecular subtypes persist even in
independent data sets (Sorlie et al. 2003).

Breast tumors that are ER positive based on molecular profiling mostly fall into the luminal
A (good outcome) or luminal B (intermediate prognosis) subtypes and constitute approximately

60% of breast cancer patients. Luminal A tumors are characterized by mutations in GATA3,
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PIK3CA and MAP3K1 (Koboldt et al. 2012). However, a significant portion of Luminal B tumors
express HER2 in addition to possessing a high number of DNA copy number changes and a higher
proliferative index (Koboldt et al. 2012). The remaining subtypes are ER negative and are
associated with poor prognosis, resistance to chemotherapy and a higher proliferative index (Ki67)
(Balko et al. 2012). The human epidermal growth factor receptor 2 (HER2) subtype is defined by
the absence of ER expression, amplification and overexpression of HER2, as well as 9 other genes
within an amplicon contained on chromosome 17q21. Basal-like breast cancer is characterized by
the absence or low levels of ER, very low levels of HER2, in addition to the expression of genes
characteristic of myoepithelial and basal epithelial cells within a normal mammary duct (Abd El-
Rehim et al. 2004; Finak et al. 2006).

Gene expression profiles of morphologically normal epithelial and stromal tissue revealed
standard clinical characteristics, but did cluster ER/PR/HER2 negative breast cancers with basal-
like subtype expression profiles with poor prognosis (Finak et al. 2006). The “claudin-low”
subtype is defined by low expression of adherens and tight junctional proteins, lack of cell polarity
and was discovered in 5-10% of breast cancer patients (Prat 2011). These “claudin-low” tumors
are enriched in the basal subtype, correlate with poor prognosis and are characterized by both
elevated stem cell properties and induction of an epithelial-mesenchymal-transition (EMT) (Taube
et al. 2010). The final breast cancer subtype is characterized by the expression of genes most
closely resembling the normal breast epithelium, known as normal-like (Prat et al. 2010). Gene
expression profiling can also be used to predict those at an elevated risk of recurrence that would
benefit from adjuvant therapy, as genetic profiling outperforms even the best histological

prognostic factors such as lymph node status (van ’t Veer et al. 2002). More recently, a PAMS50
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assay was developed based on the expression of 50 genes designed to classify single samples into

each of the five intrinsic subtypes (Bernard et al. 2009).
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Figure 3 - Molecular subtypes of breast cancer and their characteristics. Obtained from
(Malhotra et al. 2010).
Classification of the intrinsic molecular subtypes of breast cancer identified by microarray analysis

of gene expression data from patient tumor specimens.

More recent studies have further classified breast cancers into various clusters or subtypes
based on gene expression profiling. TNBC is a heterogeneous group of tumours and further
classification is crucial to tailor patient treatment. Cluster analysis has identified 6 TNBC subtypes
displaying unique expression profiles, including: 2 basal-like (BL1 and BL2), an
immunomodulatory (IM), a mesenchymal (M), a mesenchymal stem—like (MSL), and a luminal
androgen receptor (LAR) subtype (Lehmann et al. 2011). Mesenchymal-like TNBC subtypes were
found to be sensitive to BCR/ABL/Src inhibition (Dasatinib) and mTOR blockade (NVP-

BEZ235). In contrast, LAR tumors are effectively inhibited by HSP-90 inhibition (17-DMAG).
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Hence, identifying predicted “driver” signaling pathways is a worthy approach to identify
pharmacologically relevant targets.

10 clusters were identified that correlated to a degree with hormone and growth factor
receptor expression (Dawson et al. 2013). Integrative cluster 1 is characterized by high
proliferating ER positive tumours/luminal B tumors and high genomic instability. Integrative
cluster 2 is comprised of ER positive tumours of both luminal A and luminal B subtypes and
remarkably is associated with the worst prognosis of all ER positive tumours with a 10-year
disease-specific survival rate of only 50%. This cluster shows a characteristic ‘firestorm’ pattern
due to the amplification of 11q13/14 and associated genomic instability. Integrative cluster 3 is
composed primarily of luminal A cases with a good prognosis and is enriched for invasive lobular
and tubular carcinomas. Clinically, this is significant, as patients from this cluster could potentially
be spared systemic chemotherapy. Integrative cluster 4 is a unique cluster incorporating tumors
from a mixture of subtypes including ER positive/negative and TNBC. These tumors possess low
levels of genomic instability. Integrative cluster 5 encompasses the ErbB2 amplified ER
positive/negative cancers and this group demonstrated the worst disease-specific survival at 10
years of around 45% (Before the widespread use of Herceptin). Integrative cluster 6 represents a
distinct subgroup of ER positive tumours, comprising both luminal A and luminal B cases that
have amplified the 8p12 amplicon that contains ZNF703, which is associated with invasiveness
and increased stem-cell features. Clinically, this cluster shows an intermediate prognosis and a 10-
year disease-specific survival of around 60%. Integrative cluster 7 is comprised predominately of
ER positive luminal A tumours with a good prognosis and the highest levels of MAP3K1 and
CTCF mutations. Furthermore, tumours within integrative cluster 8 demonstrate high levels of

PIK3CA, GATA3 and MAP2K4 mutations. Integrative cluster 9 is another mostly Luminal B
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cluster group that shows an intermediate prognosis with a high proportion of deletions of
PPP2R2A, a phosphatase that functions as a tumor suppressor. Finally, integrative cluster 10
incorporates mostly triple negative tumours from the core basal-like intrinsic subtype with the
highest rates of TP53 mutations despite displaying only intermediate levels of genomic instability
and are enriched in DNA damage repair and apoptosis genes. These tumors often present in young
women and have the worst survival rates for the first five years, after which prognosis is good.
Incorporating molecular information from genomic, transcriptomic and proteomic profiling along
with tumour-specific information determined by histopathology will allow for improved subtype-

specific diagnostic, prognostic and predictive tests.

Tumor morphology

Morphological tumour differentiation (graded on three features: degree of tubule
formation, variation in shape and size of nuclei and mitotic rate, with a score of 1-3 for each feature
that is summed to determine the overall grade of 1, 2 or 3) provides a good prediction of prognosis
in breast cancer. In the Nottingham/Tenovus study, patients with well differentiated tumours have
a significantly better survival rate than those with poorly differentiated tumours (Elston 1984). It
was also discovered that tumor grade forms an important prognostic index together with tumour
size and lymph node stage and that these factors should be used to stratify patients for appropriate
therapy (Elston 1984). Tumor grade; HER2, ER, and PR status; and multigene panel (such as

Oncotype DX) status were recently incorporated into the ACJC guidelines (Giuliano et al. 2017).

Stages of breast cancer
Staging describes or classifies a cancer based on the amount of cancer present in the body

in addition to where it was when first diagnosed. The most common staging system for breast
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cancer is the anatomic TNM system. It provides quantitative classification categories for the
primary tumor (T), regional lymph nodes (N), and distant metastases (M), which are combined to
determine an overall stage group. Historically, the TNM anatomic stage groups have been
associated with outcome measures, including overall survival (OS) and disease-free survival
(Giuliano et al. 2017). Numerically, non-invasive or in situ breast cancer is defined as stage 0,
when the tumor remains in the duct or lobule. Stages 1A, 1B and 2A defines early stage breast
cancer, tumors smaller than Scm or those that have not spread to more than 3 lymph nodes. Locally
advanced breast cancer (includes inflammatory breast cancer) defines tumors larger than Scm that
have started to spread to adjacent tissues or to more than 3 lymph nodes and it includes the stages
2B, 3A, 3B and 3C. Metastatic breast cancer refers to stage 4 tumors that have disseminated to

other organs (Giuliano et al. 2017).

RTK Signalling

Fifty-eight receptor tyrosine kinases (RTKs) are encoded within the human genome,
belonging to 20 subfamilies as defined by genetic phylogeny (Lemmon and Schlessinger 2010).
Some are expressed ubiquitously, such as IGF-IR due to its anti-apoptosis function, while others
vary like EGFR (Bhargava et al. 2005). The flow of molecular information through normal and
oncogenic signaling pathways frequently depends on protein phosphorylation, mediated by
specific kinases (Tony Pawson and Kofler 2009). Receptor tyrosine kinases (RTKs) are a subclass
of cell-surface growth-factor receptors with an intrinsic, ligand-controlled tyrosine-kinase activity
(Gschwind, Fischer, and Ullrich 2004). Ligand-mediated activation of RTKs results in hetero- or
homo-dimerization of tyrosine kinases followed by trans-phosphorylation of both the receptor
catalytic domain and noncatalytic regions of the cytoplasmic domain, including: HER2, FGFR,

TrkA, insulin and KIT (Lemmon and Schlessinger 2010; Tony Pawson 2002). Catalytic domain
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phosphorylation can lead to activation and potentiation (autophosphorylation) of kinase activity in
most RTKs (EGFR and Ret are exceptions) (Lemmon and Schlessinger 2010).

Noncatalytic domain phosphorylation creates docking sites for downstream cytoplasmic
targets, such as SH2 and PTB (phosphotyrosine binding) domains, which bind to specific receptor
phosphotyrosine residues. In addition, SH3 domains recognize protein-rich motifs. Domains that
recognize phosphoserine and phosphothreonine sequences have also been identified, indicating
that phosphorylation of serine and threonine also plays a role in mediating protein-protein
interactions. Other domains show specificity for non-protein molecules. PH domains recognize
specific membrane-associated phosphoinositides, allowing juxtaposition of a signalling protein
alongside both the receptor and additional downstream intracellular targets. Downstream
signalling pathways are constructed in a modular fashion. The arrangement and re-arrangement of
various combinations of modular domains in different signaling proteins (combinatorial use) has
allowed for the creation of complex signaling networks and pathways. In addition to performing
catalytic functions, signaling proteins serve as scaffolds for the assembly of multiprotein signaling
complexes, as adaptors, as transcription factors and as signal pathway regulators (Tony Pawson

2002).

RTKSs as Molecular Drivers of Breast Cancer

The epidermal growth factor RTK family consists of four members: EGFR (ErbBl,
HER1), ErbB2 (HER2, neu in rodents), ErbB3 (HER3) and ErbB4 (HER4) (Wieduwilt and
Moasser 2008). These structurally related receptors are single chain transmembrane glycoproteins
consisting of an extracellular ligand-binding ectodomain, a transmembrane domain, a short
juxtamembrane section, a tyrosine kinase domain and a tyrosine-containing C-terminal tail. ErbB2

is frequently amplified in breast cancer (Slamon et al. 1987a, 1989). ErbB3 is the preferred binding
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partner for HER2/ErbB2 and is frequently overexpressed in HER2 positive tumors (Siegel et al.
1999; Wallasch et al. 1995). ErbB3 strongly activates downstream PI3K signalling, despite
possessing weak intrinsic kinase activity, by heterodimerizing with other ErbB family members
(Balko et al. 2012). Intriguingly, ErbB3 levels are highest in the luminal mammary epithelium and
loss of ErbB3 in epithelial cells leads to the expression of a mammary basal stem cell signature
(Balko et al. 2012).

In contrast, basal/triple-negative breast cancers (TNBCs) variably express both luminal and
basal markers, including: cytokeratins CK5/6, CK14 and are characterized by heterogeneous
expression of a number of RTKs capable of propagating tumor proliferation and survival,
including: Met, EGFR, Focal adhesion kinase (FAK), Lyn and Src (Abd El-Rehim et al. 2004;
Hochgrife et al. 2010; Taylor-Papadimitriou et al. 1989). The lack of a singular driver in basal
breast cancer has hindered efforts to develop a targeted therapy. For example, while
overexpression of Met alone is sufficient to recapitulate the disease in a subset of animal models
based on gene expression profiling, a significant number of tumors stratify to the luminal subtype
(Ponzo et al. 2009). Furthermore, a clinical trial using Tivantinib to effectively block Met
signalling was only effective in 5% of TNBC patients for a duration of 6 months, demonstrating
the breadth and redundancy of the RTK kinome in basal breast cancer (Tolaney et al. 2015). In
breast cancer cells, several clusters of RTKs from the same class occurred and correlated with
resistance, including: an EGFR/FGFR1/c-Met class, an IGF-1R/NTRK2 class and a PDGFRb
class. Intriguingly, abundance of an RTK or ligand of one class generally did not affect sensitivity
to a drug targeting an RTK of a different class. Hence, classifying RTKs by their networks and
then targeting multiple receptors within a class may reduce or prevent the onset of resistance

(Wagner, Wolf-yadlin, and Macbeath 2013).
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ShcA adaptor proteins

Src homology and collagen domain (Shc) adaptor proteins are best characterized as
mediators of growth factor signalling, especially in the MAPK and PI3K/Akt cascades downstream
of RTKSs during development/tumorigenesis and are highly conserved across species (Luschnig et
al. 2000; Josie Ursini-Siegel et al. 2008). The ShcA adaptor protein family consists of four genes:
ShcA, SheB, SheC and SheD (N. Jones et al. 2007; G Pelicci et al. 1996; Giuliana Pelicci et al.
1992). While ShcA is ubiquitously expressed in mammalian cells, ShcB and ShcC are largely
limited to neuronal cells, while SheD is expressed both in brain and skeletal muscle (N. Jones et
al. 2007). Indeed, loss of ShcA expression is embryonic lethal at day 11.5 playing a key role in
RTK signalling during heart development and vasculogenesis (Lai and Pawson 2000).

Focusing on the ShcA allele, it encodes three proteins that originate through alternative
promoter usage (p66) or alternate translation initiation (p46, p52) (Giuliana Pelicci et al. 1992;
Ventura 2002). ShcA adaptor proteins possess two phospho-tyrosine binding motifs; an amino
terminal PTB domain that functions to bind a number of RTKSs at the plasma membrane, including
EGFR, HER2 and integrins, a carboxy terminal SH2 domain capable of binding Src, FAK, Lyn
and cytoplasmic proteins. ShcA also possesses a proline-rich CHI domain which contains key
tyrosine phosphorylation sites that transduce mitogenic signalling (Y239, Y240 and Y317) (Peter
van der Geer et al. 1995; Migliaccio et al. 1997; Giuliana Pelicci et al. 1992; Ravichandran et al.
1997; Josie Ursini-Siegel and Muller 2008a). p66ShcA, the longest isoform, is unique in that it
primarily mediates an oxidative stress response and is only expressed in certain cell types. For
clarity, the focus of this review will first characterize p46/p52 related functions before

distinguishing aspects specific to p66ShcA.
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PTB domain of ShcA

The PTB domain of ShcA is essential for binding of phospholipids, membrane localization
and association with membrane-bound RTKs. Indeed, 5% of endogenous Shc proteins are
localized to the plasma membrane even in unstimulated cells (Ravichandran et al. 1997). The PTB
domain is capable of binding to activated receptors, through arginine 175 (R175), by recognizing
phospho-tyrosine motifs possessing the NPXpY target sequence (P van der Geer et al. 1996; M.
M. Zhou et al. 1995). Consistent with these findings, ShcA is able to bind PI(4,5)P2, PI4P and
PI1(3,4,5)P3 at the cell membrane via the PTB domain (Rameh et al. 1997; M. M. Zhou et al.

1995).

CH1 domain of ShcA

In response to ligand binding and RTK activation, such as EGFR, ShcA is phosphorylated
at Y239/240 or Y317 within the CH1 domain. Grb2 is recruited to p-Tyr motifs within the CH1
domain, where it can then recruit the GTP exchange factor, SOS, to activate RAS/MAPK
signalling. In contrast, when GAB is recruited to Grb2 bound to ShcA, this activates the PI3K/Akt
cascade (Wills and Jones 2012). A fraction of ShcA proteins remain phosphorylated even at low
levels of EGF stimulation and EGFR receptor density, indicating the importance of these adaptor
proteins in mediating basal levels of tyrosine dependent cell signalling through different protein-
protein interactions (Soler et al. 1994). While EGF stimulation leads to phosphorylation of both
the p46 and p52 isoforms of ShcA, insulin stimulation preferentially phosphorylates p52 ShcA
(Okada, Yamauchi, and Pessin 1995). ShcA also organizes cytoskeletal rearrangement in response
to integrin signaling (Lai and Pawson 2000). Serine/Threonine phosphorylation also plays an
important role in regulating ShcA signalling, phosphorylation of serine29 on ShcA promotes

binding of the negative regulator PTP-PEST to dampen downstream signalling (Faisal et al. 2002).
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SH2 domain of ShcA

SH2 domains recognize short motifs containing phospho-tyrosine residues followed by
three-five COOH terminal residues, such as those on activated receptor tyrosine kinases (T.
Pawson 1997). In response to ligand binding and tyrosine phosphorylation of the Met receptor by
HGF, ShcA binds to Met through its SH2 domain. HGF stimulation leads to RAS pathway
activation through Grb2. In this context, Shc overexpression leads to enhanced cell growth and
migration upon HGF stimulation, outlining a role for Shc downstream of HGF in both the
mitogenic and motogenic response (Giuliana Pelicci et al. 1995). The SH2 domain of ShcA is also
key in recruitment and binding to CD3 of the T cell receptor and the platelet derived growth factor
receptor (PDGFR) (Gelderloos et al. 1998; Ravichandran et al. 1993). ShcA proteins mediate cell
survival and cell cycle progression in response to adhesion molecules, including binding classes
of integrins through the PTB and the CHI domain. In response to mitogens, recruitment and
binding of ShcA to integrins is sufficient to promote MAPK pathway activation, transcription
through the FOS response element and G1 transit. In the absence of Shc, mitogen stimulation and

adhesion led to cell cycle arrest and apoptosis (Wary et al. 1996).
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Figure 4 - ShcA Structure and Domains.
ShcA isoforms possesses 3-4 domains, including: CH2 domain at the N-terminus with a

phosphorylatable serine (S36) residue (p66ShcA isoform specific), PTB domain, CH1 domain
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with 3 phosphorylatable tyrosines (Y239/240 and Y317) and a C-terminal SH2 domain. Figure

obtained from (Galimov 2010).

Functional role of ShcA Signaling in Breast Cancer

The ShcA adaptor protein relays extracellular signals from receptor tyrosine kinases
(RTK), inducing cell proliferation, survival, invasion, angiogenesis and immune suppression
during mammary tumorigenesis (Ahn et al. 2017; Im et al. 2015; Saucier et al. 2004; Josie Ursini-
Siegel et al. 2010; Josie Ursini-Siegel and Muller 2008a). In fact, ShcA signalling is so crucial
downstream of the ErbB2 receptor, that ablation of ShcA virtually prevents transformation and
metastasis in transgenic mouse models of ErbB2-driven breast cancer (Josie Ursini-Siegel et al.
2008; Webster et al. 1998). Y239/240 and Y313, within the CH1 domain, were shown to have
important and non-redundant roles in tumor initiation and progression, primarily in controlling cell
survival (Y313) or regulating angiogenesis (Y239/240) in luminal breast cancer models at steady
state levels in the tumor (Josie Ursini-Siegel et al. 2008). Indeed, ShcA was found to interact with
Grb2 and Src in a distinct and major signalling subnetwork that defined the human interactome of
breast cancer patients and predicted patient outcome (Taylor et al. 2009). Hence, cell signalling

downstream of ShcA acts as a molecular driver in breast cancer.

PTB domain of ShcA in breast cancer

The ShcA PTB domain has been shown to be crucial for mediating ErbB2-dependent tumor
initiation (Webster et al. 1998). Intriguingly, breast cancer cells deficient in phosphotyrosine-
dependent RTK signaling (PTB-R175Q mutants) exhibit delayed tumor initiation, but increased
tumor outgrowth in vivo (Ahn et al. 2013). These effects were found to be largely dependent on

increased integrin signaling and fibronectin production, leading to elevated VEGF production and
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increased angiogenesis. Collectively, these results suggest that the strength of PTB-dependent
ShcA signaling must be tightly regulated to promote tumorigenesis. Indeed, phosphatases have
been shown to act as negative regulators SHIP2 and PTP-PEST act as negative regulators of ShcA
and others by dephosphorylating phospho-tyrosine dependent signalling and leading to signal
termination. Indeed, the PTB domain has been shown to be controlled by negative regulators
involved in signal termination both through the phospho-tyrosine binding pocket (SHIP2 and PTP-
PEST) and through phospho-tyrosine independent mechanisms (PTPepsilon, ERK) (Davidson and

Veillette 2001; Faisal et al. 2002)(Kraut-Cohen, Muller, and Elson 2008).

CH1 domain of ShcA in breast cancer

P-Tyr signalling downstream of ShcA is important in a number of cellular processes. The
CHI domain regulates mitogenic and apoptotic RTK cues in cancer through phosphorylation of
Y239/240 and Y317 to promote cell survival through recruitment of a Grb2/GAB complex that
activates PI3K/Akt signalling or a Grb2/SOS avenue to potentiate MAPK signalling and to
promote cell proliferation (Josie Ursini-Siegel et al. 2008). In addition, ShcA has been shown to
mediate resistance to chemotherapy in HER2 positive luminal breast cancer through the P-Tyr
motifs (Lucs, Muller, and Muthuswamy 2010). ShcA potentiates immune suppression through
simultaneous inhibition of STATI1 anti-tumor immunity and augmentation of STAT3
immunosuppressive signaling via P-Tyr motifs within the CHI domain (Ahn et al. 2017).
Intriguingly, ShcA is required for enhanced motility and invasion through the ErbB2 receptor in
response to TGF-B stimulation and this mechanism necessitates the 3 tyrosine phosphorylation
sites within the CH1 domain of ShcA to alter the cytoskeletal architecture through Racl (Northey

et al. 2008).

40



SH2 domain of ShcA in breast cancer

Using ErbB2-driven transgenic mouse models of breast cancer, the SH2 domain was shown
to control breast tumor outgrowth, survival and the development of lung metastases via enhanced
14-3-3/PI3K/Akt signalling (J. Ursini-Siegel et al. 2012). PTB-independent ShcA pools require a
functional SH2 domain, but not the tyrosine phosphorylation sites to promote mammary
tumorigenesis to activate multiple Src family kinases (SFK), including Src and Fyn, in ErbB2-
positive breast cancers (Ha et al. 2018). Intriguingly, SFK inhibition overcomes ErbB2-dependent
and independent tumor progression that requires ShcA signalling and provides a potential

therapeutic strategy to overcome responsiveness to RTK inhibitors (Ha et al. 2018).

p66ShcA signalling

The longest isoform, p66ShcA, is characterized by a unique CH2 domain and cytochrome
c-binding domain located at the N-terminal region that are associated with the induction of
oxidative stress (Migliaccio et al. 1999). Within the CH2 domain are two serine residues S36 and
S54, that are important for mitochondrial localization and protein stability, respectively (Mains,
Sulston, and Wood 2006). Under stress conditions, p66ShcA is phosphorylated on S36 by PKC or
JNK1/2 within the CH2 domain, which allows prolyl isomerase 1 (PIN1) to bind and induce a
conformational change that results in p66ShcA dimerization and its mitochondrial import (Clark
et al. 2007; Khalid et al. 2016; Migliaccio et al. 1999). p66ShcA undergoes a second
conformational change within the mitochondria, in response to oxidizing conditions and disulphide
bond formation at Cys59, which allows it to catalyze the transfer of electrons from cytochrome c
to molecular oxygen (Gertz et al. 2008). This leads to the production of H>O> which opens the
permeability transition pore, stimulates organelle swelling and cytochrome c release. Once in the

cytosol, cytochrome ¢ can activate caspases and promote activation of the apoptosome (Giorgio et
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al. 2005b). Indeed, p66ShcA-deficient mice display increased resistance to oxidative stress and a
30% increase in lifespan (Migliaccio et al. 1999). However, some clinical cancer studies associate
elevated p66ShcA with good prognosis (Davol et al. 2003; Frackelton et al. 2006), while others
link high p66ShcA levels with increased severity and recurrence of breast, colon and prostate
cancer (Grossman et al. 2007; Jackson et al. 2000; M.-S. Lee et al. 2004). Consequently, the role

of p66ShcA during breast cancer progression is conflicting and poorly understood.

Anti-Tumorigenic properties of p66ShcA

p66ShcA signalling in normal cells
p66ShcA is tyrosine phosphorylated upon EGF stimulation and binds to activated EGFR

and Grb2, but does not induce transformation of fibroblasts unlike p46 and p52 (Migliaccio et al.
1997). This is due to the fact that p66ShcA can recruit a Grb2/SOS complex, however the proline-
rich CH2 domain of p66ShcA displaces SOS and prevents downstream signalling.
Phosphorylation of S36 on p66ShcA played a negative role in H2O»-induced ERK activation and
survival by reducing the expression of and formation of protein complexes with the p46 and p52
ShcA isoforms that reduced P-Tyr-dependent signalling (Mains, Sulston, and Wood 1990). Indeed,
p66ShcA functions to negatively regulate the formation of a signaling complex (SHPS-1/SHP-
2/Src/p52she) that is required for p52Shc activation in response to IGF-I, which leads to the
attenuation of cell proliferation and migration through MAPK signalling in untransformed cells
(Xi, Shen, and Clemmons 2008). A fraction of p66ShcA is localized to the mitochondrial
intermembrane space (Giorgio et al. 2005a). p66ShcA has even been shown to control the
oxidative stress response in early mammalian embryo development (Betts, Bain, and Madan 2014).
In macrophages, where NADPH-oxidase serves as the major source of ROS, knockout of the

p66shcA gene leads to a 40% decrease in ROS formation (Tomilov et al. 2010). Residues Q132—

42



Q133 and E132-E133, within the CH2 domain, were shown to be essential for the transfer of
electrons between cytochrome ¢ and complex 3 (G. Pelicci et al. 1992). Notably, overexpression

of p66ShcA in non-transformed cells induces anoikis through the PTB domain to control focal

adhesion formation (FAK) (Zhenyi; Ma et al. 2007).

p66ShcA signalling in cancer
In lung cancer, epigenetic silencing of p66ShcA lead to inhibition of anoikis and promoted

metastatic behaviour (X. Li et al. 2014). p66ShcA is also downregulated in highly aggressive lung
carcinoma cell lines (Zhenyi; Ma et al. 2007). Furthermore, loss of p66ShcA leads to unrestrained
hyperactivation of Ras thereby promoting RhoA activation, inhibiting Rac1 activity and inhibiting
apoptosis upon detachment from the ECM, an effect that at least partially depends on S54 and
promotes lung metastasis (Z. Ma et al. 2010; Mains, Sulston, and Wood 2006). Supporting these
findings, p66ShcA gene transcription is positively regulated by Nrf2 binding to the p66ShcA
promoter, but only occurs in cells lacking methylation at a consensus binding site. High NRF2 and
low p66ShcA correlate with increasing tumor grade and aggressiveness in lung cancer patients,
suggesting a link between chromatin state, ROS formation and antioxidant levels in lung cancer
progression (W. Du et al. 2013). Collectively, p66ShcA appears to possess anti-tumorigenic
properties by influencing cell proliferation, regulating apoptosis to control cell survival and
inducing anoikis to restrain metastatic progression. Racl was shown to govern p66ShcA protein
stability in a p38 MAPK dependent manner and through phosphorylation of S54 within the CH2

domain to induce ROS formation (Mains, Sulston, and Wood 2006).
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Figure 5 - Model of p66ShcA mediated response to oxidative stress. Obtained from (Giorgio
et al. 2005b).

Proapoptotic signals induce release of p66Shc from a putative inhibitory complex and lead to its
mitochondrial translocation. Active p66ShcA then oxidizes reduced cyt ¢ and catalyzes the
reduction of Oz to H20,. Opening of the permeability transition pore by H>O, then leads to swelling
and apoptosis. NADH-Cyt Bs reductase is indicated as additional putative source of reduced cyt ¢

(Bernardi and Azzone 1981).

Pro-Tumorigenic properties of p66ShcA in cancer

Some tumor cells are dependent on ROS for tumorigenicity and elevated ROS can promote
tumor aggressiveness (Weinberg et al. 2010). In this context, p66ShcA is upregulated by steroid
hormones in hormone-sensitive cancers and functions in a ROS-dependent fashion to promote
tumor growth and carcinogenesis (M.-S. Lee et al. 2004; Muniyan et al. 2015). In ovarian cancer
cells, whether induced or overexpressed, p66ShcA promotes ROS production, MAPK signalling
and cell proliferation (Muniyan et al., 2015). p66ShcA forms a trimeric complex with alpha-1-

syntrophin and Grb2, which can trigger cell proliferation and migration in breast cancer cell lines
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(Bhat et al., 2014). Hence, clearly establish a causal relationship between p66Shc protein levels
and cell proliferation. In other cancer types, including breast tumors p66ShcA appears to be
associated with heightened metastatic potential through increased invasiveness and motility, rather
than through MAPK activation (Arany et al. 2008; Jackson et al. 2000). In breast cancer p66ShcA
also displaced Sos! protein from Grb2 when SNTA1 was overexpressed with p66 to increase ROS
production and migratory potential (Bhat et al. 2014). ROS is also a well-characterized inducer of
an EMT, which is associated with increased invasiveness and poor prognosis (M. a Cichon and
Radisky 2014; Hur et al. 2013). p66ShcA was shown to play a role in VEGF signalling and
angiogenesis in endothelial cells (Oshikawa et al. 2012). Collectively these data suggest a role for
p66ShcA in tumor cell proliferation, angiogenesis or metastasis depending on the molecular and

cellular context.

Apoptosis

Transformed cells also develop mechanisms to circumvent programmed cell death or
apoptosis. The apoptotic machinery is activated through distinct pathways: the extrinsic pathway
and the intrinsic pathway, which consists of both upstream and downstream effectors (Hanahan &
Weinberg). Extrinsic cell death occurs through death receptor activation on the cell surface, by
ligands such as the TNF family, FASL and TRAIL. Ligand activation leads to the stimulation of
proteases known as caspases (Adams and Cory 2007). This mechanism occurs in response to
external physiological stress cues on the cell (UV, radiation, chemotherapy) and leads to the
activation of several executioner caspases, promotes cell disassembly and cell consumption
(Hanahan and Weinberg 2011). In contrast, the more ancient and evolutionary conserved intrinsic
cell death pathway occurs through the activation of various intracellular stress cues, including

oxidative stress, and in response to cytochrome c release within the mitochondria (Adams and
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Cory 2007). This pathway is also primarily regulated by the Bcl-2 family of apoptotic proteins
(Adams and Cory 2007). These pathways are largely independent from one another and
programmed cell death largely functions as a natural barrier to cancer development (Hanahan and

Weinberg 2011).

Reactive Oxygen Species

Reactive oxygen species (ROS) are radicals, ions or molecules that possess an unpaired
electron in their outermost shell, making them highly reactive (Liou and Storz 2010). There exists
two kinds of ROS: free oxygen radical (superoxide anion (Oy’), hydroxyl radical (OH") and non-
free radical (H,0O,) (Liou and Storz 2010). ROS are generated as normal by products of
mitochondrial oxidative phosphorylation to produce ATP for energy (Ray, Huang, and Tsuji 2012;
Huiqin Zhong and Yin 2015). The very nature of the alternating one-electron oxidation-reduction
reaction at a time predispose each electron carrier, within the electron transport chain, to side
reactions with molecular oxygen. This “leaky” transfer of electrons results in mitochondrial Oy
generation from approximately 1-2% of the total daily oxygen consumed (Cadenas, Davies, and
Adenas 2000). Cancer cells rely on the “Warburg Effect”, an increased emphasis on aerobic
glycolysis to fuel rapid growth and expansion whereby much of the carbon from glucose is spared
for biosynthesis, instead of diverting into the citric acid cycle, resulting in increased lactate
production. In order to maintain a rapid growth rate, glucose transporters are significantly
upregulated by cancer cells, including GLUT 1 and 3 compared to normal cells (DeBerardinis et
al. 2007). The generation of superoxide anion occurs at the cytosolic side of the inner
mitochondrial membrane (Han, Williams, and Cadenas 2001).

Normally, the electron transport chain (ETC) transfers electrons from NADH to generate

water molecules within the mitochondrial matrix at complex one and coenzyme Q (CoQ) facilitates
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electron transfer to produce H>0 and (O2"), but this also leads to (O2") release (Finkel 2011). Oy is
then converted to H,O» predominantly by superoxide dismutases (SOD) (Huiqin Zhong and Yin
2015). At complex 3, Coenzyme Q (CoQ) facilitates electron transfer and water and (O2") are
released into both the inner mitochondrial space and mitochondrial matrix, while cytochrome c
and p66ShcA regulate H202 production in the inner mitochondrial space (Giorgio et al. 2005b;
Muller, Liu, and Remmen 2004). NADPH oxidase is the main source of O,  within the cytosol and
was even found to have transforming properties (Suh et al. 1999). Low levels of lipid oxidation

radically increases the passive permeability of lipid bilayers (Runas and Malmstadt 2015).

ROS Production and RTK Signalling

Growth factors and cytokines, elevated metabolic activity, mitochondrial dysfunction (ETC
leakage), peroxisome activity, oncogene activity, increased cellular receptor signalling, production
by immune cells and oxidases, cyclooxygenases and lipoxygenases can all lead to ROS induction
(Liou and Storz 2010; Morgan and Liu 2011). EGF and PDGF signalling lead to the production of
H»0> (Furui 1995; Rhee et al. 1997), while FGF and TNFa have also been shown to induce ROS
formation (Lo and Cruz 1995). Critical cysteine thiol groups of target proteins exist as a thiolate
anion (S) and are readily oxidized by H20. (Wood, Poole, and Karplus 2003). Hence, RTKs
signalling can stimulate ROS formation and alter downstream protein signalling to modulate

various processes including cell proliferation (S. R. Lee et al. 2002).

Antioxidant Defence System
Elevated levels of reactive oxygen species are seen in cancer however, a concomitant increase in
antioxidant expression occurs to cope with elevated oxidative stress, suggesting a delicate balance

between tumor promoting and tumor suppressive ROS (Szatrowski & Nathan, 1991). Cellular
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redox status is maintained through both enzymatic and non-enzymatic antioxidant systems.
Enzymatic systems include catalase, superoxide dismutase (SOD), glutathione peroxidase (Gpx)
and peroxiredoxin (Prdx). SOD converts 0>™ to H20-, while catalase catalyzes the formation of H>0
from H>0,. Gpx converts H20, to H>0. In the process, glutathione (GSH) is converted to its oxidized
form, glutathione disulfide (GSSG) (Galadari et al. 2017). Glutathione (GSH) is the major non-
enzymatic anti-oxidant and is predominantly found in its reduced form and is distributed within
the cytosol, nucleus, endoplasmic reticulum and mitochondria (Muller, Liu, and Remmen 2004).
Other non-enzymatic sources include: vitamins A (retinoic acid), C (ascorbic acid), E (alpha-
tocopherol), folic acid, calcium, and multivitamins, which have been shown to reduce the risk of

cancer (Shannon 1997).

Oxidative Damage and Cancer

Moderate ROS levels can promote cell survival and proliferation by activating signalling
pathways that can contribute to tumor growth in stressful tumor microenvironments. However,
failure of ROS scavenging mechanisms, or antioxidant scarcity can result in severe damage of
biomolecules, even triggering cell death through excessive ROS accumulation (Bansal and Simon
2018). Hence, cancer cells must fine tune antioxidant levels to balance ROS and survive. Direct or
indirect-ROS-mediated damage can occur within nucleic acid, proteins and lipids and has been
implicated in carcinogenesis as well as diabetes, aging and neurodegeneration (Ray, Huang, and
Tsuji 2012). Indeed, DNA damage repair and metabolism are determinants of species longevity
(Siming Ma et al. 2016). One of the main targets of ROS in cancer is the membrane lipid bilayer
and one of the main products of lipid peroxidation is 4-hydroxynoneal (4-HNE) formation (Huiqin
Zhong and Yin 2015). However, there is increasing evidence that ROS does not contribute to

disease-state solely through damage to macromolecules. For example, ROS was shown to
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contribute to metastasis through gene activation (K. Ishikawa et al. 2008). Moreover, cancer cells
expressing mutated mitochondrial DNA (mtDNA) exhibited higher levels of ROS production
compared to cells without mutated mtDNA and elevated ROS lead to higher metastatic potential

in breast cancer cells expressing mutated mtDNA (K. Ishikawa et al. 2008).

Anoikis - Resisting Cell Death

Anoikis is a programmed cell death that is activated upon cell detachment from extracellular
matrix. Resisting anoikis is a critical mechanism in promoting adherent-independent cell growth
and attachment to an inappropriate matrix, which aids in the colonization of distant organs to
promote metastasis (Paoli, Giannoni, and Chiarugi 2013). Anchorage-independent growth and the
epithelial-mesenchymal transition are two features associated with anoikis resistance and are vital
steps during cancer progression (Frisch and Francis 1994; Kumar et al. 2011). Integrin signalling
through ovf3, owP1 and a1 integrins are all able to activate an anti-anoikis pathway by enhancing
anchorage independent growth (Brassard et al. 1999; Wary et al. 1996).

The initiation and execution of anoikis is mediated by different pathways, all of which
terminally converge into the activation of caspases and effectors to promote cell death (Paoli,
Giannoni, and Chiarugi 2013). Overall, the anoikis program is executed through the interplay of
the intrinsic and extrinsic pathways. The perturbation of the mitochondria (the intrinsic pathway)
or the triggering of cell surface death receptors (the extrinsic pathway). BCL-2 and their associated
family members fine tune the regulation of these apoptotic programs by providing pro-survival
(antiapoptotic) or death cues (Meredith, Fazeli, and Schwartz 1993).

Detached or migrating cancer cells can adopt different strategies to compensate the loss of
integrin signals and overcome anoikis. PI3K/Akt signalling is one of the most commonly activated

pathways as it provides the majority of survival cues for a cell via integrins and growth factors
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(Bacus et al. 2002; Garcia Pedrero et al. 2005; Kumar et al. 2011; Liu et al. 1998; Tanno,
Mitsuuchi, and Altomare 2001). Overexpression of ErbB2 also rescues ATP deficiency during cell
detachment from the ECM and promotes cell survival through PI3K activation (Schafer et al.
2009). Elevated levels of ROS occur during cell detachment from the ECM and antioxidants,
including superoxide dismutase and catalase, have been shown to increase cell viability during
anoikis (Davison et al. 2013). Multicellular aggregation during cell detachment has also been
shown to allow tumour cells to evade anoikis in an ErbB2 and E-cadherin dependent fashion

(Rayavarapu et al. 2015).

EMT

During embryogenesis and development cellular migration of different cell types to distant
sites allows for the formation of new organs. The epithelial-to-mesenchymal transition (EMT) is
a remodelling process that is tightly controlled by a number of master transcription factors and
facilitates the acquisition of migratory characteristics by reducing cell contacts and remodelling
the actin cytoskeleton (Grille et al. 2003). Upon successful migration, cells must differentiate to
generate additional epithelia and this is accomplished through a reverse EMT known as the
Mesenchymal-Epithelial-Transition (MET). There is also a need for the creation of supportive
mesenchymal cells within epithelial tissues during development and an EMT induces the
expression of mesenchymal markers vimentin and N-cadherin, while simultaneously reducing
epithelial marker expression, including: E-cadherin, claudins 3,4 and 7 (Herranz et al. 2008; K. Li
et al. 2009; Seftor et al. 2006). Normally specialized functions are only acquired through cellular
differentiation. Thus, reversible increases in cellular plasticity, through an EMT, allow committed
cells to acquire new functions in response to changing microenvironments (Grille et al. 2003;

Huber et al. 2004). Among the growth factors known to induce EMT are transforming growth
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factor B (TGFP), hepatocyte growth factor (HGF) and fibroblast growth factor (FGF), members
of the epidermal growth factor (EGF) family and insulin-like growth factor (IGF) (J. Kim et al.
2016; Lorenzatti et al. 2011; Savagner, Yamada, and Thiery 1997; Zavadil et al. 2004).

During cancer development, tumor cells hi-jack these developmental processes to promote
tumor initiation, growth and progression. EMT induction has been shown to increase the number
of CTCs, measured by vimentin expression of cells isolated from the blood (Satelli et al. 2017).
Indeed, the presence of circulating tumor cells, prior to treatment, predicts metastasis and poor
survival in breast cancer patients (Cristofanilli and Budd 2004). Evidence exists that cancer cells
are only fully permissive to induction of an EMT once specific oncogenic initiating events have
occurred. For example, transgenic mice deficient in p53-/- only display characteristics of an EMT

after activation of constitutive Met signaling (J. F. Knight et al. 2013).

Metastatic Cascade

There are several steps involved for successful metastasis to a distant secondary site,
termed the metastatic cascade (Chambers, Groom, and MacDonald 2002). Cancer cells must first
invade locally and gain access to the vasculature. Then they must survive in the circulation and
extravasate at secondary sites in order to form micrometastases. Only once overt macroscopic
metastases have formed, by reactivating survival and proliferation pathways, is the cascade

complete.

Migration and local invasion
There are several modes of migration undertaken by cancer cells to invade locally and enter
the circulation successfully and broadly can be divided into individual or collective invasion. Cell

migration involves the polarization of cells toward a leading edge at the invasive front and a
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lagging edge at the rear (Richardson and Lehmann 2010). Protusion and adhesion then occurs at
the leading edge while retraction happens at the rear. For collective invasion, mechanisms include:
multicellular streaming, collective cell invasion and tumor budding. Multicellular streaming is
dependent on tensile forces at the leading front to create microtracks that cells follow by deforming
and re-aligning the ECM into forms conducive for migration (Gjorevski et al. 2015). Hegerfeldt
(2002) showed that collective cell invasion was dependent on 1 integrin expression and clustering
at the leading edge in melanoma and collective invasion has also been shown to be important in
breast cancer (Patsialou et al. 2013). Finally, tumor budding involves the tumor mass extending
several finger-like multicellular projections at the invasive front, taking on both spindle-like and
rounded morphology and has been seen in breast, lung, colorectal and pancreatic cancer (Bronsert
et al. 2014). There is also plasticity that exists with collective cell invasion converting to single
cell modes, such as through induction of a full or partial EMT (Van Zijl, Krupitza, and Mikulits
2011).

The family of matrix metalloproteinases play a crucial role in degrading the extracellular
matrix and includes collagenases, gelatinases, stromelysins and membrane type MMPs (Itoh et
al. 1999). These proteins play important roles during development, involution, tissue repair and
display altered expression in cancer (Itoh et al. 1999; H. Zheng et al. 2006). Interactions with
the extracellular matrix (ECM) have been shown to control lung metastatic potential as Maric et
al. (2015) showed that asp:1 integrin expression can be regulated by GNMB, through FAK and
Src signaling, to increase adhesion and promote metastasis in HER2+ luminal breast cancer.
Moreover, expression of MMP-2 and MMP-9 (Gelatinase B) have been shown to be important

for growth, invasion, and metastasis in several cancers (Itoh et al. 1999; H. Zheng et al. 20006).

Angiogenesis in Metastasis
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By promoting angiogenesis, tumor cells are able to acquire sufficient nutrients to fuel their
metabolic requirements and expand in size. An additional benefit to the tumor is that the newly
formed vessels can provide an additional escape route to secondary sites. Indeed, GFP-tagged
metastatic cells were found to protrude toward blood vessels and migrate with a greater number of
host cells than non-metastatic cells (Wyckoff et al. 2000). Moreover, microvessel density
correlates with increasing grade and severity in breast cancer patients with invasive disease
(Weidner et al. 1991) Tumor cells sometimes gain access to the blood through the lymphatic
system and the angiogenic factor VEGF-D was shown to promote metastasis in this fashion

(Stacker et al. 2001).

Chemokines in metastasis

Various factors secreted by tumor cells and the surrounding stroma also modulate the tumor
microenvironment to promote metastasis. Chemokines are a superfamily of small cytokine-like
proteins that can drive the recruitment of cell types that promote tumor development and
metastasis, some of which are pro-inflammatory (Miiller et al. 2001). Indeed, altered expression
of alpha (CXC) and beta (CC) inflammatory chemokines regulates breast cancer cell migration
(Youngs et al. 1997). In addition to promoting directional migration, chemokines can induce focal
adhesion and cytoskeletal rearrangements in tumor cells helping tumor cells to reach distant organs
(Miiller et al. 2001). In fact, the chemokine receptors CXCR4 CCR7 and their respective ligands
CXCL12/SDF-1alpha and CCL21 were shown to regulate breast cancer metastasis by promoting
actin polymerization and pseudopod formation and were found at the highest levels in organs that
are first destinations from the breast (lymph nodes, lung, live and bone) (Miiller et al. 2001). In

addition to promoting directional migration, chemokines can induce focal adhesion and
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cytoskeletal rearrangements in tumor cells helping tumor cells to reach distant organs (Miiller et

al. 2001).

CTCs and survival in the circulation

Once in the circulation, tumor cells must evade apoptosis and reach the secondary site. One
mechanism involves the upregulation of periostin, which promotes cell survival by Akt under
stressful conditions, including: serum deprivation, hypoxia and anoikis and increased the
formation of micrometastases by prostate cancer cells in mice (Bao et al. 2004). Circulating tumor
cells (CTCs) were shown to upregulate genes involved in evading immune surveillance and a
subset possessed mutations in p53 and/or RAS that were not seen at the primary site (Steinert et
al. 2014). These results indicate avoiding immune detection and promoting survival cues are likely
key factors for navigating the circulatory system in vivo. Entry into the circulation can occur very
early on as CTC’s can be identified from the blood while only benign lesions are present in patient

biopsies from the primary site (Franken et al. 2012).

Extravasation

Another important component in extravasation is platelet activation at the secondary site.
Reduction of the number of circulating platelet cells significantly reduced the lung metastatic
potential in mice (Gasic, Gasic, and Stewart 1968). Platelets appear to contribute to metastases by
their adhesive interaction with tumor cells via the adhesive proteins fibronectin and von
Willebrand factor in pulmonary metastasis of melanoma cells (Karpatkin et al. 1988). The ability
of tumor cells to generate 12(S)-HETE is positively correlated to their metastatic potential (Honn
et al. 1994). Enhanced tumor cell adhesion was blocked by treating endothelial cells with

antibodies against the alpha v beta 3 complex (Gasic, Gasic, and Stewart 1968).
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Colonization

In order to successfully colonize secondary organs, tumor cells must extravasate from the
circulation and adhesion plays a prominent role. Several processes are activated during cell
detachment in addition to anoikis, including survival proteins and remodelling of the actin-
cytoskeleton (Buchheit, Weigel, and Schafer 2014). Focal adhesion formation promotes cell
survival and proliferation through activation of signalling cascades like MAPK, PI3K or stress
kinase JNK and this is dependent on the type of integrin implicated like ahphas,beta; (Buchheit,
Weigel, and Schafer 2014). Paxillin acts to modulate the formation of focal adhesions and stress
fibers by binding alpha-integrins which allows for the binding and activation of FAK (Buchheit,
Weigel, and Schafer 2014). The loss of E-cadherin during induction of an EMT is a common
method for resisting anoikis (Kumar et al. 2011). Furthermore, primary tumor-derived exosome
release from tumor cells facilitates cellular adhesion in recipient CTCs and promotes metastasis
(Fu et al. 2018). Indeed, exosome cargo was shown to contain molecules that enhanced SMAD3
signalling through increased production of ROS (Fu et al. 2018). Recently, strategies aimed at
preventing metastasis through adhesion blocked have been tested for effectiveness as anti-
metastatic therapy. In ER negative/CD44 positive breast cancer, E-selectin preferentially promoted
shear-resistant adhesion and transendothelial migration and a single intravenous injection of an E-
selectin targeted aptamer (ESTA) reduced metastasis to a baseline level in both syngeneic and
xenogeneic forced breast cancer metastasis models without relocating the site of metastasis (Kang
et al. 2015). Indeed, inhibition of cellular adhesion by CTCs at the secondary site using dual-
antibody coated nanomaterial significantly inhibited metastasis of colon cancer cells (Margueron

et al. 2009).
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The Tumor Microenvironment and the Pre-metastatic niche

Stephen Paget proposed in 1892 that particular cancer cells ( the “seed”) have a propensity to target
specific organs at distant sites (“soil”’) and that this is dependent on crosstalk between the tumor
and the microenvironment of secondary organs (Fidler 2003). The main barrier to treatment of
patients with metastatic disease is due to the heterogeneity that exists between primary and
secondary tumors that leads to resistance to treatment. The microenvironment plays a large role in
shaping the response to systemic therapies. Indeed, leukocyte complexity has been shown to
predict breast cancer survival and regulate the response to chemotherapy (DeNardo et al. 2011).
The composition of stromal and immune cells within the local tumor microenvironment dictates
whether a permissive or suppressive metastatic niche develops. Inflammatory conditions can be
driven by oncogenes and are often responsible for activating key inflammatory transcription
factors such as NF-KB, STAT-3 and HIF1-alpha. Activation of these master regulators promotes
chemokine and cytokine release from tumours to modulate and recruit inflammatory and stromal
cells within the tumor microenvironment (Mantovani et al. 2008). Recently, it was shown that lung
and liver metastases from the breast are enriched in immune infiltrates, including: T cells,
neutrophils and myeloid-derived cells (Tabaries et al. 2015). Organotropism was shown to be
dependent on metabolic reprogramming, where 4T1 liver cells (that also possess high levels of
immune infiltrates) display reduced mitochondrial metabolism compared to lung metastatic
variants that are highly reliant on oxidative phosphorylation (Dupuy et al. 2015). Tumor cells have
been shown to secrete microRNAs in order to reduce glucose uptake in neighboring stromal cells
at the metastatic niche and thereby prime the microenvironment (increase glucose availability for
the tumor cells) for tumor colonization (Fong et al. 2015). Tumors can also secrete exosomes to

promote crosstalk at the primary site in order to promote metastasis (Luga et al. 2012).
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ROS, antioxidants and metastasis

Research shows ROS levels are altered during metastasis and that ROS is produced from both
cancer cells and the surrounding inflammatory stroma (Babior, Kipnes, and Cumvu 1973;
Szatrowski and Nathan 1991). ROS are mainly derived from oxygen consuming reactions within
peroxisomes, the endoplasmic reticulum and the mitochondria. While it is known that aerobic
glycolysis influences metastatic progression, more recently, a pro-metastatic role for the
mitochondria was established through ETC inhibition (Pelicano, Carney, and Huang 2004).
Consequently, antioxidants to reduce oxidative stress levels have been proposed as a potential
therapeutic strategy. Indeed, Piskounova et al. (2015) showed that metastasizing melanoma cells
increase their antioxidant defenses upon loss of contact with the extracellular matrix of the
basement membrane. Moreover, Le Gal et al. (2015) found that antioxidant supplementation
promoted proliferation, survival and metastatic spread by increasing the ratio between reduced
(GSH) and oxidized (GSSG) GSH/GSSG, suggesting combined therapies inhibiting both the
antioxidant response and promoting oxidative stress to be the most effective. However, these
findings are in contrast to several studies indicating inhibition of mitochondrial-derived ROS as
an effective means of reducing metastasis (Goh et al. 2011; Porporato et al. 2014). One potential
explanation for this discrepancy is that antioxidant supplementation must effectively target
mitochondrial-derived ROS to be an effective therapeutic strategy. Furthermore, clinical trials
using various antioxidant compounds have failed to consistently show clinical efficacy. Hence,
further studies are required to overcome the complexity in identifying the ideal context for using
anti-oxidant supplementation as a beneficial treatment. One potential mechanism is that
intermediate levels of ROS fuel pro-metastatic signalling, but high levels are required to induce

sufficient cellular damage to activate cell death pathways. Indeed, chemotherapy has been shown
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to lead to high levels of free radicals and promotes DNA damage (Pelicano, Carney, and Huang
2004). An increased reliance on oxidative stress signalling suggests tumor cells must upregulate
their antioxidant capacity to maintain oxidative stress levels at a tolerable level. In terms of
receptor status and organ specific metastasis, one study found bone metastases to correlate with
ER positivity and high ROS levels while the presence of lung metastases correlated with ER
negativity and high levels of antioxidant expression (H. M. Kim, Jung, and Koo 2014). Stromal
GST expression was also found to be higher in liver and bone metastases while Catalase was lower

in bone metastases (H. M. Kim, Jung, and Koo 2014).

Epigenetics and Cancer

Traditionally cancer was thought to be a genetic disease. The discovery that chromatin
modifications, methylation of DNA and RNA-dependent regulation often precede the
accumulation of genetic abnormalities and nuclear reprogramming of tumor cells has furthered our
understanding of the onset and development of carcinogenesis and the molecular pathways that
regulate it (Kelly and Issa 2016). The field of epigenetics was coined to bridge developmental
biology and genetics; to explain the phenomenology of undifferentiated embryos developing into
adult organisms. Hence, “epigenetics” is broadly defined as the “unfolding of the genetic program
for development” (Holliday 2006). The best characterized epigenetic marker is DNA methylation;
when a methyl group is covalently added to a cytosine residue that precedes guanine by a DNA
methylase at the 5’ regulatory end of genes. The consequences of DNA methylation in cancer were
found to include hypomethylated or hypermethylated regions of the genome (Feinberg and
Vogelstein 1983; Sakai et al. 1991). These hypo and hypermethylated regions occur in CpG islands
and lead to the activation of oncogenes and inactivation of tumor suppressors respectively to

promote the development of cancer (Flavahan et al. 2016; Sakai et al. 1991). DNA
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hypomethylation is commonly seen in cancer and recently has become a therapeutic target of
interest given its influence on tumor progression and metastasis (Stefanska et al. 2014).

It is now known that alterations to histone structure regulate DNA hypermethylation and
these interactions occur in complicated chromatin networks (Flavahan et al. 2016). Lysine
acetylation is associated with transcriptional activation (Hebbes, Thorne, and Crane-Robinson
1988). In contrast, lysine methylation promotes transcriptional activation or repression depending
upon which residue is modified and the degree of methylation (Liang et al. 2004). Common histone
modifications that occur in cancer include: H3K4me3, H3K9Ac and H3K27Ac near the
transcription start site that correlate with low levels of DNA methylation and open, actively
transcribed chromatin (Liang et al. 2004; Sharma, Kelly, and Jones 2009). In contrast, H3K9me3
and H3K27me3 are repressive chromatin marks and the two main mechanisms associated with
gene silencing in mammalian cells (Hon et al. 2012; Margueron et al. 2009). The polycomb
repressive complex consisting of PRC1 and PRC2 control methylation of H3K27 (Lund, Lohuizen,
and M 2004). G9a has been shown to regulate methylation of H3K9 and regulates p16 gene
silencing along with DNA methylation (Kondo et al. 2007). In contrast, HAT’s p300 and CBP
maintain active chromatin (Lund, Lohuizen, and M 2004). Finally, during replication most
histones are assembled into nucleosomes to package genomic DNA. However, at particular regions

of chromosomes several variant histones are deposited independently of replication.

The zinc finger CCCTC-binding factor (CTCF) functions as an epigenetic regulator of gene
transcription by preventing the spread of repressive heterochromatin at promoter elements
(Witcher and Emerson 2009a). Basal breast tumors exhibit genomic instability, which activates

poly(ADP-ribose) polymerase (PARP). In turn, PARP catalyzes the post-translational addition of
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poly-ADP ribose (PAR) units onto proteins involved in DNA damage repair, which increases their
function (Smith D.C, Simon M., Alldredge A.L. 1992). PARP-dependent parylation of CTCF is
required for CTCF to bind DNA (Witcher and Emerson 2009a). Loss of CTCF at a domain
boundary permits a constitutive enhancer to interact aberrantly and activate PDGFRA expression
and promotes tumor cell proliferation (Fang et al. 2011a). This work demonstrates the link between
tumor progression and chromatin boundaries. Collectively, epigenetic regulation of gene
expression has been shown to correlate with aggressiveness and cellular plasticity in various

cancers, including breast tumors.

Epigenetic Regulation of p66ShcA

While the p46 and p52 isoforms are expressed ubiquitously in breast cancer cell lines and primary
tumors, p66 levels are variable (Stevenson and Frackelton 1998). This is in agreement with
published work indicating p66ShcA is regulated at the epigenetic level through promoter
methylation and deacetylation (Ventura 2002). Intriguingly, endothelial cell exposure to LDL was
shown to induce p66 expression through a mechanism dependent on the DNA methyltransferases
DNMT1 and DNMT3b (Y.-R. Kim et al. 2012). Indeed, homocysteine was shown to epigenetically
regulate p66 expression by controlling methylation of CpG dinucleotides 6 and 7 (CpG6,7) within
the p66 promoter (C. S. Kim et al. 2011). Sirtuinl, a class 3 histone deacetylase, has also been
shown to epigenetically regulate the p66 promoter through modifications on histone 3 (S. Zhou et

al. 2011). In lung cancer, ChIP analyses for histone marks in the p665"

promoter region indicated
epigenetic silencing of p66 as revealed through decreased association of activating histones
(H3K9Ac, H3K4me?2, and H3K4me3) and enrichment of repressing histones (H3K9me2) in SCLC

cells. Moreover, occupancy of this region was controlled by the lymphocyte lineage-restricted

transcription factor, Aiolos (X. Li et al. 2014). Our work focused on identifying mechanisms
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regulating p66ShcA expression in breast cancer cell lines and in vivo selected metastatic variants.
Functionally, we tested whether p66ShcA is pro or anti-tumorigenic in breast cancer depending on

the redox status.
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2.1 Preface

This chapter explores the concept of tumor plasticity or reversible programming of cell
state through induction of EMT in breast cancer. Breast cancers are a heterogenous mixture of
genetically distinct tumor cells and adjacent stromal cells that make up the tumor
microenvironment. Combined, tumor heterogeneity and tumor plasticity influence progression and
therapeutic responsiveness. This study outlines p66ShcA dependent mechanisms that contribute
to these aspects both within and across molecular subtypes of breast cancer. In addition, prior to
this study, the role of p66ShcA in cancer was conflicting with some studies linking p66ShcA to
pro-tumorigenic functions and reduced survival, while others suggesting p66ShcA was anti-
tumorigenic and correlated with improved patient outcome. Moreover, p66ShcA to date, has been
best characterized as a redox protein that contributes to aging, cardiovascular disease, cancer and
other chronic diseases. Notably, we were the first to examine the in vivo role of p66ShcA in breast
cancer. This work outlines p66ShcA as a novel inducer of an EMT through Met receptor tyrosine
kinase signalling, a promoter of cell plasticity in ErbB2+ luminal breast cancer, a biomarker of
mesenchymal tumors across molecular subtypes and a suppressor of primary tumor growth all of

which correlate with serine36 phosphorylation and elevated ROS formation in vitro and in vivo.
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2.2 Abstract

Breast cancers are stratified into distinct subtypes, which influence therapeutic
responsiveness and patient outcome. Patients with luminal breast cancers are often associated with
a better prognosis relative to that with other subtypes. However, subsets of patients with luminal
disease remain at increased risk of cancer-related death. A critical process that increases the
malignant potential of breast cancers is the epithelial-to-mesenchymal transition (EMT). The
p66ShcA adaptor protein stimulates the formation of reactive oxygen species in response to stress
stimuli. In this paper, we report a novel role for p66ShcA in inducing an EMT in HER2+ luminal
breast cancers. p66ShcA increases the migratory properties of breast cancer cells and enhances
signaling downstream of the Met receptor tyrosine kinase in these tumors. Moreover, Met
activation is required for a p66ShcA-induced EMT in luminal breast cancer cells. Finally, elevated
p66ShcA levels are associated with the acquisition of an EMT in primary breast cancers spanning
all molecular subtypes, including luminal tumors. This is of high clinical relevance, as the luminal
and HER2 subtypes together comprise 80% of all newly diagnosed breast cancers. This study
identifies p66ShcA as one of the first prognostic biomarkers for the identification of more

aggressive tumors with mesenchymal properties, regardless of molecular subtype.
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2.3 Introduction

Breast cancer is classified into distinct molecular subtypes, which include basal and
claudin-low (both typically ER-PR-HER2-), luminal A/B (ER+), and HER2+ cancers (1, 2).
Luminal A tumors are generally associated with a more favorable outcome, while luminal B,
HER2+, basal, and claudin-low tumors predict a worse prognosis. Breast cancers are often
classified based on expression of markers that define distinct cell types within a mammary duct.
Luminal epithelial cells express cytokeratin 8/18 (CK8/18), along with adherens (E-cadherin) and
tight junctional (ZO-1 and claudin) proteins. Myoepithelial cells, which are cytokeratin 14 and
smooth muscle actin (SMA) positive, provide structural support to the luminal epithelial layer.
Luminal and HER2+ breast cancers retain CK8/18 and E-cadherin expression (3), while basal
breast cancers often coexpress CK14 and SMA (4). Molecular profiling studies have shown that
triple-negative breast cancers stratify into basal and claudin-low subtypes. This is also reflected in
cultivated breast cancer cell lines, which cluster into basal A (basal) and basal B (claudin-low)
subgroups by gene expression profiling (5). Basal A tumors coexpress luminal (CK8/18) and
myoepithelial (CK14 and SMA) markers. Basal B tumors, also referred to as claudin-low,
uniformly lack luminal epithelial markers but express mesenchymal markers that are indicative of
an epithelial-to-mesenchymal transition (EMT) (6, 7).

During an EMT, epithelial cells acquire mesenchymal properties, including loss of cell
polarity and cell-cell contacts, which augment their migratory properties (8). The EMT process is
governed by a network of transcription factors, including Snaill/2, Zeb1/2, and Twist1/2, which
coordinately repress E-cadherin and increase the expression of mesenchymal markers to impart a
more spindle-like and migratory phenotype. Elevated levels of these transcription factors are

associated with increased recurrence and poor disease-free and overall survival in breast cancer
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patients (8). Claudin-low tumors, representing 5 to 8% of all breast cancers, have undergone a full
EMT (6, 7). However, several studies have unequivocally demonstrated that some breast cancers
express EMT-like genes (vimentin, N-cadherin, Snail/2, Zeb1/2, and Twistl/2 genes) irrespective
of E-cadherin levels (9—11). This suggests that many breast cancers can acquire mesenchymal
characteristics without the obligate loss of epithelial features. This partial transdifferentiation of
breast tumors within other molecular subtypes increases their plasticity by promoting many
prometastatic properties that are associated with an EMT (8).

The ShcA gene encodes three proteins that are produced through differential promoter
usage (p66) or alternate translation initiation (p46 and p52) (12, 13). While the p46/52ShcA
isoforms are ubiquitously expressed, p66ShcA levels are highly variable in cancer cells (14). The
p46/52ShcA isoforms transduce mitogenic signals by recruiting Grb2/SOS and Grb2/Gab
complexes to activate the extracellular signal-regulated kinase (ERK) and AKT pathways,
respectively (15, 16). Paradoxically, while p66ShcA is tyrosine phosphorylated and binds Grb2, it
neither has transforming properties nor activates ERK (12). p66ShcA contains a unique N-terminal
domain, including a serine residue (S36) that is phosphorylated in response to stress stimuli (17,
18). Binding of Pinl to pSer36 of p66ShcA induces its translocation into the inner mitochondrial
matrix (19, 20), where p66ShcA promotes the formation of reactive oxygen species (ROS) (21).
While it is well established that the p46/52ShcA isoforms are critical for breast cancer progression
(22-25), the biological significance of p66ShcA during this process is poorly understood. We
provide the first experimental evidence that p66ShcA is a major driver of breast cancer plasticity,

both in vitro and in vivo, by inducing an epithelial-to-mesenchymal transition.
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2.4 Material and Methods

Cell lines. MDA-MB-231 and BT474 cells were obtained from the ATCC. MDA-MB-231 cells
were cultured in 10% fetal bovine serum (FBS)-Dulbecco modified Eagle medium (DMEM),
while BT474 cells were cultured in 10% FBS-RPMI medium. The NIC tumor cell line was
established from a mouse mammary tumor virus (MMTV)/Neu-internal ribosome entry site
(IRES)-Cre (NIC) transgenic mouse mammary tumor (25) and maintained in 5% FBS-DMEM
supplemented with mammary epithelial growth supplement (Invitrogen). NIC cells were cultured
in 10% FBS-DMEM for 3 to 4 days prior to experimental analysis. A C-terminal, FLAG-tagged
mouse p66ShcA cDNA was subcloned into the Xhol/EcoRI sites of pMSCV-puro (Clontech) or
the Notl/EcoRI sites of pQXCIB-blast (Addgene) and used for the generation of stable cell lines.
MDA-MB-231 and NIC cells were transfected with the pMSCV-puro vector and maintained in 2
ug/ml of puromycin, while the BT474 cells were transfected with the pQXCIB/p66ShcA vector
and maintained in 10 ug/ml of blasticidin. Parental BT474 cells were employed as the negative
control.

Small interfering RNA (siRNA) studies. Cells were transfected with a pool of three DICER
substrate duplex siRNAs targeting mouse Met or with a universal scrambled control (Origene) as
described previously (22). Cells were also cultured in the presence of 1uM crizotinib (LC
Laboratories) or an equivalent volume of dimethyl sulfoxide (DMSO) for 4 days prior to cell lysis.
The medium was replenished, and fresh inhibitor was added on the second day.

In vivo studies. Tumor cells (1 x 10°) were injected into the fourth mammary gland of 6- to 8-
week-old female SCID-beige mice (Taconic). Following the first palpation, tumor volumes were

measured on a biweekly basis, as described previously (25). Animal studies were approved by the
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Animal Resources Centre at McGill University and complied with guidelines set by the Canadian
Council of Animal Care. Immunoblotting, ELISA, and qRT-PCR.

Immunoprecipitation experiments. 200ug quantities of cytoplasmic extracts were
immunoprecipitated with FLAG-specific antibodies (Sigma).

Immunoblotting. Immunoblots were performed as described previously (25) using the antibodies
listed in Table S1 in the supplemental material.

ELISA. Hepatocyte growth factor (HGF) enzyme-linked immunosorbent assay (ELISA) (R&D)
was performed on 50ug of whole-cell lysate.

RT-qPCR. For the reverse transcription-quantitative PCR (RT-qPCR) studies, total RNA was
isolated using RNeasy midi-kits (Qiagen) and cDNA was generated using Superscript II reverse
transcriptase (Invitrogen). Quantitative PCR was performed using the QuantiTect SYBR green
RT-PCR kit (Qiagen) with primers listed in Table S2 in the supplemental material. CSF1, CCL2,
CCLS5, MMP9, and tumor necrosis factor alpha (TNF-alpha) mRNA levels were measured using
TagMan probes (Invitrogen). Semiquantitative analysis of immunoblots was conducted using
Imagel software.

Immunohistochemistry. Inmunohistochemical and immunohistofluorescent staining of paraffin-
and OCT-embedded sections was performed as described previously (25). The antibodies are listed
in Table S1 in the supplemental material. Quantification of stained sections was performed using
Aperio Imagescope software. For the immunohistofluorescent images, the percent green and
percent red pixels were quantified using Imagel software. For ex vivo dihydroethidium (DHE)
staining, OCT-embedded sections were incubated with 2uM DHE (Invitrogen) and quantified by

ImagelJ software. Boyden chamber assays and scratch assays.
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Cell migration and invasion assays. Boyden chamber assays were performed as described
previously (26) using the following numbers of cells: NIC cells, 200,000; BT474 cells, 125,000;
and MDA-MB-231 cells, 100,000. For the scratch assays, cells were allowed to reach a monolayer
prior to initiation of the experiment. Wound closure was monitored for specific specific time
periods, and images were captured using a bright-field microscope.

Bioinformatics. Samples from the McGill Genome Quebec data set (n = 84) with matching RT-
qPCR-derived p66ShcA expression values were used. Samples were hybridized on GeneChip
Human Gene 1.0 ST arrays (Affymetrix) and normalized in R using the bioconductor RMA (27)
and hugenel0stv1cdf annotation packages. All patients were assigned a genomic subtype based
on genes in the PAMS50 centroids (28). We also employed publicly available level 1 Illumina HiSeq
RNA sequencing data from breast invasive carcinoma (TCGA) (29). Relative p66ShcA levels were
measured based on the read depth in the p66ShcA specific region (chrl, 154942676 to
154943043). Rsamtools was used to index downloaded bam files, extract reads, and calculate read
depth coverage (http://bioconductor.org/packages/release/bioc/html/Rsamtools.html). Tumors
were annotated by their PAMS0 subtype. Expression of EMT genes was investigated in level 3
TCGA microarray data where matching transcriptome sequencing (RNA-seq) data were available
(n = 660).

Statistical analysis. All statistical analysis was performed using a two-tailed Student t test with
the exception the data shown in Fig. 7F and G, which were evaluated using single-factor analysis
of variance (ANOVA), and Fig. 8A and G, which were determined using Fisher’s exact probability

test (2 X 2 contingency).
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2.5 Results
p66ShcA is enriched in claudin-low breast cancer cell lines

We sought to interrogate how p66ShcA expression is regulated in hu- man breast cancer
cell lines that resemble the luminal or basal subtypes (5). While p46/52ShcA is ubiquitously
expressed, p66ShcA is absent or weakly expressed in all luminal breast cancer cell lines examined
(Fig. 1A). Indeed, p66ShcA is also weakly ex- pressed in normal mouse mammary gland tissue
(Fig. 1B). In contrast, p66ShcA expression is aberrantly elevated in many hu- man basal breast
cancer cell lines and is particularly enriched within the claudin-low subtype (basal A, 2/5; basal B,
4/5) (Fig. 1A). We also examined the relationship between p66ShcA levels and expression of the
ErbB2, epidermal growth factor receptor (EGFR), and MET receptor tyrosine kinases in this panel
of hu- man breast cancer cell lines. We show that p66ShcA tends to be enriched in MET-positive
cell lines and is excluded from ErbB2-expressing cell lines, with a few exceptions for each receptor
tyrosine kinase. In contrast, we did not observe any association be- tween p66ShcA and EGFR
levels in any of the breast cancer cell lines that we studied (Fig. 1A). We extended our observations
and show that p66ShcA mRNA levels are also exceedingly low in luminal cell lines and highly
enriched in p66ShcA-positive basal breast cancer cell lines (Fig. 1C). Using a publicly available
data set (5), we show that p66ShcA protein levels are elevated in a larger panel of basal breast
cancer cell lines in which the highest p66ShcA levels are observed in the claudin-low subgroup
(Fig. 1D).
p66ShcA inhibits the growth of ErbB2+ luminal breast cancers in vivo

In general, p66ShcA is restricted from luminal breast cancer cell lines and enriched in those

resembling the claudin-low subtype. Moreover, p66ShcA and ErbB2 levels are inversely
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Figure 1: p66ShcA is enriched in basal breast cancer cell lines. (A) Immunoblot analysis of

whole cell lysates using ShcA, MET, EGFR, ErbB2 and Tubulin specific antibodies. Cells are
classified as luminal or basal (a/b) as described (5). (B) Immunoblot analysis of whole cell lysates
generated from mammary glands of three FVB female mice using ShcA and Tubulin-specific
antibodies. (C) Quantification of p66ShcA mRNA levels in the indicated cell lines by RT-qPCR
analysis. The data is normalized to GAPDH levels and is representative of three replicates. (D)
Semi-quantitative assessment of p66ShcA protein levels in breast cancer cells lines comprising the
luminal, basal A and B subtypes. The data is obtained from densitometric analysis of published
immunoblots (5) and is represented as the p66/p46 and 555 p66/52 ratio in luminal (n=19), basal
a (n=6) and basal b (n=7) cell lines = SEM (*p=0.036, 556 **p=0.034, ***p=0.002). (E) Semi-
quantitative assessment of the p66/ErbB2 ratio + SEM 557 (*p=0.001; **p<0.001).
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correlated in several, but not all, of the luminal breast cancer cell lines examined (Fig. 1A and E).
Therefore, we sought to define whether p66ShcA functionally alters ErbB2-driven mammary
tumorigenesis. We ectopically expressed p66ShcA in a cell line derived from ErbB2- driven
mammary tumors (NIC) (25), which retains a luminal phenotype (Fig. 2A) and expresses low
endogenous p66ShcA levels (Fig. 2B). Unsupervised hierarchical clustering analysis previously
revealed that MMTV/ErbB2 mouse mammary tumors most closely resemble human luminal breast
cancer (30).

We also overexpressed p66ShcA in MDA-MB-231 breast cancer cells, which are claudin
low and express moderate p66ShcA levels (Fig. 1A; see also Fig. S1A in the supplemental
material). We confirmed that p66ShcA is overexpressed in NIC and MDA-MB-231 cells (Fig. 2B;
see also Fig. S1B in the supplemental material) to levels that correspond to those observed in many
basal breast cancer cell lines (Fig. 1A and D). Overexpression of p66ShcA moderately decreased
the growth of NIC luminal tumors (Fig. 2C) but did not affect the growth of MDA-MB-231
claudin-low tumors in vivo (see Fig. S1C in the supplemental material). Despite this fact, both
NIC/p66ShcA and MDA-MB-231/p66ShcA tumors displayed elevated ROS production relative
to that of vector controls (VCs). These results suggest that claudin-low tumors, but not luminal
tumors, can adapt to elevated ROS levels induced by p66ShcA (Fig. 2D; see also Fig. S1D).
Consistently, NIC/p66ShcA tumors, but not MDA-MB-231/p66ShcA tumors, display increased
p38 mitogen-activated protein kinase (MAPK) activation (Fig. 2E; see also Fig. S1E).

Moreover, the reduced growth potential of NIC/p66ShcA tumors is associated with
impaired cell proliferation (Fig. 2F), while the proliferative indices of control and p66ShcA-
overexpressing MDA-MB-231 tumors were comparable (see Fig. S1F). Interestingly, however,

we also observe increased microvessel density in NIC/p66ShcA tumors but not in MDA-MB-231
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Figure 2: p66ShcA reduces the growth of ErbB2-positive luminal mammary tumors.

(A) Immunohistofluorescent staining of ErbB2-driven (NIC) tumors using Cytokeratin 8/18 (CKS)
and Vimentin-specific antibodies. (B) Immunoblot of vector control (VC) and p66ShcA
overexpressing NIC cell lysates using ShcA and Tubulin specific antibodies. (C) Mammary fat
pad injection of NIC-VC and NIC-p66ShcA cells (1 x 10°). The data is recorded as tumor volume
(mm3) £ SEM and is representative of 7 mice each. (D) Percentage of dihydroethidium (DHE)
positive cells present in cryosections from NIC-VC and NIC-p66ShcA mammary tumors. The data
is representative of 40-46 fields (20X) and 6 tumors per cell line and is shown as % DHE positive
cells/field of view + SEM. (E) Mammary tumors were probed with phospho-p38MAPK,
p38MAPK and Tubulin-specific antibodies. (F) Ki67 immunohistochemical staining of paraffin-
embedded sections from NIC-VC and NIC-p66ShcA mammary tumors. The data is representative
of 7 tumors each and is depicted as % Ki67 positive cells £+ SEM. (G) TUNEL staining of paraffin-
embedded sections from vector control and p66ShcA-expressing tumors. For each section, a
minimum of 20,000 nuclei were counted using Image Scope software. The data is presented as the
percentage TUNEL positive cells + SEM (n=7 tumors each).
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tumors relative to that in vector controls (see Fig. S2). Finally, p66ShcA overexpression does not
significantly alter the apoptotic potential of NIC or MDA-MB-231tumors relative to that of their
vector controls (Fig. 2G; see also Fig. S1G). These observations suggest that p66ShcA impairs the
in vivo growth potential of ErbB2-driven luminal breast cancers but does not appreciably alter the

growth of claudin-low tumors.

p66ShcA induces an EMT in ErbB2+ luminal breast cancers

Given that claudin-low tumors already possess mesenchymal features and endogenously
express p66ShcA, we examined whether p66ShcA overexpression increases the mesenchymal
properties of luminal breast tumors. Indeed, NIC/p66ShcA mammary tumors acquired a spindle-
like morphology (Fig. 3A) coincident with exceedingly low E-cadherin and high vimentin levels
relative to those in vector controls (Fig. 3B). Moreover, NIC/p66ShcA tumors significantly
upregulate EMT-promoting transcription factors (Slug, Twist1/2, and Zeb1/2) and display reduced
expression of genes encoding adherens and tight junction proteins (E-cadherin and claudin-3
[Cldn3], Cldn4, and Cldn7) (Fig. 3C). These data were confirmed by immunofluorescent staining,
which revealed NIC/VC tumors uniformly retain expression of luminal epithelial markers
(CK8/18) and display residual SMA and vimentin staining that is reflective of
fibroblast/myofibroblast infiltration. While small subsets of NIC/p66ShcA tumor cells retain
CKS8/18 positivity, a majority of them have lost their luminal characteristics and acquire expression
of basal/mesenchymal markers (SMA, vimentin, and CK14) (Fig. 3D). These data suggest that

p66ShcA induces an EMT in ErbB2-driven luminal breast cancers.
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Figure 3. p66ShcA induces an EMT in luminal mammary tumors.

(A) Hematoxylin and eosin (H&E)-stained sections from NIC/VC and NIC/p66ShcA mammary
tumors. Scale bars=40 um. (B) Immunoblot analysis of NIC/VC and NIC/p66ShcA tumor lysates
using E-cadherin-, vimentin-, and tubulin-specific antibodies. Lower-molecular-weight species in
the vimentin blot represent proteolytic fragments. (C) RT-qPCR analysis of RNA isolated from
NIC/VC or NIC/p66ShcA mammary tumors using primers specific for mesenchymal (Snaill/2,
Twistl/2, and Zeb1/2) and epithelial (E-cadherin/Cdhl and Cldn3/Cldn4/ Cldn7) markers. The
data are normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) levels + SEM (n=7
tumors each). (D) Paraffin-embedded sections from NIC/VC and NIC/p66ShcA mammary tumors
were subjected to immunohistofluorescent staining with CK8/18-specific antibodies (green) and
costained with vimentin-, CK14-, or SMA-specific antibodies (red). The data are representative of
results for seven tumors each. The following numbers of 20X fields were quantified: for VC, 141
(CKS8/vimentin), 140 (CK8/SMA), and 116 (CK8/CK14), and for p66ShcA, 151 (CK8/vimentin)
and 141 (CK8/SMA and CK8/CK14). The data are shown as mean percent positive staining per
field = SEM. Scale bars=40um
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We next examined whether p66ShcA functions in a cell-autonomous fashion to promote
an EMT using two ErbB2-positive luminal breast cancer cell lines (NIC and BT474). BT474 cells
express low levels of endogenous p66ShcA (Fig. 1A). Both NIC and BT474 cells are E-cadherin
positive, with little vimentin expression in vitro (Fig. 4A). However, p66ShcA overexpression is
sufficient to substantially increase vimentin levels in both NIC and BT474 cells (Fig. 4A), which
is associated with elevated p38MAPK activation (Fig. 4B), similar to what we observed in ErbB2-
positive mammary tumors (Fig. 2E). We next assessed the phosphorylation status of p66ShcA in
NIC and BT474 overexpressers to evaluate whether serine or tyrosine phosphorylation of this
adaptor protein is associated with its ability to endow breast tumor cells with mesenchymal
features. We demonstrate a significant, albeit variable, increase in p66ShcA Ser36 phosphorylation
in NIC and BT474 cells (Fig. 4C). In contrast, p66ShcA is only weakly phosphorylated on key
tyrosine residues within the CHI domain in NIC and BT474 cells relative to levels that are
achieved with the p46/52ShcA isoforms (Fig. 4D). These data suggest that the S36
phosphorylation site may contribute to a p66ShcA-induced EMT. To extend these observations,
we evaluated E-cadherin levels in control and p66ShcA expression luminal breast cancer cell lines
in vitro. Interestingly, E-cadherin levels do not vary appreciably between control and p66ShcA-
expressing cells (Fig. 4A), and the majority of NIC/p66ShcA and BT474/p66ShcA cells retain
both E-cadherin and vimentin expression in the same cell (see Fig. S3 in the supplemental
material). This contrasts with results of our in vivo studies, which demonstrate that CK8/18 and

vimentin are reciprocally regulated in NIC/p66ShcA luminal breast tumors (Fig. 3).
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Figure 4. p66ShcA is S36 phosphorylated and increases vimentin expression in ErbB2-driven
luminal breast cancer cell lines. (A) Total cell lysates were generated from control and p66ShcA-
expressing NIC and BT474 cells and subsequently probed with FLAG-, E-cadherin-, vimentin-,
and tubulin-specific antibodies. (B) Total cell lysates were generated from control and p66ShcA-
expressing NIC and BT474 cells and subsequently probed pp38 MAPK-, p38 MAPK-, pMET-,
and MET-specific antibodies. (C) FLAG immunoprecipitates from control and p66ShcA
overexpressing NIC and BT474 cells probed with pS36-p66ShcA- and ShcA-specific antibodies.
The positive control represents the NIC/FLAG-p66ShcA overexpressing cell line stimulated with
ImM H2O0O2 for 1h prior to cell lysis. (D) FLAG immunoprecipitates from control and p66ShcA-
overexpressing NIC and BT474 cells probed with pY239/240-ShcA- and ShcA-specific
antibodies. The positive control represents a breast cancer cell line stably overexpressing a FLAG-
tagged p46/42ShcA construct.



To interrogate the reproducibility of these findings in an independent model of ErbB2-
driven breast cancer, we injected parental and p66ShcA-overexpressing BT474 cells into the
mammary fat pads of immunodeficient mice. We also observed a significant growth inhibition in
BT474/p66ShcA tumors (see Fig. S4A), similar to what we observed with NIC cells (Fig. 2C).
How- ever, p66ShcA significantly increased vimentin expression in BT474 tumors in vivo without
a corresponding reduction in E- cadherin levels (see Fig. S4B and C). Taken together, these data
suggest that p66ShcA primarily functions to increase breast cancer plasticity by stimulating the
expression of mesenchymal genes in luminal breast cancer cells. However, p66ShcA expression
is not necessarily sufficient to correspondingly inhibit the expression of luminal markers, such as
E-cadherin. Thus, we conclude that p66ShcA primarily induces a partial EMT in luminal breast
cancers and that its ability to induce a full EMT in vivo requires integration of additional signaling
pathways derived from the mammary tumor itself or from cells within the stromal
microenvironment.

It is well established that an EMT increases the migratory properties of cancer cells. We
next employed both Boyden chamber and scratch assays to examine whether a p66ShcA-induced
EMT in ErbB2+ luminal breast cancers renders them more motile in vitro (8). We show that
NIC/p66ShcA and BT474/p66ShcA cells displayed a 2.5-fold increase in their migratory
properties relative to those of their respective controls (Fig. SA and B). Moreover, NIC/p66ShcA
cells displayed a comparable increase in their invasive properties (Fig. 5A). The inability of
p66ShcA to increase the invasive properties of BT474 cells (Fig. 5B) may reflect differences in
expression of matrix-degrading proteases between NIC and BT474 cells. Despite this fact, we did

observe a robust increase in p66ShcA-induced cell migration in both cell types.
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(A-C) Control and p66ShcA-expressing NIC (A), BT474 (B), and MDA-MB-231 (C) cells were
screened by Boyden chamber assays to assess cell migration and invasion. The data are
representative of results for 8 inserts from two independent experiments (NIC migration, P<0.001;
NIC invasion, P=0.004; and BT474 migration, P<0.001). For the MDA-MB-231 cells, the data
represents the averages for 6 inserts from one experiment.
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We further validated these observations using an in vitro scratch assay. Despite the fact
that p66ShcA significantly inhibited the growth potential of NIC cells in vitro, it stimulated a 2-
fold increase in cell migration in a scratch assay (see Fig. S5A to C in the supplemental material).
By the same token, p66ShcA did not significantly impact the proliferative ability of BT474 cells
but accelerated wound closure (>4-fold) in a scratch assay (see Fig. S5C to E). In contrast,
p66ShcA overexpression had no appreciable effect on the migratory or invasive characteristics of
MDA-MB-231 cells, which are claudin low (Fig. 5C). These data demonstrate that p66ShcA
augments the migratory properties of luminal breast cancers but may not be required in breast
cancer cells that have already undergone a stable EMT. Interestingly, these observations contrast
recent studies which showed a role for p66ShcA in impairing leukocyte migration and chemotaxis
by inhibiting actin polymerization and its subsequent disassembly, coincident with reduced Vav
phosphorylation (31, 32). This suggests either that p66ShcA exerts differential effects on the actin
cytoskeleton in epithelial cells or that the ability of p66ShcA to increase the migratory properties

of breast cancer cells is secondary to its ability to induce an EMT.

p66ShcA relies on increased Met signaling to induce an EMT in ErbB2+ luminal breast
cancers.

Oxidative stress induces an EMT (33), and p66ShcA stimulates ROS production in
response to stress stimuli (21). Indeed, p66ShcA overexpression increases ROS production (Fig.
2D) and the acquisition of an EMT phenotype in luminal breast tumors (Fig. 3). One mechanism
by which ROS stimulates an EMT is via activation of the NF-KB pathway (34). Thus, we examined
whether p66ShcA overexpression was associated with elevated NF-KB signaling in luminal breast

cancer cells. Under steady-state conditions, phospho-NF-KB levels are comparable in control and
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p66ShcA-expressing NIC and BT474 cells (see Fig. S6A) in the supplemental material. However,
p66ShcA could potentiate NF-KB signaling in mammary tumors in vivo, given their exposure to
a plethora of stress stimuli. Indeed, NIC/p66ShcA mammary tumors significantly and uniformly
increase NF-KB signaling (see Fig. S6B), coincident with elevated expression of NF-KB target
genes that confer a tumorigenic and angiogenic phenotype (see Fig. S6C). In contrast, NF-KB
signaling is not appreciably altered in control and p66ShcA-expressing BT474 tumors (see Fig.
S3C). These observations demonstrate that p66ShcA expression is not necessarily sufficient to
increase NF-KB signaling in mammary tumors in vivo but rather may rely on collaborative
stromally derived signals to activate this pathway.

The transforming growth factor B (TGF-8) pathway is another key promoter of an EMT in
ErbB2-driven breast cancer cells (26, 35). However, the degree of activation of canonical TGF-
3/SMAD signaling in NIC/VC mammary tumors is comparable to that in NIC/p66ShcA mammary
tumors (Fig. 6A and B). Another critical inducer of an EMT is the Met receptor tyrosine kinase
(36). Transgenic mouse models have demonstrated that Met overexpression in the mammary
epithelium synergizes with p53 deficiency to induce the formation of mammary tumors resembling
the claudin-low subtype (37).

We show that p66ShcA and Met are coordinately regulated in several, but not all, human
claudin-low breast cancer cell lines examined (Fig. 1A) and that both NIC/p66ShcA and BT474/
p66ShcA breast cancer cells activate Met in vitro (Fig. 4B). Moreover, both NIC/p66ShcA and
BT474/p66ShcA tumors with mesenchymal properties demonstrate increased Met activation (Fig.
6A and B; see also Fig. S4B in the supplemental material), which coincides with elevated HGF
(the Met ligand) production from p66ShcA-overexpressing mammary tumors in vivo (Fig. 6C).

Thus, p66ShcA overexpression increases Met signaling in luminal breast cancer cells, both in vitro
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Figure 6. p66ShcA activated Met signaling increases vimentin expression in luminal breast
cancer cells. (A) Immunoblot analysis of NIC/VC and NIC/p66ShcA tumor lysates using
pSMAD2/3-, SMAD2/3-, pMET, MET-, and tubulin-specific antibodies. (B) Quantification of the
relative ratios of pSMAD2/3 to SMAD2/3 and pMET to MET in the mammary tumor lysates
shown in panel A. (C) HGF ELISA of NIC/VC and NIC/p66ShcA tumor lysates (n=7 tumors
each). (D) Immunoblot analysis of tumor lysates from MMTV/NIC, MMTV/Met;Cre;p53*'*, and
MMTV/Met;Cre;p53"* transgenic mice using ShcA- and tubulin- specific antibodies. (E)
Immunoblot analysis of whole-cell lysates from NIC/VC and NIC/p66ShcA breast cancer cells
transfected with scrambled or Met-specific siRNAs using pMET-, E-cadherin-, vimentin-, and
tubulin-specific antibodies. (F) Quantification of relative MET (*, P = 0.018; **, P == (0.005) and
vimentin levels (normalized to tubulin levels) in NIC/VC and NIC/p66ShcA cells transfected with
scrambled and Met-specific siRNAs as outlined for panel E. The data are representative of results
from four independent experiments. (G) Immunoblot analysis of whole-cell lysates from NIC-
p66ShcA breast cancer cells treated with 1uM crizotinib or DMSO control over a 4-day period.
(H) Quantification of the pMET/MET ratio (*, P =0.04; **, P =0.008) and relative vimentin levels
(normalized to tubulin levels) in NIC/VC and NIC/p66ShcA cells treated with DMSO or crizotinib
as outlined for panel G. The data are representative of results from four independent experiments.
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and in vivo. Finally, we examined whether p66ShcA expression is differentially regulated in
transgenic mouse models of breast cancer. These include ErbB2-driven (NIC) tumors, resembling
the luminal sub- type (25), and Met/p53** tumors, which give rise to tumors that coexpress luminal
and basal markers but do not acquire a mesenchymal phenotype (38). In contrast, Met-driven, p53-
deficient tumors lose their epithelial characteristics and undergo a stable EMT (37). We
demonstrate that p66ShcA is absent from NIC and Met/p53** tumors but is upregulated in Met-
driven models of claudin-low breast cancer (Fig. 6D). Combined, these data suggest that p66ShcA
and Met are coordinately regulated in mammary tumors with mesenchymal properties.

Finally, we evaluated whether reduced Met expression or signaling impacted a p66ShcA-
induced EMT. Using Met-specific siRNAs, we were able to achieve a >4-fold reduction in Met
levels in control and p66ShcA-expressing NIC cells. While vimentin levels were low and unaltered
in NIC/VC control cells, reduced Met expression resulted in a 3-fold decrease in vimentin
expression in NIC/ p66ShcA cells (Fig. 6E and F). To substantiate these findings, we also
employed crizotinib, a pharmacological Met inhibitor, and show a 2-fold reduction in Met
phosphorylation in both control and p66ShcA-expressing NIC cells. Again, crizotinib had no effect
on baseline vimentin levels in NIC cells but significantly attenuated (3.5-fold) vimentin expression
in NIC/p66ShcA expressors (Fig. 6G and H). Taken together, these data suggest that
p66ShcAacooperates with Met signaling to support a mesenchamal phenotype in breast cancer

cells
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Elevated p66ShcA levels are associated with an EMT phenotype in primary human breast
cancers.

The relationship between p66ShcA and an EMT cannot be interrogated by microarray data
given that the ShcA probes recognize all three isoforms. To circumvent this issue, we took a two-
pronged approach. First, we quantified p66ShcA mRNA levels from 84 primary breast tumors
(Genome Quebec) by RT-qPCR using primers specific to the CH2 domain (Fig. 7A) and generated
matching gene expression profiling data for each tumor. We also determined relative p66ShcA
levels in a publicly available RNA-seq data set (n = 660; TCGA) (29), including luminal A/B,
HER2+, and basal breast cancers. In both data sets, tumors were rank ordered based on p66ShcA
levels and stratified into two groups: p66ShcA-low (bottom 50%) and p66ShcA-high (top 50%)
(Fig. 7B). We show that increasing p66ShcA levels are associated with increased Met and HGF
levels, elevated expression of mesenchymal markers (vimentin, Snail/2, Zeb1/2, and Twist1/2),
and a reduction of several claudins (Cldn3, Cldn4, and Cldn7) across all breast cancer subtypes
(Fig. 7C and D). Interestingly, utilization of a ShcA probe spanning all three isoforms cannot
stratify breast tumors with increased mesenchymal features (Fig. 7E), suggesting that p66ShcA is
uniquely associated with the acquisition of EMT characteristics. Similar to observations made in
our preclinical models, we show that a corresponding increase in p66ShcA levels in primary breast
tumors 1is significantly associated with a robust increase in vimentin expression and has no
appreciable effect on E-cadherin levels (Fig. 7F). This is associated with a particularly robust

increase in Snail2, Zebl, and Zeb2 mRNA levels in p66ShcA-high mammary tumors (Fig. 7G).
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Figure 7. p66ShcA levels stratify primary breast tumors with an EMT phenotype
irrespective of molecular subtype. (A) Region within the CH2 domain used to interrogate
p66ShcA expression levels. (B) Relative p66ShcAmRNA levels were determined from 84 primary
breast cancers by RT-qPCR (Genome Quebec). We also screened p66ShcAmRNAlevels in 660
primary breast cancers by RNA-seq (TCGA). Tumors were stratified based on relative p66ShcA
expression levels (low, bottom 50%; high, top 50%). (C and D) Stratification of breast tumors
with the Genome Quebec (C) and TCGA (D) data sets based on increasing p66ShcA expression
levels. A similar analysis was performed across all subtypes within the Genome Quebec and
TCGA data sets. (E) Stratification of breast tumors within the TCGA data set based on increasing
ShcA levels using a probe that spans all three isoforms. A heat map depicting the relative
expression levels of luminal (green) and mesenchymal (red) genes is shown. (F) Relative E-
cadherin (CDHI1) and vimentin (VIM) expression levels in breast cancer patients from the TCGA
data set (n = 660). For each patient, fold change gene expression values were calculated by first
normalizing expression levels within a tumor to the average expression value across all tumors (n
= 660). Normalized expression values were then log2 transformed, and tumors were segregated
into quartiles based on relative p66ShcA levels over the entire cohort. (G) Relative SNAI1, SNAI2,
TWISTI1, TWIST2, ZEB1, and ZEB2 gene expression levels in breast tumors from the TCGA
data.
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We next interrogated whether p66ShcA expression is specific to particular breast cancer
subtypes. Surprisingly, p66ShcA is expressed in all breast cancer subtypes, including luminal A
tumors (Fig. 8A), which seemingly contradicts our observation in breast cancer cell lines (Fig.
1A). However, upon closer inspection, increased p66ShcA levels specifically within luminal A
breast cancers are associated with increased Met signaling (HGF and Met) and elevated expression
of mesenchymal markers (vimentin, Snail/2, Zeb1/2, and Twistl/2) concomitant with reduced
claudin levels (Cldn3, Cldn4, and Cldn7) (Fig. 8B). Indeed, high p66ShcA levels correl