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Abstract
The leading cause of death in breast cancer is metastatic burden. Classification of breast cancer cases by
molecular subtype reveals that those categorized as triple-negative (TNBC) and human epidermal growth
factor receptor 2 overexpressing (HER2+) exhibit more invasive phenotypes, higher rates of metastasis,
and worse survival. Tumour progression requires signaling via receptor tyrosine kinases epidermal growth
factor receptor (EGFR) and HER2, as well as invasion through the extracellular matrix (ECM) directed by
membrane-type 1 matrix metalloprotease (MT1-MMP). Coordinated endocytosis of these receptors is
essential for their cellular functions. Endophilin A2 (Endo II) is a Bin/Amphiphysin/Rvs (BAR) domain
protein involved in endocytosis. Studies have identified Endo II as a substrate of Src kinase involved in
establishing and maintaining a tumorigenic and metastatic phenotype in mice. However, the specific role
of Endo II in human breast cancer progression remains unclear. This thesis investigated the role of Endo II
in human TNBC and HER2+ cancer models. High Endo II expression was detected in TNBC and HER2+
subtypes, and was correlated with poor prognosis in human breast tumours. Stable knock-down (KD) of
Endo II in several human TNBC and HER2+ cell lines resulted in defects in internalization and signaling
by EGFR and HER2 in TNBC and HER2+ models, respectively. Cell migration and invasion in vitro were
also reduced upon Endo II KD. In TNBC cells, Endo II KD suppressed ECM degradation by invadopodia,
despite higher levels of MT1-MMP on the cell surface. Endo II KD also limited tumour growth and
metastasis in mammary orthotopic tumor xenograft models. Lastly, HER2 internalization and the
cytotoxicity of Trastuzumab and Trastuzumab Emtansine (T-DM1) were suppressed in Endo II KD HER2+
cells. These results identify Endo II as a positive regulator of both breast cancer metastasis, as well as the
cytotoxic response to antibody-based therapy. Overall, this thesis provides a foundation for refined
approaches to alter Endo II expression and function in high-risk patients, as a means to increase sensitivity
and mitigate resistance to targeted therapies.
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Chapter 1
Introduction
1.1 Cancer
With an estimated 78,800 deaths in 2016, cancer is the leading cause of death in
Canada (Canadian Cancer Statistics, 2016). This disease results from normal cells
accumulating a number of genetic mutations in their DNA. Although there is no specific
gene set or number of mutations that result in cancer, the biological processes affected by
such mutations are what ultimately determine disease progression (Hanahan & Weinberg,
2011; Kandoth et al, 2013). Manipulation of these processes can benefit any of the
hallmarks of cancer, including: continuous cell proliferation and immortality; inhibition of
intrinsic and immune-mediated growth suppression and death; induction of pro-tumour
inflammation and vasculature; promotion of energy production and unstable genetics, and
developing invasive and metastatic phenotypes (Figure 1.1A) (Hanahan & Weinberg,
2011). These alterations of normal cell biology allow the cancer to transform from benign
neoplastic disease to advanced metastatic malignancy, as it gradually overcomes the
obstacles presented by the complexity and multicellular nature of breast tissue and the
human body (Figure 1.1B).
Cancer is an intrinsically heterogeneous disease, and although the genetic
landscape of each patient is unique, some mutation events are more common than others.
Identifying these shared driver mutations is paramount to developing optimal therapies. A
better understanding of new and identified oncogenes and tumour suppressor genes has
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Figure 1.1 Biological characteristics of breast cancer metastasis
(A) The hallmarks of cancer, biological characteristics and processes required for evolution from
neoplasia to aggressive and metastatic cancers. Adapted from Hanahan and Weinberg (2011). (B)
The progression of metastatic breast cancer. Different tissues and cell types at the mammary gland
and beyond act as barriers that must be overcome by the cancer in order to successfully metastasize.
Starting at the primary tumour site, malignant cells must sustain proliferative and survival signals
as they acquire additional mutations. Local invasion through the surrounding stroma precedes
intravasation into vascular or lymphatic vessels, by which cells gain systemic access to distant
organs. Cells must then exit the circulation at a new site, where they will eventually resume their
growth programming. Adapted from Smith and Theodorescu (2009).
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been critical to the advancement of effective cancer therapeutics (Hainaut & Plymoth,
2013; Hanahan & Weinberg, 2011).
1.1.1 Breast Cancer and Subtypes
In 2016 an estimated 25,000 Canadian women were diagnosed with breast cancer,
making it the most frequently diagnosed type (Canadian Cancer Statistics, 2016). Nearly
5,000 women were estimated to die from breast cancer in 2016 (Canadian Cancer Statistics,
2016). Mammary glands undergo dramatic structural changes in various stages of life, at
which time their epithelial cells will often undergo rapid, hormone-driven cell division
(Macias & Hinck, 2012). These epithelial cells form the ducts and lobules of the breast
anatomy, and it is from these cells that most breast cancers will originate (Makki, 2015).
Histological analysis classifies cases by their architectural features (e.g. ductal,
lobular, papillary, etc.) and whether there is evidence of spread into adjacent structures (in
situ or invasive) (Bombardieri & Gianni, 2004; Malhotra et al, 2010). Invasive ductal
carcinoma (IDC) is the most common diagnosis, representing more than half of all cases;
the second most common is ductal carcinoma in situ (DCIS), followed by invasive lobular
and mixed (Eheman et al, 2009; Makki, 2015). Thus, the majority of breast cancer cases
present with local tissue invasion.
Breast cancers that spread outside the mammary tissue are categorized as
metastatic. The lymphatic system is a common avenue by which cancer cells begin
invasion: the ample supply of lymph nodes and vessels surrounding breast tissue serve as
access points for tumour cells to infiltrate (Apple, 2016). Beyond regional lymph node
invasion, breast cancer cells can enter the bloodstream and seed distant organs, where they
may proliferate into metastatic lesions (Mansel et al, 2007). Metastatic breast cancer
3

(mBC), also known as Stage IV breast cancer, only accounts for 6% of all cases, but has
the lowest 5-year survival rate at 26.3%(Ries et al, 2006).
Advances in genetic and molecular profiling allowed for further characterization of
individual breast cancer cases. In the past several decades, screening with a panel of
antibodies to breast cancer biomarkers has been introduced at the time of diagnosis. These
antibodies indicate relative protein expression via immunohistochemical (IHC) staining,
and provide insights into the biological properties of breast tumours (Perou et al, 2000).
Biopsies are routinely tested for expression of Estrogen Receptor (ER), Progesterone
Receptor (PR), and Human Epidermal Growth Factor Receptor-2 (HER2) by IHC. The
rationale for selecting these biomarkers was based on the development of targeted therapies
for specific breast cancer subtypes (Lakhtakia & Chinoy, 2014). It is well known that
mammary tissue responds to endocrine signals, which led to the hypothesis that certain
hormones might promote breast cancer (Reid et al, 1996). Along with the discovery and
classification of hormone receptors, their role as drivers of breast tumour growth was
established in the late 1960’s, and the estrogen antagonist Tamoxifen was introduced
clinically almost 20 years later for ER-positive breast cancers (Lakhtakia & Burney, 2015).
The 1980’s also saw the identification of non-endocrine growth factors that promoted
breast cancer growth and differentiation via paracrine signaling, such as epidermal growth
factor (EGF) (Cullen et al, 1989). One receptor for such growth factors was HER2, for
which Genentech developed the humanized antibody Trastuzumab (HerceptinTM), now a
frontline adjuvant therapy for HER2-positive breast cancers (Baselga et al, 1998; Lakhtakia
& Burney, 2015). The marked success of these therapies led to standardized protocols for
assessing ER, PR, and HER2 expression in newly diagnosed breast cancer patients
4

(Hammond et al, 2010). Based on the positivity of these three receptors, a patient would
then be assigned one of four molecular subtypes: Luminal A (ER+;PR+;HER2-), Luminal
B (ER+/-;PR+/-;HER2+), HER2-enriched (HER2+) (ER-;PR-;HER2+) and triple-negative
(TNBC) (ER-;PR-;HER2-) (Eroles et al, 2012; Parker et al, 2009).
While these four molecular subtypes of breast cancer have traditionally been used
to determine candidacy for available adjuvant therapies, retrospective studies eventually
revealed additional differences between them. Nearly three quarters of patients are
diagnosed with Luminal A or B tumours, while HER2+ and TNBC represent only 15% and
10% of total cases, respectively (Table 1) (Howlader et al, 2014). There are also clear
differences in survival, with HER2+ and TNBC subtypes showing significantly lower
overall survival at the five-year mark (Table 1) (Eroles et al, 2012; Parker et al, 2009). This
correlates with a higher rate of metastasis in these subtypes (Table 1) (Kennecke et al,
2010). Furthermore, HER2+ cases frequently present that are unresponsive to
Trastuzumab, or develop resistance following an initial response (Asic, 2016; Yin et al,
2011). At the molecular level, genome and transcriptome profiling revealed distinct genetic
footprints for each subtype, meaning the similarities between patients of a common subtype
go well beyond the three proteins surveyed for diagnosis (Perou et al, 2000). A better
understanding of genetic differences between intrinsic subtypes is required, specifically
with regards to the roles these genes play in biological processes underlying cancer
progression and drug resistance.

5

Table 1 Incidence, mortality and metastasis of different breast cancer subtypes
Molecular subtype

Incidence

5‐year overall survival

10‐year metastasis rate

Luminal A (ER/PR+;HER2‐)

≈65%

≈0.9

≈0.24

Luminal B (ER/PR+;HER2+)

≈10%

≈0.68

≈0.38

HER2+ (ER/PR‐;HER2+)

≈15%

≈0.38

≈0.52

Triple‐Negative (ER/PR‐;HER2‐)

≈10%

≈0.45

≈0.46
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1.1.2 Human Epidermal Growth Factor (HER) Family Receptors in Cancer

The HER subfamily of receptor tyrosine kinases (RTKs) are vital regulators of
motility, growth and proliferation in mammalian cells (Schlessinger, 2000). There are four
distinct ErbB genes in this subfamily (ErbB1, ErbB2, ErbB3, and ErbB4) that correspond
to HER1 (EGFR), HER2, HER3 and HER4, respectively (de Bono & Rowinsky, 2002).
HER proteins are comprised of an extracellular ligand-binding domain, a transmembrane
region, and intracellular portion composed of tyrosine kinase and regulatory
juxtamembrane and C-terminal domains (Figure 1.2). Each HER protein has a specific set
of ligands, with some ligands able to activate more than one HER family member (Yarden,
2001). Like many other RTKs, the HER family requires ligand binding for dimerization
and activation. The extracellular domain includes a dimerization arm that is sequestered
until ligand binding produces a conformational change, thereby exposing the arm and
allowing for homo- or heterodimerization (Linggi & Carpenter, 2006). However, the HER2
extracellular domain does not respond to any ligand, and instead is found in an open
conformation able to heterodimerize with other, ligand bound HER receptors (Cho et al,
2003). HER2 heterodimers therefore rely on ligand activation of EGFR, HER3 and HER4
(Klapper et al, 1999).
Dimerization induces auto- and trans-phosphorylation of tyrosine residues in the
intracellular domain via conformational changes within the protein tyrosine kinase (PTK)
domain (Hynes et al, 2001). In the case of HER3, heterodimerization is necessary for
intracellular domain phosphorylation, as its PTK domain is kinase-dead (Guy et al, 1994).
Phosphorylated tyrosine residues create binding sites for a wide array of Src Homology 2
(SH2) domain-containing proteins involved in downstream signaling. JAK kinases bind to
7

Figure 1.2 Activation and signaling through receptor tyrosine kinases (RTKs)
Domain organization of activated RTK dimers. Upon ligand binding, the
extracellular domain of RTKs exposes a dimerization arm, resulting in homo- or
heterodimer formation. This complex brings the catalytic domains of both RTKs in
close proximity, leading to their transphosphorylation and activation. MBR and SH2domain containing proteins are recruited to these tyrosine kinase domains via
interactions with phosphorylated C-terminal tails, and a number of signalling
cascades follow. This regulatory tail region is also responsible for inducing
internalization and trafficking of the ligand-receptor complex. Ubiquitination of the
juxtamembrane sequence targets receptors for lysosomal degradation. Signalling
cascades initiated by activation of RTKs result in biological effects such as increased
cell growth, motility, metabolism, and inhibition of apoptosis. Adapted from Stone
et al. (2014).
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undimerized EGFR, and upon ligand binding become activated and phosphorylate signal
transducer and activator of transcription (STAT) proteins that are recruited to EGFR via
their SH2 domains (Darnell et al, 1994). PLCγ is recruited to activated EGFR, which both
leads to its own activation via phosphorylation and also brings its phospholipase domain
in close proximity to the plasma membrane, where phosphatidylinositol (PI)-4,5bisphosphate (PIP2) is converted to inositol trisphosphate (IP3) and diacylglycerol (DAG)
(Kim et al, 1991). Similarly, PI-3 Kinase (PI-3K) is localized to active HER receptors via
its SH2 domain and generates the potent second messenger phosphatidylinositol-3,4,5trisphosphate (PIP3) that leads to AKT pathway activation (Rodrigues et al, 2000). Grb2
binds to C-terminal phosphotyrosines in EGFR, which recruits Sos to the plasma
membrane where it serves as a guanine exchange factor (GEF) for Ras (Jiang & Sorkin,
2002). Ligand-induced HER dimerization effectively creates specialized signalling
compartments at the plasma membrane.
Within the cytoplasmic tail of HER RTKs are residues that regulate protein
trafficking and degradation upon HER activation (Kirkin & Dikic, 2007). PIP3 molecules
involved in downstream signaling are also responsible for recruitment of adaptor proteins
that lead to receptor endocytosis (Fields et al, 2010; Ullrich & Schlessinger, 1990). The
ubiquitin ligase Cbl has an SH2 domain capable of binding activated EGFR, which triggers
ubiquitination of its juxtamembrane domain, a signal targeting the receptor for lysosomal
degradation (Joazeiro et al, 1999). PTK activity and resulting tyrosine phosphorylation of
HER receptors are also important regulators of their localization and half-life, as
unphosphorylated HER2 and EGFR exhibit decreased rates of internalization and
degradation (Chang et al, 1993).
9

Pathways activated by HER family RTKs promote cell growth, motility,
differentiation, and survival (Danielsen & Maihle, 2002; Hynes et al, 2001; Walker, 1998).
This includes nuclear transcription factors that are activated downstream of JAK/STAT
and MAPK pathways and control gene expression (Herrington et al, 2000; Treisman,
1996). The PIP3 product of PI3K at the plasma membrane causes co-localization of Akt
and activating PDK kinases, leading to upregulation of mTOR and subsequent increases in
protein synthesis and metabolism. Akt will also phosphorylate and inactivate Bad, an
important promoter of apoptosis (Datta et al, 1999). These downstream effectors comprise
only a subset of the HER signaling pathways that have potent effects on normal cell
physiology and cancer.
Mice lacking one or more ErbB genes exhibit lethal developmental abnormalities
in utero, and defects in HER family signaling are linked to cardiac and neurodegenerative
disorders (Chan et al, 2002; Roy et al, 2007; Sanchez-Soria & Camenisch, 2010; Sibilia et
al, 1998). Overexpression and constitutive activation of HER proteins are frequently
observed in a variety of cancers (de Bono & Rowinsky, 2002; Mendelsohn, 2004;
Mendelsohn & Baselga, 2000). This can lead to tumours becoming reliant on specific
RTKs for continued proliferation, which becomes clinically significant in HER2+ and
TNBC cases overexpressing HER2 or EGFR, respectively (Cleator et al, 2007; Slamon et
al, 2011). Several strategies have been employed to inhibit signalling through these two
receptors, the majority consisting of small-molecule PTK domain inhibitors or humanized
antibodies targeting the extracellular domain (Hynes & Lane, 2005). A number of
developed inhibitors have been successful enough to become clinically approved adjuvant
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therapeutics for advanced breast cancer, such as small molecule Lapatinib and antibody
Trastuzumab (Baselga et al, 1998; Thomson, 2005).
When considering the impact of RTKs such as the HER family on cell biology,
their dependence on activation by extracellular ligands makes quantification of gene and
protein expression insufficient for drawing conclusions. The secretory pathway ensures
their expression at the plasma membrane following synthesis, but a number of biological
processes will determine the retention of these receptors at the plasma membrane, as well
as their distribution within the cell.
1.2 Membrane Dynamics in Cancer Progression
The plasma membrane is an essential component of cellular signaling and motility.
A wide array of proteins embedded in the bilayer are responsible for communicating with
and responding to the surrounding microenvironment (Deller & Yvonne Jones, 2000).
Once expressed, many of these proteins rely on spatiotemporal localization for proper
function. The surface localization of these proteins is regulated by endocytosis, and
subsequent degradation or recycling of endocytic cargo determines total surface pools
(Goldstein et al, 1979). Furthermore, chemotaxis in mammalian cells is orchestrated by the
cytoskeleton and other proteins found both on the plasma membrane as well as within the
cytoplasm; the cellular localization of these complexes is dependent on the direction of
movement (Mitchison & Cramer, 1996). These processes are susceptible to manipulation
by the unstable genetics of cancer, and play important roles in disease progression
(Condeelis et al, 2005; Polo et al, 2004; Roussos et al, 2011).
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1.2.1 Receptor-Mediated Endocytosis and Trafficking

RTK signaling begins at the cell surface, and has widespread effects on gene
expression and cellular phenotype (Hunter & Cooper, 1984). The earliest translation
products are only detectable nearly an hour after ligand stimulation, and global phenotypic
changes could take many hours to manifest (Lemmon & Schlessinger, 2010). In contrast,
G-protein coupled receptors (GPCRs) are also activated by extracellular ligands, but their
biological effects peak within minutes (Lohse et al, 2008). Indeed, RTK signaling
regulation has been described at various stages of the process. Classical feedback loops
involving protein phosphatases and kinases exist in both the PKC and Erk pathways
(Avraham & Yarden, 2011; Li et al, 2008). PKC can phosphorylate the Thr654 residue on
EGFR, leading to a dramatic loss of ligand binding affinity (Lin et al, 1986). However,
pathway attenuation begins earlier, either via ligand dissociation at the cell surface, or
through receptor-mediated endocytosis leading to degradation, or dephosphorylation and
recycling of activated RTK-ligand complexes (Sorkin & Goh, 2009).
Endocytosis begins shortly after receptor activation, through an invagination of the
plasma membrane to form a pit (Figure 1.3). This process is orchestrated by a number of
adaptor proteins recruited to the site via receptor phosphorylation. RTKs can activate more
than one endocytic pathway; the complexes that induce pit formation will depend on which
pathway is active (Barbieri et al, 2016). Pinching of the plasma membrane via scission
produces an endocytic vesicle containing activated RTKs (Kishimoto et al, 2011). The
vesicle is internalized and eventually fused with others to form an early endosome. From
this endosome, the receptors are further trafficked, either recycled back onto the plasma
membrane, or into multivesicular bodies (MVBs) for lysosomal degradation
12

Figure 1.3 Receptor-mediated endocytosis of the human epidermal growth
factor (HER) RTK family
Upon ligand-induced activation, HER family receptors recruit an array of
endocytic adaptor proteins to the plasma membrane. Internalization of HER
receptors is integral to their sustained signalling. Different extracellular ligand
concentrations can lead to either clathrin-mediated (CME) or clathrin-independent
(CIE) endocytosis of ligand-receptor complexes. Each endocytic process promotes
distinct phosphorylation and ubiquitination signatures on receptor regulatory
domains, resulting in a shift towards recycling (CME) or lysosomal degradation
(CIE) following endosomal sorting. Adapted from Barbieri et al. (2016).
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(Sorkin et al, 1988). The fate of each receptor is determined by specific modifications to
the intracellular domain, such as Tyr1068 phosphorylation and lysine motif ubiquitination
in EGFR (Huang et al, 2007; Ronning et al, 2011; Sorkin & Goh, 2009).
Clathrin-mediated endocytosis (CME) is a major pathway induced by RTKs
including the HER family (Sorkin & Goh, 2009). In this process, ligand induced receptor
dimerization will recruit adaptor protein complex 2 (AP-2) to the nascent pit, where it
remains upon binding to accumulated PIP2 on the plasma membrane. The high
concentrations of PIP2-bound AP-2 attract clathrin, a triskelion-shaped protein complex
that assembles into a spherical coat, shaping and surrounding the membrane (Kelly et al,
2014). The clathrin coat remains around its vesicle even after membrane pinching; vesicle
fusion, and therefore cargo sorting cannot occur until this coat is removed (Schmid, 1997).
It is by recruitment of PIP2 phosphatases to dissociate AP-2 that clathrin disassembles, and
sorting resumes. The selective dependence of HER receptors on CME is evident from its
regulation by downstream HER signaling proteins such as Grb2 (Wang & Moran, 1996).
Other endocytic pathways can also be activated by ligand-bound HER complexes; these
mechanisms, collectively described as clathrin-independent endocytosis (CIE), can be the
sole means of receptor internalization when CME is disrupted, but will occur alongside it
in wild-type conditions (Sorkin & Goh, 2009).
Studies on the HER subfamily of RTKs have revealed an important relationship
between EGFR/HER2 and endocytosis. Unstimulated EGFR and HER2 have a steady
endocytic turnover that directly correlates to their surface expression (Sorkin et al, 1993;
Stoscheck & Carpenter, 1984). Furthermore, EGFR internalization studies have revealed
that extracellular ligand concentrations can determine whether CME or CIE will take place
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upon receptor dimerization, and that each pathway will have different rates of receptor
endocytosis, degradation and recycling (Sigismund et al, 2008; Sigismund et al, 2005;
Wiley, 1988). Perhaps the most interesting discoveries are that EGFR has repeatedly been
shown to maintain its signaling once internalized, and that this internalization is required
for sustained pathway activation (Di Guglielmo et al, 1994; Sigismund et al, 2008). Indeed,
endocytosis is integral to both the propagation and suppression of HER signaling.
This body of work has also revealed a number of distinctions between ligandindependent HER2 and its relatives. For instance, overexpression of HER2 can lead to
some ligand-independent homodimerization and activation that does not trigger
endocytosis or receptor degradation (Wang et al, 1999). When stimulated with EGF, HER2
exhibits less internalization-dependent downregulation than EGFR by favouring recycling
over degradation (Wang et al, 1999). HER2 can also alter the endocytic pathways of EGFR
heterodimers in a competitive manner (Wang et al, 1999). These unique properties of
HER2 have been explained in part by its lower binding affinity to ubiquitin-protein ligase
Cbl, leading to reduced lysosomal trafficking (Levkowitz et al, 1996). Heterodimer
signaling studies have revealed HER2/HER3 produce the strongest effector signal,
resulting from the large number of recruitment sites on the HER3 intracellular domain, and
the phosphorylation of these sites by the HER2 PTK domain (Pinkas-Kramarski et al,
1996). Such distinctions are important to consider when studying HER2, as its baseline and
ligand-induced endocytic responses will not necessarily match those of EGFR, HER3 or
HER4.
The tendency of HER receptors to promote an invasive phenotype in breast cancer
is often attributed to their saturation at the plasma membrane (Witton et al, 2003). These
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increased protein pools are believed to be mainly the result of increased gene expression.
However, the role of endocytic machinery in generating and maintaining this phenotype
has recently been recognized, and merits further investigation (Barbieri et al, 2016).
1.2.2 Cancer Cell Migration and Invasion

Cell migration in multicellular organisms is a critical, but tightly regulated
biological process (Jin et al, 2008). A chemotactic gradient in the microenvironment drives
the direction of movement. Actin-rich membrane protrusions known as filopodia are
constantly sent out by cells, densely packed with GPCRs and RTKs that detect chemotactic
ligands (Mattila & Lappalainen, 2008). Activated receptors on filopodia initiate signaling
cascades, primarily through PI-3K, that catalyze additional actin polymerization via Rho
family GTPases (Cdc42, Rac, Rho) and their effectors (WASP/N-WASP, WAVE,
ENA/VASP), as well as actin nucleation and branching via Arp2/3, leading to the
formation of lamellipodia (Mattila & Lappalainen, 2008; Scita & Di Fiore, 2010). With the
leading edge established, the cell begins to form focal adhesions via trafficking of integrins
from the trailing edge to the leading edge (Mattila & Lappalainen, 2008). This is followed
by the formation of stress fibers, composed of actin-myosin bundles able to pull the trailing
edge forwards (Scita & Di Fiore, 2010). Sustained signaling and trafficking at the leading
edge are essential for migration.
Beyond the capability of movement, cells must be able to traverse the surrounding
interstitial space. The extracellular matrix (ECM) of mammalian organisms is composed
of specialized proteins and carbohydrates secreted into the interstitium (Oldberg et al,
1990). The ECM plays multiple roles in cell biology, including acting as structural support
and physical barrier for a number of tissues. One such example is the basement membrane
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that separates epithelial cells from connective tissue and vasculature (Martin et al, 1988).
Cells must first degrade ECM before they can traverse the space it occupies. ECM
degradation is achieved via Matrix Metalloproteases (MMPs), which include secreted
MMPs and Membrane-Type (MT-MMPs) proteases expressed by invasive cells (Verma &
Hansch, 2007). These proteins contain zinc ions in their catalytic domains that permit
cleavage of various residues in matrix constituents (Verma & Hansch, 2007). MMPs are
classified based on their substrate specificities into one of three categories: Collagenases,
Gelatinases, and Matrilysins (Fanjul-Fernandez et al, 2010). Their targets encompass the
main constituents of ECM, including collagen, fibronectin, and laminin (Fanjul-Fernandez
et al, 2010). Many MMPs require proteolytic activation once exposed to the ECM, which
leads to activation via co-localization, as is the case with MMP-26 cleaving proMMP-9
into its active isoform (Zhao et al, 2004). While chemokines and growth factors can induce
MMP transcription, many cell types continuously produce pools of MMP-containing
vesicles that remain in the cytoplasm until a secretory signal directs them to sites of
degradation (Candela et al, 2010). Much like filopodia direct cell migration, localized
MMP recruitment begins at actin-rich membrane projections known as podosomes (Alblazi
& Siar, 2015). These protrusions clear ECM for the subsequent spread of lamellipodia, and
eventually migration by the cell. A large fraction of digested matrix is internalized at
podosomes via endocytosis, often along with membrane-anchored MMPs (Linder, 2007).
Together with integrin signaling, MMPs direct ECM remodeling, a necessary step in
migratory processes such as immune cell infiltration, wound healing, and development
(Larsen et al, 2006).
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The roles of migration and matrix invasion in cancer are well established.
Expression of actin nucleation proteins such as N-WASP has been linked to more
aggressive cancers (Yu et al, 2012). The actin elongation factor Mena is responsible for an
invasive EGF-induced phenotype (Philippar et al, 2008). Expression levels of β1 integrin
and MT1-MMP are used in clinical prognosis (Bottger et al, 1999; Davidson et al, 1999).
Various inhibitors of MMP activity have been approved for clinical trials, though at the
time of writing none have been approved for cancer therapy (Vandenbroucke & Libert,
2014).
Beyond expression-based findings of these gene products on cancer progression,
their biological processes can be manipulated in malignant cells to produce unique
phenotypes. In vitro studies revealed the existence of a specialized membrane projection
in cancer cells, termed invadopodia (Figure 1.4A) (Alblazi & Siar, 2015; Linder, 2007).
These structures are closely related to podosomes, but exhibit important differences in
frequency, duration, and most importantly ECM degradation rates (Poincloux et al, 2009).
This increased degradation characteristic of invadopodia is due to high levels of MMPs
localized at the plasma membrane (Linder, 2007; Poincloux et al, 2009). Invadopodia
formation is driven by RTK signaling and integrin recruitment at the leading edge; these
factors along with the subsequently localized proteins then drive the movement of MMPcontaining vesicles towards the plasma membrane (Figure 1.4B) (Ayala et al, 2008). The
retention of MT1-MMP by disrupting its endocytic reuptake further enhances ECM
degradation (Poincloux et al, 2009; Wu et al, 2005). Besides its own metalloprotease
activity, MT1-MMP can proteolytically cleave MMP-2, which subsequently activates
MMP-9 (Toth et al, 2003). Activation of this axis further emphasizes the importance of
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Figure 1.4 Invasion of cancer cells through the extracellular matrix (ECM) by recruitment
of membrane-type 1 matrix metalloprotease (MT1-MMP) to invadopodia
(A) Structural and functional components of invadopodia. RTK-induced signalling leads to the
formation of focal adhesions via integrins and actin polymerisation. As the plasma membrane
projects outwards, MMPs are secreted and MT1-MMP is recruited to the extracellular face. The
successful formation of invadopodia generates an invasive front that directs migration through the
ECM. Adapted from Murphy et al. (2011). (B) Recruitment of MT1-MMP to invadopodia.
Endosomes containing MT1-MMP are continuously generated by endocytosis taking place
throughout the cell, and can also be induced via pro-migration signals. MT1-MMP-contaning
vesicles will be generated from these intracellular pools and trafficked to the forming invadopodia.
Adapted from Frittoli et al. (2011).
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MT1-MMP presence at invadopodia (Itoh, 2006; Poincloux et al, 2009).
Proteins involved in migration and ECM degradation are integral to the
development of metastatic cancers. While their overall expression will contribute to the
invasive phenotype, their localization at key cellular structures must also be considered, as
should the role of the genes responsible for their recruitment and retention at these sites.
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1.3 BAR Proteins and Endocytosis
As the formation of specialized membrane structures in mammalian cells was
studied, it became clear that intracellular proteins are responsible for inducing membrane
curvature. Neurons have high rates of endocytosis at their synapses, making them ideal
cells to study this process, a model system still in frequent use today (Zhang & Zelhof,
2002). Amphiphysin I, a protein associated with synaptic vesicles, was first identified in
chicken brain extracts (Lichte et al, 1992). Its cDNA sequence revealed three distinct
structural domains, including an N-terminal domain representing 36% of the total sequence
with ideal conditions for α-helix formation. Its role in synaptic transmission was reinforced
upon discovery of its targeting via breast cancer-related autoimmunity that caused
neuropathy (De Camilli et al, 1993). Further profiling of Amphiphysin I confirmed its
expression as neuronal synapse-specific, and also led to the identification of its relative
Amphiphysin II, a protein with four isoforms, two of which are ubiquitously expressed in
mammalian cells (David et al, 1996; Tsutsui et al, 1997). This ubiquitous Amphiphysin II
variant, named bridging integrator 1 (Bin1), served as the first indication that a conserved
functional domain could be responsible for recruitment to and induction of membrane
curvature across all tissues (Zhang & Zelhof, 2002). This was confirmed by the eventual
discovery of mammalian Bin2 and yeast analogues Rvs161p and Rvs167p, which display
similar membrane vesicle localization (Ge & Prendergast, 2000; Lombardi & Riezman,
2001). All these proteins were found to function as dimers, and all possess an N-terminal
domain that is required for dimerization, but more importantly for their targeting to the
plasma membrane (Ramjaun et al, 1999). These became the founding members of the
Bin/Amphiphysin/Rvs (BAR) family.
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Further characterization of BAR proteins has defined their structural and functional
properties, allowing a better understanding of their roles in regulating membrane curvature
(Figure 1.5A) (Stanishneva-Konovalova et al, 2016). Several BAR proteins were found to
contain a helical motif at their N-terminus composed of hydrophobic residues segregated
to one face (Figure 1.5B). This amphipathic helix was identified as a key component in
membrane attachment to the lipid bilayer (Drin & Antonny, 2010). BAR monomers are
composed of three antiparallel α-helices (Figure 1.5C) (Pylypenko et al, 2007). Upon
dimerization, BAR domains adopt a crescent-shaped three-dimensional structure. This
conformation exposes some hydrophobic residues throughout the concave face that also
function in membrane anchoring. A large number of basic pockets are also concentrated at
this surface, which electrostatically bind phospholipids with negatively charged head
groups such as PIP2. This interaction allows BAR dimers to both sense and induce
membrane curvature corresponding to their shape (Blood & Voth, 2006; Drin & Antonny,
2010). The vast majority of additional functional domains found in BAR proteins are
involved in protein-protein interactions, with Src Homology 3 (SH3) being the most
common (Kessels & Qualmann, 2015; Stanishneva-Konovalova et al, 2016). This suggests
a role for BAR proteins as adaptors, promoting localization of binding partners to sites of
membrane curvature (Figure 1.5D). Indeed, the Amphiphysin I SH3 domain can bind the
proline-rich domain (PRD) of Dynamin, a GTPase responsible for membrane scission
during endocytosis, thereby recruiting it to synaptic vesicles (Grabs et al, 1997).
The BAR family continues to grow, as more proteins are found containing a
membrane-shaping domain (Stanishneva-Konovalova et al, 2016). It was discovered that
some domains have partial homology to classical BAR domains, but key sequence
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Figure 1.5 Structure and domain organization of Endophilin proteins
(A) Endophilin domain map. Starting at the N terminus with the amphipathic helix (red line),
followed by the Bin-Amphiphysin-Rvs (BAR) domain (Blue rectangle), then a central linker
domain (black line) and finally the C-terminal Src-homology 3 (SH3) domain (green ellipse). (B)
3D model of assembled amphipathic helix (left), and representation of amino acids with respect to
their orientation on the helix (right). Hydrophopic residues involved in membrane insertion are
shown in yellow. Adapted from Drin et al. (2009). (C) Single BAR monomer (above) with
antiparallel α-helices highlighted and a functional crescent-shaped BAR domain dimer (below)
with a membrane-interacting concave face (orange line). Adapted from Pylypenko et al. (2007).
(D) A model of several Endophilin dimers binding to areas of plasma membrane curvature,
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differences produce unique structures, which in turn reflect the types of membrane
curvature these proteins associate with (Rao & Haucke, 2011). The classical BAR domain
was renamed N-BAR, with the BAR label reserved for proteins such as sorting nexin 9
(Snx9), which does not possess an amphipathic helix in its BAR domain (Rao & Haucke,
2011). F-BAR domains are named after the Fer/Cdc42-interacting protein 4 (CIP4)
homology motif, which was later shown to be a BAR domain variant with a more gentle
concave structure that localizes these proteins to sites of membrane invaginations or
flanking membrane protrusions (Rao & Haucke, 2011; Shimada et al, 2007). An inverse
BAR (I-BAR) domain promotes localization of proteins such as missing-in-metastasis
(MIM) to the tip of membrane protrusions via a convex binding surface (Saarikangas et al,
2009). Despite differences in localization, BAR proteins generally behave as adaptor
proteins at their respective binding sites throughout the cell (Safari & Suetsugu, 2012).
Within the BAR protein superfamily, a set of subfamilies containing nearly
identical structures can often be found (Safari & Suetsugu, 2012). The SH3-containing
Grb2-like (SH3GL) proteins were originally identified via mRNA transcript expression
using probes for the SH3 domain (Giachino et al, 1997). Their structure resembles that of
founding BAR family members: an amphipathic helix immediately upstream of an Nterminal BAR domain, followed by a central linker domain, and a C-terminal SH3 domain
(Figure 1.5). Three unique transcripts were identified: SH3GL2 and SH3GL3 expressed
predominantly in neuronal tissues, and a single ubiquitously expressed gene, SH3GL1
(Giachino et al, 1997). Another two nearly identical gene products with distinct expression
profiles were discovered and, since transcribed from unique genes, were added to the
family as SH3GLB1 and SH3GLB2 (Pierrat et al, 2001). Later studies revealed SH3GL
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proteins were able to interact with Amphiphysin I and II via their SH3 domain; they were
consequently renamed “Endophilins”(Micheva et al, 1997b). This interaction, together
with the neuronal specificity of some Endophilins, suggested they also play an important
role in synapses. Indeed, Endophilins localize to sites of synaptic vesicle endocytosis, and
are required for normal synaptic vesicle formation and recycling (Ringstad et al, 1999;
Schmidt et al, 1999). The three SH3GL gene products were named Endophilin A1, A2, and
A3, and the two SH3GLB proteins became Endophilin B1 and B2.
With the importance of Endophilin localization to neuronal synaptic vesicles
established, research then focused on its roles. Many of the Endophilin SH3 domain
binding partners are key components of CME machinery, including the PIP2 phosphatase
Synaptojanin, and the membrane-pinching GTPase Dynamin (Micheva et al, 1997a;
Ringstad et al, 1999). Indeed, injections of Endophilin SH3 domain mutants caused fission
and uncoating defects at synaptic terminals (Gad et al, 2000). Further study of Endophilin
A family knockout mice revealed a key overlapping role for Endophilins in synaptic
plasticity that guards against neurodegeneration (Milosevic et al, 2011). In this study, an
accumulation of clathrin coated vesicles, but not pits, was observed in Endophilin A tripleknockout cells. This suggests that, in the context of neuronal CME, Dynamin recruitment
to the plasma membrane takes place upstream of its binding to Endophilin, while
Synaptojanin interactions occur after Endophilin localizes to budding vesicles. The BAR
domains of Endophilin A1 and A2 also bind calmodulin, an important regulator of several
signal transduction pathways that trigger CME (Myers et al, 2016). Also observed in
neurons is binding between Endophilin A1 and vesicular glutamate transporter 1
(VGLUT1), a protein responsible for replenishing synaptic vesicles, suggesting Endophilin
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may continue to function as an adaptor following CME uncoating (Vinatier et al, 2006). A
less clear role for Endophilin in CME comes from interactions with EFA6, the guanine
nucleotide exchange factor for membrane traffic and coat protein adaptor Arf6, at the
plasma membrane (Boulakirba et al, 2014). While it is clear that Endophilin promotes
EFA6 GEF activity, it is unclear whether its recruitment to sites of EFA6 expression
promotes CME, or impairs it.
Endophilin also plays a role in autophagy within neurons. In a Parkinson’s disease
model, Cdk5 phosphorylates Endophilin B1, which induces dimerization and recruitment
of UVRAG to autophagosomes and induces neuronal death (Wong et al, 2011). Skeletal
muscle cells express Endophilin B1, which is responsible for endocytosis and subsequent
autophagy of nicotinic acetylcholine receptors under atrophy conditions in mice (Wild et
al, 2016). The autophagy regulator FBXO32 was not recruited to autophagosome sites in
Endophilin A triple knockout mice, resulting in defects to both autophagy and proteolytic
degradation in neurons (Murdoch et al, 2016). Interestingly, in wild-type conditions
Endophilin B1 promotes survival and mitochondrial elongation in neurons subjected to
DNA damage (Wang et al, 2014). However, transfection of both Endophilin B proteins
leads to an atypical heterodimerization between Endophilin B1 and B2 that promotes
mitophagy (Wang et al, 2016).
Endophilin is a necessary component of neuronal development at the synapse
(Rikhy et al, 2002). Mouse knockout studies revealed that the three Endophilin A proteins
are functionally redundant in neural development, and knocking out two or all three genes
resulted in varying degrees of neurodegeneration (Milosevic et al, 2011). Indeed, the
neuronal development factor srGAP3 has a proline-rich motif that localizes it to sites of
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Endophilin A1 and A2 expression (Wuertenberger & Groemping, 2015). Differential
expression of Endophilins in oocyte development of chickens and Drosophila suggests
they could also play a role in germ cell maintenance, though the relevance of these findings
in mammalian cells is unknown (Hirayama et al, 2003; Tsai et al, 2014).
1.3.1 Normal Biological Functions of Endophilin A2

Given high expression of Endophilin and other BAR family members in the brain,
as well as the dependence of proper neurotransmission on CME, it is not surprising that
neuronal cells are the preferred model system for studying these proteins. However,
Endophilin A2 (Endo II) is the only family member that is ubiquitously expressed. Endo II
may therefore be an integral component of CME in non-neuronal cells. Furthermore,
studying Endo II in non-neuronal tissues reveals its role in other biological processes
(Figure 1.6).
As previously mentioned, RTKs such as HER2 and EGFR induce CME upon ligand
binding and pathway activation (Sorkin & Goh, 2009). Endo II has adapted an important
role as a signal attenuator in this pathway via binding to Cbl-interacting protein of 85K
(CIN85), which recruits ubiquitin ligase Cbl at sites of activated EGFR and leads to its
ubiqutination and subsequent lysosomal trafficking (Vinatier et al, 2006). A similar process
takes place in early endosomes, where Endophilin A1 recruits ubiquitin ligase Itch via its
SH3 domain, leading to ubiquitination of both EGFR and Endophilin (Angers et al, 2004).
EGFR endocytosis via CME is also promoted by filamentous actin (F-actin) elongation
mediated by Ena/VASP, a process that is dependent on Endo II recruiting Lamellipodin
(Lpd) to sites of receptor endocytosis (Vehlow et al, 2013). The Rho GTPase BPGAP1 is
also recruited to sites of EGFR endocytosis by Endo II, leading to increased receptor
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Figure 1.6 Endophilin A2 (Endo II) binding partners and associated functions
Proline-rich domain containing proteins validated as Endo II SH3 binding partners are
shown on the left. Proteins that interact with Endo II via the BAR domain are listed on
the right. Arrows indicate one or more biological processes they are involved in
(middle).
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internalization as well as enhanced Erk signaling (Lua & Low, 2005). These interactions
further contribute to the regulatory functions of Endo II in EGFR signaling.
Recent studies have also identified Endo II as a key component in a previously
undocumented CIE pathway (Boucrot et al, 2015). This endocytic process, named Fast
Endophilin-Mediated Endocytosis (FEME), highlights Endo II as a key regulator of
signaling and trafficking at the leading edge of motile cells. Unlike CME, which occurs
throughout the plasma membrane, FEME is selectively localized at the leading edge.
Activation of both GPCRs and RTKs can result in FEME, and this process is dependent on
extracellular ligand concentration. This confirms FEME is at least one CIE pathway
involved in RTK internalization when cells are exposed to high ligand concentrations
(Sigismund et al, 2008). Because Endo II recruits ubiquitin ligases to vesicles containing
activated RTKs, FEME could also explain differential rates of EGFR recycling and
degradation between CME and CIE (Ronning et al, 2011; Sigismund et al, 2008). ALG-2
interacting protein-X (Alix) has been identified as an important regulator of CIEinternalized EGFR degradation, and is potentially recruited to sites of FEME, as it contains
a proline-rich motif and colocalizes with Endo II at sites of CIE (Chatellard-Causse et al,
2002; Mercier et al, 2016). The recruitment of Endo II to promote FEME is dependent on
Lpd, which is contrary to what is observed in actin polymerization-dependent CME
(Vehlow et al, 2013). FEME could also be less dependent on Dynamin for membrane
scission, since Endo II is capable of inducing scission in CIE (Renard et al, 2015). With
this discovery, phenotypic studies manipulating Endo II gene expression must take
multiple endocytic pathways into consideration when interpreting results.
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Endo II has been implicated in a variety of biological processes beyond CME and
FEME. In rat basilar artery smooth muscle cells, Endo II was shown to bind Bax, a proapoptotic protein, and prevent its translocation to the mitochondria in response to H2O2induced cytotoxicity (Liu et al, 2016). Endo II silencing in HeLa cells produced a modest
but significant delay in mitosis completion, linked to the abscission phase of cytokinesis
(Smith & Chircop, 2012). Mouse homologues of the human herpesvirus nuclear
envelopment complex proteins pM50 and pM53 were shown to bind Endo II via
immunoprecipitation, suggesting it may be a sequestered host component during infection
(Lemnitzer et al, 2013). Endo II has also been implicated in podosome formation, cell
migration, and phagocytosis in leukocytes via interactions with Bin2, another N-BAR
domain protein (Sanchez-Barrena et al, 2012). These functions may also relate to
abnormalities seen in podocyte foot process formation of Endophilin A triple knockout
renal cells (Soda et al, 2012). Further support of its role in phagocytosis can be found in
macrophages, where interactions with ubiquitin-like protein MNSFβ regulate Dectin-1mediated phagocytosis (Nakamura & Watanabe, 2010). Endo II also promotes
internalization of MT1-MMP in cancer cells, and this activity is lost upon phosphorylation
of Endo II by Focal adhesion kinase (FAK) and Src PTKs (Wu et al, 2005). Ubiquitous
expression, together with a diverse number of SH3 binding partners make Endo II a
versatile adaptor protein that may contribute to the development or progression of some
cancers.
1.3.2 Role of Endo II in Cancer

Interestingly, the first studies investigating Endo II in cancer preceded its induction
into the BAR superfamily. In human acute leukemia, The Endo II gene is fused to the
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mixed-lineage leukemia (MLL) gene (So et al, 1997). The resulting MLL-Endo II fusion
protein causes aberrant gene transcription leading to enhanced proliferation of myeloid
progenitors (Ma et al, 2007). However, this phenotype is likely not due to the membrane
interacting properties of Endophilin, as the fusion gene product localizes predominantly to
the nucleus (Cheung et al, 2004). Instead, Endo II promotes malignancy by recruiting its
SH3 binding partners to the nucleus, where they modify transcription (Yam et al, 2004).
Wu et al. were the first group to identify a potential role for Endo II in cancer
progression by identifying it as a Src substrate (Wu et al, 2005). This study showed Src
was responsible for phosphorylating Endo II in a FAK-dependent manner, and described a
model where this phosphorylation led to accumulation of MT1-MMP at the cell surface
and increased cell invasion. However, it should be noted that the model system used in
these experiments was a fibroblast cell line transformed with active Src and FAK, not a
genuine cancer cell line. This work laid the foundation for a subsequent study on this SrcFAK-Endo II axis, in which mice heterozygous or homozygous for FAK with an Endo II
binding point mutation were crossed with the polyoma middle T oncogene mammary
tumour model (Fan et al, 2013). This work confirmed the link between Endo II and MT1MMP surface expression, and went further by suggesting Endo II modifications could also
alter cancer stem cell (CSC) maintenance and epithelial-mesenchymal transition (EMT)
(Figure 1.7). This supports the idea that as a protein regulating a multitude of pathways
including MT1-MMP surface expression, Endo II function could contribute to several
hallmarks of cancer at once.
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Figure 1.7 FAK-mediated Src phosphorylation of Endo II promotes metastatic,
mesenchymal, and cancer stem cell phenotypes in a mouse mammary tumour model
Schematic summarizing findings by Fan et al. (2013). FAK (green) binds both Src (pink) and Endo
II (yellow), leading to phosphorylation of the Endo II SH3 domain. This modification results in
increased mammary tumour growth and metastatic nodule formation, as well as cells exhibiting
mesenchymal phenotypes, stem cell-like properties, and a greater frequency of tumour initiating
cells (TICs). Mice expressing FAK lacking an Endo II binding element (orange) develop less
invasive cancers, a phenotype rescued by transfection of phosphorylation mimic Endo II.
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Some studies suggest Endo II involvement in responses to cancer therapy. Prostate
cancer cells produce exosomes as a response to chemotherapy; isolation of exosomes from
cells treated with Docetaxel revealed Endo II was enriched in exosomes released from drug
resistant cells (Kharaziha et al, 2015). Patients with laryngeal cancers exhibited high Endo
II expression in stromal tissues surrounding the tumour, and Endo II expression was
positively correlated with longer survival and lower recurrence rates (Yin & Yang, 2015).
Despite these correlative studies, no functional studies have been carried out relating Endo
II function to cancer therapy.
Other roles for Endo II in cancer could be inferred from cases in which the nonubiquitous Endophilin family members affect malignancies. Loss of Endophilin A1 has
been reported in urothelial carcinomas, and this was linked to a more malignant phenotype
(Majumdar et al, 2013). A similar trend has been reported for Endophilin B1 in colon and
pancreatic cancers (Coppola et al, 2011; Coppola et al, 2008). These results were consistent
with increased EGFR signaling upon decreased Endophilin B1 expression in prostate
cancer cells (Zhu et al, 2016). However, another study in prostate cancer cells linked
Endophilin B1 expression to reduced proliferation and increased apoptosis (Xu et al, 2016).
Another potential link with Endophilin B1 could come from its role in autophagy, which
has been proposed as a novel target for melanoma therapy (Liu et al, 2013).
While a significant body of research has linked Endo II to various forms of cancer,
the range of biological processes it regulates suggest there is still much to discover (Figure
1.8). With the ability to regulate EGFR and HER2 signaling, cell migration, invasion and
metastasis, deciphering the role of Endo II in human metastatic breast cancer would greatly
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Figure 1.8 Role of Endo II in promoting cancer progression
Endo II could be a positive regulator of cancer biology by modulating endocytosis of
extracellular surface proteins (green) both throughout the cell (trailing edge; black) and at the
invasive front (leading edge; red). The internalization, degradation, recycling, trafficking and
retention of these membrane-bound proteins all rely on endocytic processes in which Endo II
plays an integral role. Adapted from Poincloux et al. (2009).
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benefit the understanding of the disease, and pave the way for future therapeutic strategies.
Potential roles for Endo II in autophagy, drug resistance, CSC maintenance and EMT
further justify the need for more investigation. The existing studies of Endo II in breast
cancer highlighted in this chapter have laid a substantial foundation, but these hypotheses
and others have yet to be tested on human breast cancer cell lines. Furthermore, there is a
significant gap in knowledge regarding how Endo II affects the activity of breast cancer
therapies that rely on target detection at the extracellular surface and the subsequent
complex endocytosis, such as Trastuzumab and T-DM1(Barginear et al, 2013; Wong,
1999).
1.4 Research Hypothesis and Aims
Endo II will promote progression and metastasis of TNBC and HER2+ breast
cancer by directing endocytosis and trafficking of receptors driving breast cancer growth
and invasion, including EGFR, HER2 and MT1-MMP. Furthermore, due to its key role in
receptor endocytosis, Endo II will promote Trastuzumab-induced HER2 endocytosis, and
will increase sensitivity of HER2+ cells to Trastuzumab-based therapy.
The following aims are designed to test these hypotheses:
1) Study the role of Endo II in TNBC growth signaling, migration, invasion in vitro, as
well as tumour growth, metastasis, and survival in vivo
2) Study the role of Endo II in HER2+ breast cancer progression via HER2-directed
signaling, motility, and invasion, and in regulating responses to Trastuzumab-based
therapies
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Chapter 2
Endophilin A2 Promotes TNBC Cell Invasion and Tumor Metastasis
2.1 Abstract
Triple-negative breast cancers (TNBCs) are highly aggressive cancers that lack
targeted therapies. However, Epidermal Growth Factor Receptor (EGFR) is frequently
activated in TNBCs, and may represent a viable clinical target in a subset of TNBCs. Since
the endocytic adaptor protein Endophilin A2 (Endo II) has been implicated in EGFR
internalization, we investigated Endo II expression and function in human TNBCs. Endo
II expression was high in several TNBC cell lines compared to normal breast epithelial
cells. Stable knock-down (KD) of Endo II was achieved in two TNBC cell lines, and
although cell viability was unaffected, partial defects in clathrin-mediated endocytosis
were observed. EGFR signaling to Erk and Akt kinases was impaired in Endo II KD cells,
and this correlated with reduced rates of EGFR internalization and cell motility. Endo II
KD cells also displayed defects in 3D cell invasion, and this correlated with impaired
extracellular matrix degradation and internalization of MT1-MMP. Endo II silencing also
caused a significant reduction in TNBC tumor growth and lung metastasis in mammary
orthotopic tumor xenograft assays. In human breast tumors, Endo II expression was highest
in TNBC tumors compared to other subtypes, and at the level of gene expression, high
Endo II was associated with reduced relapse-free survival in patients with basal-like breast
cancers. Together, these results identify a positive role for Endo II in TNBC tumor
metastasis and a potential link with poor prognosis.
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2.2 Introduction
Breast cancer continues to be the most prevalent, and second most fatal cancer for
women within the developed world (Ferlay et al, 2012). Triple-negative breast cancers
(TNBCs) lack expression of estrogen receptor (ER), progesterone receptor (PgR), and
human epidermal growth factor receptor-2 (HER2), and currently lack targeted therapies.
TNBCs are often aggressive with frequent invasion of lymph nodes and development of
metastases (Hudis & Gianni, 2011). These properties of TNBCs are often due to activation
of Epidermal Growth Factor Receptor (EGFR), which leads to downstream activation of
signaling pathways promoting cell growth, survival, motility and invasion through
basement membranes (Koletsa et al, 2010; Park et al, 2014). This invasive phenotype is
dependent on downstream activation of Erk and Akt kinases (Ajiro et al, 2010; Park et al,
2011), that signal to key regulators of cell motility, proliferation, and survival (NunesXavier et al, 2012). Sustained signaling to Erk and Akt pathways has been linked to
internalization of EGFR via clathrin-mediated endocytosis (CME) and signaling from
endosomes (Murphy et al, 2009; Sigismund et al, 2008).

Thus, a more complete

understanding of EGFR internalization mechanisms in EGFR-driven cancers may yield
important new targets relevant to TNBC and other cancers. One such study used an RNAibased screen to identify Annexin A2 as a novel regulator of EGFR trafficking, signaling,
and metastasis in TNBC cells (de Graauw et al, 2014).
Another

protein

family

implicated

in

EGFR

internalization

is

the

Bin1/Amphiphysin/Rvs (BAR) domain-containing protein family (Itoh, 2006). BAR
proteins both sense and promote membrane curvature via their BAR domains, and recruit
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key regulators of endocytosis and actin polymerization to these membranes via their SH3
domains (Rao & Haucke, 2011; Suetsugu & Gautreau, 2012). Indeed, several BAR
proteins have been implicated in regulating cell motility, invasion, and metastasis in
EGFR-driven cancer models (Ahn et al, 2013; Chander et al, 2013; Hu et al, 2011b; Pichot
et al, 2010; Truesdell et al, 2015). Another BAR protein of potential relevance to metastatic
TNBC is Endophilin A2 (hereafter called Endo II). Endo II has been implicated in
promoting internalization of EGFR (Vehlow et al, 2013), and membrane type-1 matrix
metalloproteinase-14 (MT1-MMP) (Wu et al, 2005). Tyrosine phosphorylation of Endo II
within its SH3 domain (Y315) is mediated by Src kinase in complex with focal adhesion
kinase (FAK). Endo II phosphorylation by Src prevents MT1-MMP internalization in
fibroblasts by disrupting binding to Dynamin (Wu et al, 2005). Recently, disruption of this
FAK/Src/Endo II regulatory loop was shown to affect tumor growth and metastasis in
mouse mammary tumors derived from the Polyoma virus middle T antigen model (Fan et
al, 2013). Silencing of Endo II caused a partial reversal of the epithelial-mesenchymal
transition (EMT) phenotype, and reduced numbers of tumor-initiating cells (TICs) (Fan et
al, 2013). Although these studies in mouse models identify Endo II as a candidate regulator
of breast cancer metastasis, further studies in human breast cancers are required. This is
especially true since receptor cargos of Endo II, such as MT1-MMP and EGFR, are key
drivers of TNBC metastasis (Perentes et al, 2011).
In this study, we report on the role of Endo II in regulating EGFR internalization,
signaling and motility of human TNBC cell models. Endo II expression was high in TNBC
compared to cell lines representative of luminal subtypes or normal mammary epithelial
cells. Lentiviral shRNA-mediated silencing of Endo II in two TNBC cell lines (HCC 1806,
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MDA-MB-231), resulted in reduced internalization of EGFR, and diminished downstream
signaling to Erk and Akt kinases. These signaling defects correlated with impaired cell
motility, invasion, MT1-MMP internalization, and ECM degradation in Endo II KD cells.
In mammary orthotopic xenograft assays, we observed reduced tumor growth and lung
metastases for Endo II KD TNBC cells compared to control cells. Lastly, profiling of
human TNBCs revealed high Endo II expression in this subtype, and a correlation with
worse relapse-free survival in patients with basal-like breast cancer, which is a major subset
of TNBCs.
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2.3 Materials and Methods
2.3.1 Cell Lines and Antibodies

Normal-like MCF-10A, and all breast cancer cell lines (MCF-7, T-47D, ZR-75-1,
BT-474, MDA-MB-453, SK-BR-3, MDA-MB-231, HCC 1806, Hs578T, MDA-MB-468,
Du4475, BT-20, HCC 38) were obtained and cultured according to ATCC guidelines.
Media and supplements were from Sigma-Adrich. The following antibodies were used in
this study: anti-Endophilin II (Santa Cruz Biotech (SCBT); H-60; rabbit), anti-RasGAP
(rabbit) (Henkemeyer et al, 1995), anti-β-Actin (SCBT; C4; mouse), anti-EGFR (SCBT;
1005; rabbit), anti-pEGFR (Cell Signaling Technologies (CST); Y1068; 1H12; mouse),
anti-ERK1 (SCBT; K-23; rabbit), anti-pERK (SCBT; E-4; mouse), anti-Akt (CST; C67E7;
rabbit); anti-pAkt (CST; 193H12, rabbit), anti-MMP14 (Abcam; ab78738; mouse), and
anti-Ki67 (Abcam; ab15580; rabbit).
2.3.2 Generation of Stable Endo II KD Cell Lines

Lentiviral shRNA constructs in pGIPZ vector were obtained (Open Biosystems) for
a non-targeting (NT) control shRNA and two Endo II shRNAs. Lentiviral transduction of
HCC 1806 and MDA-MB-231 cells with NT or Endo II shRNAs and selection with
puromycin was performed as previously described (Chander et al, 2013). Endo II KD1
cells

correspond

with

clone

V3LHS_345456,

containing

target

sequence

5’AGAACTGCTTCTTCAGCCC3’. Endo II KD2 cells correspond with clone
V3LHS_345454, containing target sequence 5’TGACCTCGATGTCCAGGGA3’.
2.3.3 Cell Lysis and Immunoblotting

Breast cancer cell lines were lysed with NP-40 Lysis Buffer (20mM Tris-HCl, pH
7.5; 150mM NaCl; 1mM EDTA; 1% Nonidet P-40; 10μg/ml aprotinin; 10μg/ml leupeptin;
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1mM Na3VO4; 100 μM phenylmethylsulfonyl fluoride). The following antibodies and
concentrations were used for immunoblot (IB) analysis: Endo II (1:200); RasGAP
(1:2000); β-Actin (1:2000); EGFR (1:200); pEGFR (1:1000); Erk (1:200); pErk (1:200);
Akt (1:1000); pAkt (1:1000); MMP14 (1:500). Horseradish peroxidase-conjugated sheep
anti-mouse immunoglobulin or goat anti-rabbit immunoglobulin (1:10000; GE Healthcare)
and enhanced chemiluminescence (ECL Western Blotting Substrate; Thermo Scientific)
were used for detection. Densitometry data was calculated using ImageJ software (RSB).
2.3.4 EGF internalization and stimulation assays

For internalization assays, NT and Endo II KD cells were seeded onto coverslips
inside six-well plates and allowed to adhere overnight. Wells were then incubated with
serum-free media containing 50 ng/ml Texas-Red conjugated EGF (Molecular Probes) for
10 minutes, or 25 μg/ml Texas-Red conjugated Transferrin (Invitrogen) for 3 minutes.
Cells were fixed and counterstained with DAPI (Life Technologies), then washed with acid
wash buffer (0.2M NaOAc; 0.2M NaCl; pH 5.3) to quench extracellular background
fluorescence, followed by three washes in PBS. The coverslips were then mounted on glass
slides using Mowiol mounting medium (Sigma) and imaged on Quorum WaveFX-X1
spinning disc confocal microscope (Quorum Technologies Inc.). The images were analysed
for the presence of fluorescent vesicles using Image-Pro Plus 6 (Media Cybernetics). For
stimulation assays, HCC 1806 NT and Endo II KD cells were serum starved overnight and
treated with RPMI 1640 media supplemented with EGF (50 ng/ml) for 0-16 minutes.
2.3.5 Cell Growth and Viability Assays

Cell viability assays were done as previously described (Sharma et al, 2014).
Briefly, the HCC 1806 parental cells, NT cells, and Endo II KD cells were seeded onto 9641

well plates (2,500 cells in 100 μl/well), and after 18 hours AlamarBlue® (Life
Technologies) was added to the growth medium (10 μl/well). After 6 hours, the spectral
absorbance at 595 nm was measured using a Multiskan Spectrum plate reader (Thermo).
Cell growth curves were generated by seeding HCC 1806 and MDA-MB-231 cells onto
12-well plates (5,000 cells/well) in triplicate. Once a day for four days following seeding,
cells were trypsinized, diluted to 1 ml in PBS and counted using a Coulter Counter
(Beckman-Coulter).
2.3.6 Cell Migration Assays

HCC 1806 and MDA-MB-231 cells (50,000) were seeded in transwell inserts (8
μm pore; BD Falcon), and allowed to migrate towards either media supplemented with
either serum (MDA-MB-231 cells) or 50 ng/ml EGF in the lower chamber. Cells on the
filter were fixed, and nuclei stained with DAPI. Cells were removed from the upper surface
of the filters prior to mounting in Mowiol (Sigma), and imaging by epifluorescence
microscopy. Migrating cells were scored using Image-Pro Plus 6 software (Media
Cybernetics).
2.3.7 Spheroid Invasion Assays

HCC 1806 cell invasion was investigated using the Cultrex 96 Well 3D Spheroid
BME Cell Invasion Assay, as per the manufacturer’s instructions (cat #3500-096-K;
Trevigen). Briefly, 3,000 cells were resuspended in spheroid formation matrix solution and
pelleted in a 96 well round bottom plate and images acquired on day 3. Serumsupplemented invasion matrix was added to each well, and images were acquired after 7
days. The area of each spheroid was measured on day 3 (pre-invasion) and day 10 (post-
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invasion) using Image-Pro Plus 6 software (Media Cybernetics), and the difference was
used to calculate total area of cell invasion.
2.3.8 Extracellular Matrix Degradation Assays

Coverslips are coated with a mixture of 0.2% gelatin and TRITC ester (8:1 ratio)
for HCC 1806 cells as previously described (Magalhaes et al, 2011). For MDA-MB-231,
coverslips with TRITC-fibronectin were prepared, as previously described (Chander et al,
2013). For both cell lines, cells were seeded onto coverslips with complete media and
incubated overnight, then fixed and counterstained with AlexaFluor350 Phalloidin (Life
Technologies). Coverslips were mounted onto slides with Mowiol and imaged at 100X on
a BX51 epifluorescence microscope (Olympus). Degradation area and total cell areas were
scored using Image-Pro Plus 6 software (Media Cybernetics).
2.3.9 Surface Biotinylation Assays

Surface biotinylation assays were performed as previously described (Hu et al,
2011a). Briefly, MDA-MB-231 cells were seeded on six-well plates and the next day, cells
were chilled on ice prior to addition of biotin. Samples were either kept on ice (total
surface) or incubated at 37oC for 15 minutes, followed by once again chilling on ice. All
cells except those in the surface level group were incubated with a biotin stripping buffer.
All cells were then lysed and their lysates incubated with streptavidin-coated beads
(Roche). Both lysates and streptavidin pull down fractions were analyzed by IB as
indicated in figure legend.
2.3.10 Tumor Xenograft Assays

Mammary orthotopic xenograft assays were performed using MDA-MB-231 and
HCC 1806 cell models and Rag2−/−:IL2Rγc−/− (BALB/c) mice, as described previously
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(Chander et al, 2013). Briefly, mammary fat pads were injected with 1.5x106 NT or Endo
II KD cells in a 50% MatrigelTM (BD Biosciences) mixture. Mammary tumors were
allowed to grow for 5 weeks prior to animal sacrifice and tissue harvesting. Primary tumor
homogenates were prepared by suspension of primary tumor in NP-40 lysis buffer followed
by homogenization. Whole lungs were imaged by epifluorescence microscopy to detect
GFP-positive metastatic nodules prior to formalin fixation and paraffin embedding.
Sections (5 m) were prepared and stained with hematoxylin/eosin (H&E). For tail vein
injections, 2x105 MDA-MB-231 NT or Endo II KD cells in 200μl serum-free medium were
injected into the tail vein of Rag2−/−:IL2Rγc−/− mice. At two weeks post-injection, animals
were sacrificed and tissues harvested and analyzed as above. All animals were housed in
a specific pathogen-free facility (Queen’s University Animal Care Services), and
procedures were approved by the Queen’s University Animal Care Committee in
accordance with the Canadian Council on Animal Care guidelines.
2.3.11 Immunohistochemistry (IHC) Staining and Scoring

Human breast cancer tissue microarrays (BR10010b, T087; US Biomax) were
stained using the Discovery XT Staining System (Ventana Medical Systems, Inc.).
Antigens were retrieved with an EDTA pH 8.0 solution and incubated with rabbit antiEndo II (1:100) or rabbit anti-Ki67 (1:1000) antibody. Endo II immunohistochemistry
(IHC) staining was visualized using DAB and a hematoxylin counterstain. Microarrays
were scanned using the Aperio CS digital slide scanner (Queen’s Laboratory for Molecular
Pathology) and analyzed with ImageScope software (Aperio). As a control, Endo II
antibody was precleared with beads coated with GST-Endo II linker-SH3 construct. The
depleted antibody and mock-depleted antibody were tested by IP/IB using MDA-MB-231
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cell lysates. IHC staining of human tumors using precleared Endo II antibody was used to
calculate the minimum threshold for subsequent staining with Endo II antibody. Core
sections selected for scoring were of similar areas, and included only epithelial-like cells.
H-scores were calculated based on positive pixel intensity according to the formula:
(%weak positive) + (%positive*2) + (%strong positive*3).
2.3.12 Bioinformatics

For analysis of Endo II transcripts in breast cancer cell lines, we used openly
available Affymetrix microarray datasets (www.biogps.org). For analysis of Endo II
transcripts in breast cancer microarray studies, a Kaplan-Meier curve for relapse-free
survival was created using Kaplan-Meier Plotter (www.kmplot.com) for 199 basal-like
breast cancer patients (ER-/PgR-/HER2-) grouped as above or below median expression
levels of the sh3gl1 gene. Hazard Ratio (with 95% confidence interval) and logrank P
values were calculated.
2.3.13 Statistical Analysis

Unless otherwise specified, all experiments were performed in triplicate, and
presented as the means ± standard error (SEM). Student’s two-tailed t-test was used to
compare NT and KD cell lines, with significant differences defined by p<0.05, unless
otherwise stated in figure legends.
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2.4 Results
2.4.1 Endo II is Highly Expressed in TNBC Cell Lines

Endo II has been implicated in a FAK/Src kinase signaling axis in fibroblasts and
mouse mammary tumor cell lines that regulates MT1-MMP internalization (Fan et al, 2013;
Wu et al, 2005). To begin testing the role of Endo II in human breast cancer, we profiled
Endo II expression in a panel of human breast-derived cell lines. This panel included an
immortalized normal-like breast epithelial cell line (MCF-10A), luminal A (MCF-7, T47D), luminal B (ZR-75-1, BT-474), HER2 (MDA-MB-453, SK-BR-3,), and TNBC cell
lines (MDA-MB-231, HCC 1806, Hs578T, MDA-MB-468, Du4475, BT-20, HCC 38).
Immunoblot (IB) analyses revealed that Endo II was expressed at high levels in HER2 and
TNBC cell lines, compared to MCF-10A or luminal cell lines (Figure 2.1A; p120RasGAP
served as a loading control). Similar results were observed at the level of Endo II gene
expression, based on microarry results for 51 normal-like and breast cancer cell lines
(Hoeflich et al, 2009; Stinson et al, 2011), with a trend towards higher transcript levels in
TNBC and HER2 cell lines (Figure 2.2). To study the function of Endo II in TNBC, we
generated stable knock-downs (KDs) of Endo II in two TNBC cell lines using a lentiviral
system. It is worth noting that HCC 1806 cells represent basal-like, and MDA-MB-231
cells are basal B/claudin low (Prat et al, 2013). For each cell line, two separate shRNAs
were tested (KD1, KD2), and these were compared to a control line expressing a nontargeting (NT) shRNA. Endo II expression was greatly reduced in KD derivatives from
both HCC 1806 and MDA-MB-231 cells based on IB analysis (Figure 2.1B,C). For both
cell lines, shRNA1 delivered a more complete silencing of Endo II compared to shRNA2
(Fig2.1B,C; compare KD1 and KD2), and was prioritized for use in most assays. Next, we
46

Figure 2.1 Endo II expression and stable KD in TNBC cells
A. A panel consisting of human normal-like breast epithelial MCF-10A cells and the indicated
breast cancer cell lines spanning the major subtypes were subjected to immunoblot (IB) analysis
for Endo II expression. Densitometry was performed to determine relative Endo II expression
between cell lines (RasGAP served as a loading control). B-C. Stable silencing of Endo II in HCC
1806 (B) and MDA-MB-231 cells (C) was confirmed by IB for cells transduced with either a nontargeting shRNA (NT), or one of two Endo II shRNA lentiviruses (KD1; KD2; β-Actin served as
a loading control). Unless otherwise specified, experiments were performed on KD1 cells which
showed the most efficient silencing of Endo II. D. Cell growth curves for HCC 1806 and MDAMB-231 NT and KD1 cells. 5,000 cells were seeded in culture wells, and a triplicate set of wells
was counted every day post seeding for 4 days. Results are representative of 3 independent
experiments.
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Figure 2.2 Endo II mRNA expression across breast cancer subtypes
Relative Endo II mRNA transcript levels in breast cancer cell lines, categorized by subtype.
Fluorescent readouts quantified from Affymetrix mircroarrays . Data collected from publically
available database. Mean expression: Luminal A = 1267.4; Luminal B = 1252.7; Her2+ = 1469.1;
Triple-Negative = 1644.8.
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determined whether Endo II KD had any effect on cell viability and cell growth. No
significant differences were observed between NT and Endo KD TNBC cell growth curves
(Figure 2.1D), or metabolic activity measured using alamarBlue® (data not shown).
2.4.2 Endo II Promotes CME in TNBC Cells

Previous studies have implicated Endo II in promoting early and late events in
CME, such as vesicle scission and clathrin-coated vesicle uncoating (Hill et al, 2001;
Milosevic et al, 2011; Neumann & Schmid, 2013; Vehlow et al, 2013). To test the potential
effects of Endo II KD on CME in HCC 1806 cell lines (NT, KD1, KD2), we incubated
them with Texas Red-labeled transferrin (TR-Tfn). After 3 minutes, extracellular TR-Tfn
was removed, and cell nuclei stained with DAPI prior to imaging by confocal microscopy.
Although NT and Endo II KD cell lines both showed internalization of TR-Tfn (Figure
2.3A), we observed a significant reduction in Tfn-positive vesicles in Endo KD1 and KD2
cell lines compared to NT cells (Figure 2.3B). The magnitude of these defects in CME
were proportional to levels of Endo II remaining in these cell lines (Figure 2.1B/C), and
therefore supports that Endo II silencing causes these defects rather than potential off-target
effects of individual shRNAs.
EGFR is frequently activated in TNBC, and internalization of activated EGFR
regulates signaling and degradation (de Graauw et al, 2014; Wang et al, 2005). To test
whether Endo II regulates EGFR internalization, we analyzed the effects of Endo II KD on
uptake of Texas Red-labelled EGF (TR-EGF). Although EGF uptake was observed in both
NT and Endo II KD TNBC cell lines, fewer EGF-positive vesicles were observed in Endo
II KD cells (Figure 2.4A/C). Quantification of these results revealed a significant reduction
in EGF uptake in Endo II KD cells for both HCC 1806 and MDA-MB-231 cell lines,
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Figure 2.3 Endo II promotes transferrin uptake via CME in TNBC cells
A. Representative images of Texas-Red labeled transferrin (TR-Tfn) internalization in HCC 1806
NT and Endo II KD cells at 3 minutes post treatment (cell nuclei were counterstained with DAPI).
B. Numbers of Transferrin-containing vesicles in each cell line were quantified for Endo II NT,
KD1 and KD2 cells (N=25, 41, 30 cells for NT, KD1, KD2 respectively). Results are representative
of 3 independent experiments (***: P<0.001).
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Figure 2.4 Endo II silencing causes defects in EGFR internalization
Internalization of EGFR was assessed by incubation of cells with Texas-Red labeled EGF. The
number of EGF-positive vesicles was counted for HCC 1806 (A-B) and MDA-MB-231 (C-D) NT
and Endo II KD cells. For HCC 1806, N= 37, 38 cells for NT and KD, respectively. For MDAMB-231, N=17, 23 cells for NT and KD, respectively. Results are representative of replicate
experiments. (*: P<0.05, ***: P<0.001)
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compared to NT controls (Figure 2.4B/D). Together, these results support a role for Endo
II in promoting early events in receptor endocytosis in TNBC cells.
2.4.3 Endo II Regulates EGFR Signaling in TNBC

Since internalization of EGFR has been linked to sustained activation of Erk and
Akt signaling pathways (de Graauw et al, 2014; Wang et al, 2005), we tested the potential
effects of Endo II on EGFR signaling in TNBC cells. A time course of EGF treatment was
performed on serum starved HCC 1806 NT or KD1 cells, and EGFR signaling was
analyzed by IB. To test the extent of EGFR activation, autophosphorylation of EGFR at
Y1068 (pEGFR) was analyzed, and showed similar kinetics of activation in NT and KD
cells (Figure 2.5A). Densitometric analyses revealed a small increase in relative pEGFR
levels in Endo II KD cells, compared to control, but not at all timepoints (Figure 2.5B).
Next, we investigated EGFR signaling to Erk and Akt kinases, which regulate myriad
responses to EGF, including cell proliferation, survival, motility and invasion (Altomare
& Testa, 2005; Kohno et al, 2011). Interestingly, Endo II KD cells displayed a dramatic
reduction in EGF-induced phosphorylation of Erk (pErk) and Akt (pAkt) kinases compared
to NT control cells (Figure 2.5A). Densitometric analyses from multiple experiments
revealed significant reductions in pErk and pAkt levels at each time point of EGF treatment
in Endo II KD cells (Figure 2.5B).
2.4.4 Endo II Promotes TNBC Cell Motility and Invasion of ECM

To test whether defects in EGFR internalization and signaling in Endo II KD cells
alters the highly invasive phenotypes of these TNBC cell lines, we tested them in
chemotaxis and invasion assays. Using transwell migration chambers, and EGF as
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Figure 2.5 Endo II promotes EGFR signaling to Erk and Akt kinases in TNBC cells
A. HCC 1806 NT and KD cells were treated with EGF (50 ng/ml) for the indicated times (min).
Lysates were subjected to IB analysis for the indicated proteins and their phosphorylated forms. B.
Graph depicts relative levels of pEGFR, pErk, and pAkt compared to total levels observed in 3
independent experiments. (*: P<0.05, ***: P<0.001)
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chemoattractant, we observed a significant reduction in chemotaxis of HCC 1806 cells
upon silencing of Endo II (Figure 2.6A). Similar assays were performed in MDA-MB-231
NT, KD1 and KD2 cells using serum as the chemoattractant, which also revealed a role for
Endo II in promoting TNBC cell motility (data not shown). To test the potential effects of
Endo II KD on TNBC cell invasion, we compared HCC 1806 NT and KD cells for their
ability to form spheroids in 3D culture and invade the surrounding ECM. We observed
similar growth of NT and Endo II KD cells as spheroids at day 3, but following overlay
with ECM permissive of cell invasion for 7 days, we observed a dramatic reduction in 3D
cell invasion (Figure 2.6C). Together, these results demonstrate a key role for Endo II in
promoting TNBC cell motility and invasion of ECM.
2.4.5 Endo II Promotes Invadopodia Formation and ECM Degradation in TNBC Cells

Previous studies in Src-transformed fibroblasts and mouse mammary tumor cells
have implicated Endo II in promoting internalization of MT1-MMP and ECM degradation
by invadopodia (Fan et al, 2013; Wu et al, 2005).

Endo II inactivation following

phosphorylation by FAK/Src complexes was shown to promote the invasive phenotypes in
these models. To test effects of Endo II KD on invadopodia formation in human TNBC
cells, we plated NT and KD cells on coverslips coated with a thin layer of TRITC-labeled
ECM proteins, such as gelatin (for HCC 1806 cells) or fibronectin (for MDA-MB-231
cells). After 24 hours, cells were fixed and filamentous actin (F-actin) was stained prior to
imaging by epifluorescence microscopy. In these assays, invadopodia are visualized as Factin dots over areas of ECM degradation, and these F-actin dots were observed in the
perinuclear region of NT and KD MDA-MB-231 cells (Figure 2.7A). Although no
significant differences were observed in F-actin dots (Figure2.7B), we observed a
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Figure 2.6 Endo II promotes TNBC cell motility and invasion
A. Transwell migration assay using EGF-induced migration of HCC 1806 NT and KD cells. Results
are representative of 3 independent experiments (*: P<0.05). B. NT and Endo II KD cells are
imaged upon formation of spheroids (pre-invasion) and a week after addition of a MatrigelTM layer
(post-invasion). C. Quantification of invasion area was determined by subtracting pre-invasion
from post-invasion area using imaging software. Results are representative of 3 independent
experiments (*: P<0.05).
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Figure 2.7 Endo II promotes invadopodia maturation and MT1-MMP internalization in
TNBC cells
A. MDA-MB-231 cells are plated on TRITC-fibronectin coated coverslips for 24 hours prior to
fixation and F-actin staining. Representative epifluorescence images are shown for F-actin
(pseudocoloured green), ECM (red), and an overlay (merge). B-C. Graphs depict quantification of
F-actin dots (B) and ECM degradation area (C) by MDA-MB-231 NT and KD cells (N=25 cells,
n.s.: not significant, **: P<0.01). D. Surface biotin assays were performed on MDA-MB-231 NT
and Endo II KD cells as described in Materials and Methods. The total surface pool (4°C) and
internalized fractions (37°C 15’ (min); 30’ (min)) were captured with Streptavidin beads and
subjected to IB with EGFR and MT1-MMP antibodies (PD: pull-down; SCL: Soluble Cell
Lysate; Strip: extent of biotin stripping of a separate 4°C sample with MESNA; dashed lines
indicate that a lower exposure of the same blot was shown for 4°C samples compared to other
conditions). Results are representative of 3 independent experiments.
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significant defect in ECM degradation in Endo II KD cells (Figure 2.7A). We observed
very similar results in parallel studies with HCC 1806 NT and KD cells (Figure 2.8).
Together, these results implicate Endo II in promoting invadopodia maturation and ECM
degradation in TNBC cells.
In fibroblasts, overexpression of a gain-of-function mutant in Endo II (Y315F),
lacking the Src phosphorylation site, was shown to increase MT1-MMP internalization and
reduce ECM degradation (Wu et al, 2005). To address whether Endo II KD alters MT1MMP internalization in TNBC cells, surface biotin assays were performed to compare
levels of cell surface and internalized pools of MT1-MMP. In the highly invasive MDAMB-231 cells, Endo II KD cells exhibited increased levels of MT1-MMP on the surface of
Endo II KD cells in these assays (Figure 2.7D; 4 °C condition). Upon shifting the cells to
37 °C to allow endocytosis to proceed, we observed defects in internalization of MT1MMP in Endo II KD cells (Figure 2.7D). As a positive control, we analyzed EGFR
internalization and observed similar defects in Endo II KD cells (Figure 2.7D). These
results are consistent with Endo II promoting MT1-MMP internalization in human TNBC
cells, and the loss of endosomal pools of MT1-MMP and EGFR may prevent mobilization
to invadopodia precursors in these cancer cells.
2.4.6 Endo II Promotes Tumor Growth and Metastases in Mice

To better characterize the contributions of Endo II to disease progression in TNBC,
we performed mammary orthotopic xenograft assays using Endo II KD TNBC cells and
their controls injected into Rag2-/-:IL-2Rγc-/- mice. At five weeks post injection, mice were
sacrificed and several tissues along with primary tumors were harvested. For both MDAMB-231 and HCC 1806 cell models, Endo II silencing caused a significant reduction in
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Figure 2.8 Endo II silencing reduces ECM degradation in HCC 1806 cells
A. Cells were seeded onto TRITC-gelatin coated coverslips and incubated overnight. Alexa-350
Phalloidin was used as a counterstain (pseudocoloured green). DAPI stained nuclei also shown.
The punctate absence of TRITC signal represents matrix degradation. B. Area degraded by HCC
1806 NT and Endo II KD cells was quantified
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tumor growth (Figure 2.9A; Figure 2.10A). This defect in tumor growth was not due to
differences in cell growth rates in vitro (Figure 2.1D), or with expression of the Ki67
marker of proliferating tumor cells in vivo (Figure 2.9B; Figure 2.10B). To establish
whether the silencing of Endo II remained intact in vivo, we prepared homogenates from
primary tumors for IB analysis. This showed a substantial reduction in Endo II within the
primary tumors for KD cells compared to NT controls (Figure 2.9C; Figure 2.10C). Lungs
from the mice were harvested and imaged by fluorescence microscopy to detect GFPpositive TNBC metastases. In both models, Endo II KD resulted in less GFP+ lung
metastases (Figure 2.9D; Figure 2.10D). To quantify these results, lung tissue sections
were stained with hematoxylin/eosin (H&E) and metastatic nodules were quantified
(Figure 2.9D/E; Figure 2.10D/E). We observed a significant reduction in lung metastases
in both TNBC cell models upon Endo II silencing (Figure 2.9E; Figure 2.10E). These
results were likely not explained by differences in tumor size for Endo II KD group, since
we observed no strong correlation between number of metastases and mass of the primary
tumors in these TNBC models (Figure 2.11). To test whether Endo II functions in early or
late events in metastasis, we compared the lung seeding efficiency of MDA-MB-231 NT
and KD cells. We observed a significant defect in Endo II KD cells in lung seeding
efficiency compared to NT control cells (Figure 2.12). These results implicate Endo II in
promoting TNBC metastasis during early events within the mammary gland (orthotopic
model), and following dissemination in the peripheral blood (tail vein model).
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Figure 2.9 Endo II regulates TNBC tumor growth and metastasis in mice
A. Graph depicts tumor mass following injection of MDA-MB-231 NT or Endo II KD cells into
the mammary fat pad at 5 weeks (N=12/group from 3 independent experiments; *: P<0.05). B.
Representative images of Ki67 IHC staining in NT and Endo II KD primary tumor sections. C.
Endo II silencing in vivo was assessed by IB of primary tumor homogenates. D. Representative
images of lung metastases in mice harboring MDA-MB-231 NT or Endo II KD mammary tumors
at five weeks. Representative epifluorescence images of whole lungs to visualize GFP+ lung mets
are shown (4X objective). Also shown are brightfield images of hematoxylin/eosin (H&E)-stained
lung sections (10X objective). E. Graph depicts numbers of metastases observed in H&E lung
sections (N=12/group, ***: P<0.001).

60

Figure 2.10 Endo II regulates TNBC primary tumour growth and metastasis in mice
A. Tumour weights of Rag2-/-:IL-2Rγc-/- mice five weeks after injection of HCC 1806 NT or Endo
II KD cells into the mammary fat pad. B. Representative images of Ki67 IHC staining in NT and
Endo II KD primary tumours. C. IB of primary tumour homogenates validating conservation of
Endo II KD post-injection in both cell lines. D. Representative images of lung metastases in HCC
1806 injected mice at five-week endpoint. Lungs were imaged on a fluorescence microscope at 4X,
and metastatic nodules made visible by GPF expression through the lentiviral vector. Histological
sections of these lungs were also prepared and imaged at 10X in brightfield. E. Metastatic nodules
were counted in H&E sections from the lungs of injected mice. N=9, 8 mice for HCC 1806 NT and
KD, respectively. (*: P<0.05, **: P<0.01, ***: P<0.001)
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Figure 2.11 No strong relationship between tumour size and metastases of mice injected with
HCC 1806 or MDA-MB-231 cells
The graphs did not produce significant correlations (A: r²= 0.52; B: r²=0.04).
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Figure 2.12 Endo II affects TNBC lung seeding in mice
A. Representative images of the lungs of mice two weeks after receiving a tail vein injection of
MDA-MB-231 NT or Endo II KD cells. Lung images were taken at 4X on a fluorescent microscope,
the metastatic nodules being made visible by GFP expression from lentiviral vector. B.
Quantification of GFP-positive metastatic modules in whole lungs of NT and Endo II KD mice.
N= 6 mice for both NT and KD. (*: P<0.05)
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2.4.7 High Endo II Expression in TNBC Correlates with Poor Clinical Outcome

Since our functional studies of Endo II in TNBC cell and tumor models support a
key role for Endo II in TNBC, we extended our study of Endo II to examine its expression
in human breast tumor samples.

Endo II protein levels were analyzed by

immunohistochemistry (IHC) staining of tissue microarrays containing 50 invasive ductal
carcinomas. To test the specificity of the Endo II IHC signal, we depleted the antisera with
a GST-Endo II fusion protein, or with GST alone as a control. The GST-Endo II depletion
resulted in a nearly complete loss of recovery of Endo II by immunoprecipitation from
MDA-MB-231 cells (Figure 2.13A). This depleted antibody also showed very little signal
in IHC staining of human breast tumor samples compared to control Endo II antibody
(Figure 2.13B). We went on to profile Endo II expression in human breast tumors, and
grouped them according to molecular subtypes of luminal (ER+/PgR+), HER2 (HER2+) and
triple-negative (ER-/PgR-/HER2-). While all tumors showed detectable Endo II expression,
the highest levels were observed in triple-negative tumors (Figure 2.14A). To quantify and
analyze these results we converted our IHC signals to H-Scores using imaging software.
When organized by subtype, we observed a trend towards higher Endo II expression in
TNBC tumors compared to luminal or HER2 cases (Figure 2.14B). It is worth noting that
this result is consistent with our profiling of Endo II levels in breast cancer cell lines
isolated from TNBCs (Figure 2.1A; Figure 2.2). To extend this study of Endo II expression
to samples with known outcomes, we queried results of gene expression data for ≈200
basal-like breast cancer patients using KM Plotter (Gyorffy et al, 2010), and this revealed
significantly higher risk of relapse for patients with tumors characterized by high levels of
Endo II mRNA expression (Figure 2.14C). Similar results were not observed in patients
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Figure 2.13 Assessing background staining levels in Endo II IHC experiments
Endo II antibody preclearing protocol can be found in Materials and Methods. A. IHC done using
antigen-precleared Endo II antibody, compared to positive Endo II signal from the untreated
antibody. B. IB of MDA-MB-231 lysate using precleared Endo II antibody, as well as two controls.
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Figure 2.14 High levels of Endo II in human TNBCs and link with poor prognosis
A. Three representative images are shown for Endo II IHC staining in 50 human breast carcinomas
organized according to molecular subtypes. B. Graph depicts results of H-score analysis of Endo
II IHC signal in TMA cohorts corresponding to luminal, HER2, and triple-negative subtypes. C.
Kaplan-Meier plot comparing relapse-free survival of ~200 basal-like breast cancer patients with
high or low Endo II (sh3gl1) mRNA expression.
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with other breast cancer subtypes (data not shown). Together, these results suggest that
high levels of Endo II expression may contribute to TNBC progression and metastasis,
which is supported by our functional studies of Endo II in TNBC xenograft models.
2.5 Discussion
Dynamic changes in membrane shape and composition are central to many
biological processes (Mim & Unger, 2012). Invasive cancer cells take advantage of these
processes during cancer cell invasion and tumor metastasis (Scita & Di Fiore, 2010). This
study adds to a growing list of membrane shaping BAR proteins that have been implicated
in cancer metastasis (Ahn et al, 2013; Chander et al, 2013; Fan et al, 2013; Ivanova et al,
2013; Koshkina et al, 2013; Truesdell et al, 2015). Through stable silencing of Endo II in
TNBC cell models, we provide evidence that Endo II promotes internalization of EGFR
and downstream signalling to Erk and Akt pathways. Endo II KD cells display defects in
cell motility and invasion that correlated with a striking defect in ECM degradation activity
in two TNBC cell models. The lack of mature invadopodia in Endo II KD cells may be
due to defects in MT1-MMP internalization and subsequent trafficking in the absence of
Endo II.

Consistent with role of invadopodia in promoting tumor progression and

metastasis in TNBC (Jiang et al, 2006; Perentes et al, 2011), we also show that Endo II
promotes metastasis in TNBC tumor xenograft models. Lastly, we identify a link between
elevated Endo II expression and an increased risk of relapse in basal-like breast cancer
patients.
Endo II has recently been studied in mammary carcinoma cells isolated from the
MMTV-PyMT model crossed with FAK knock-in mice bearing mutations to the SH3
domain-binding motif for Endo II (+/PA-MT and PA/PA-MT) (Fan et al, 2013). Endo II
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association with FAK/Src kinases is retained in +/PA-MT cells, which allows
phosphorylation (pY315)-mediated inactivation of Endo II and reduced MT1-MMP
internalization (Fan et al, 2013; Wu et al, 2005). The +/PA-MT cells have high surface
levels of MT1-MMP, and low E-cadherin levels compared to PA/PA-MT cells. Endo II
silencing had no effect on surface MT1-MMP in +/PA-MT cells, but did promote MT1MMP surface expression in PA/PA-MT cells (Fan et al, 2013). Although it is difficult to
make direct comparisons between our human TNBC models and those in the Fan et al.
study, we have also observed increased surface levels of MT1-MMP with Endo II
silencing. However, this did not correlate with increased ECM degradation activity in
Endo II KD TNBC cells, as reported in Src-transformed fibroblasts (Wu et al, 2005). In
fact, we observe impaired ECM degradation in Endo II KD TNBC cells. This likely relates
to the complex trafficking of MT1-MMP from the cell surface to late endosomes and
regulated delivery to invadopodia precursors (Poincloux et al, 2009; Remacle et al, 2003).
Since our TNBC cell models are not engineered to disrupt the FAK interaction with Endo
II, we hypothesize that Endo II can largely escape inhibition by Src, and thereby promote
endocytosis of MT1-MMP at membrane sites lacking activation of the FAK/Src complex.
Here, we show that internalization of MT1-MMP is impaired in Endo II KD MDA-MB231 cells subjected to surface biotin assays. We hypothesize that lack of an endosomal
pool of MT1-MMP may limit subsequent delivery to invadopodia precursors in Endo II
KD TNBC cells. It is worth noting that the Endo II binding partner Dynamin has recently
been implicated in the formation and fission of tubulovesicular carriers from this
intracellular pool of MT1-MMP (Rosse et al, 2014). Like our findings here for Endo II,
Dynamin was also identified as a positive regulator of invadopodia formation and cell
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invasion in MDA-MB-231 cells (Baldassarre et al, 2003). In future, the Endo II KD TNBC
cell models that we have developed can be used to define the cellular compartments of
MT1-MMP that are most affected by Endo II silencing.
In this study, we identified a role for Endo II in promoting internalization of EGFR,
which is a key pathway linked to TNBC tumor metastasis (de Ruijter et al, 2011; Ueno &
Zhang, 2011). Our results are consistent with a recent study showing that Endo II
associates with Lamellipodin, an actin filament elongation protein, to promote
internalization of EGFR in HeLa cells (Vehlow et al, 2013). Although we have not been
able to confirm Lamellipodin interaction with Endo II in TNBC cells (data not shown), it
will be interesting to test for potential defects in membrane recruitment of Lamellipodin in
Endo II KD cells. It is worth noting that Lamellipodin was shown to localize to the leading
edge of MDA-MB-231 cells in a phosphoinositide (PI(3,4)P2)-dependent manner (Zou et
al, 2010). Since PI(3,4)P2 is enriched in invadopodia precursors (Oikawa et al, 2008), it
will be interesting to test whether Lamellipodin also localizes to invadopodia to regulate
actin polymerization, and whether this depends on Endo II. Endo II was also recently
identified as an interacting partner for the proline-rich region of Tks4 adaptor protein
(Havrylov & Park, 2015). It is worth noting that lung metastasis of tumor cells requires
Tks4-induced invadopodia formation and maturation (Leong et al, 2014). Future studies of
this Tks4-Endo II axis will be required to understand their roles in formation or function
of invadopodia in TNBC cells (Havrylov & Park, 2015). Another recently described
binding partner of Endo II is the exchange factor for Arf6 (EFA6) whose activity is
enhanced by Endo II leading to increased Arf6GTP signaling at cell protrusions (Boulakirba
et al, 2014).

Interestingly, Arf6 was previously shown to promote Erk activation,
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invadopodia formation, and cell invasion in melanoma and breast cancer models
(Hashimoto et al, 2004; Tague et al, 2004). Given the defects in EGFR signaling to Erk
that we have observed in Endo II KD cells, it will be interesting to test whether this is due
to altered Arf6 activation, or altered transit time of EGFR within signaling endosomes. A
recent study of proteins involved in EGFR internalization provides further support for
compartmentalized signaling of EGFR from endosomes (de Graauw et al, 2014). In their
study, Annexin A2 silencing enhanced EGF uptake, Akt activation, and lung metastasis in
xenograft models. In our study, Endo II silencing led to defects in EGFR internalization,
Akt activation and lung metastasis in xenograft assays. Since both Erk and Akt pathways
play key roles in tumor progression, it will be interesting to define the gene expression
signature of TNBCs in Endo II KD tumors.
Our analysis of Endo II expression in human breast tumors revealed a trend towards
high Endo II expression in TNBC cases, compared to luminal and HER2 tumors. These
results are consistent with our results in surveying breast cancer cell lines. Considering the
importance of receptor cargos (MT1-MMP, EGFR) and signaling pathways (Akt, Erk) that
are regulated by Endo II in TNBC cell models, it will be interesting to perform parallel
studies of these signaling proteins in tumors with varying levels of Endo II. Since our
tumor xenograft studies identify Endo II as a metastasis-promoting factor, it will be
important to profile Endo II expression and the above pathways in paired samples of
primary tumors and lymph node or distant metastases. Given the evidence that FAK/Src
kinases phosphorylate Endo II at Y315 leading to loss of binding to SH3 domain partners
(Wu et al, 2005), it would be very interesting to profile Endo II pY315 expression and
localization within TNBC cells and tumors. However, this will require preparation of new
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phospho-specific antibodies for Endo II. For a widely expressed gene, it is interesting that
expression of the sh3gl1 gene encoding Endo II at levels above or below the median (within
the primary tumor) was associated with risk of relapse in basal-like breast cancer patients.
These results will spur futher testing of this association at the Endo II protein level in
patient cohorts with known clinical outcomes. Given that some of the pathways regulated
by Endo II are being considered in targeted therapies, the relative levels of Endo II
expression in these patient samples may be relevant to the response to therapy. It is also
worth noting that in the rapidly emerging field of antibody-drug conjugates for cancer
therapy, biomarkers related to the endocytic pathways may be useful to predict response,
since receptor internalization is a necessary step for release of these anti-cancer drugs
(Ritchie et al, 2013).
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Chapter 3
Endophilin A2 Promotes HER2 Internalization and Sensitivity to
Trastuzumab-Based Therapies in HER2-Positive Breast Cancer
3.1 Abstract
Background: Human epidermal growth factor receptor-2 (HER2) is amplified and a
clinical target in a subset of human breast cancers with high rates of metastasis. Targeted
therapies involving the antibody Trastuzumab and Trastuzumab-emtansine (T-DM1) have
greatly improved outcomes for HER2-positive breast cancer patients. However, resistance
to these targeted therapies can develop and limit their efficacy.

Here, we test the

involvement of the endocytic adaptor protein Endophilin A2 (Endo II) in HER2-positive
breast cancer models, and their responses to treatments with Trastuzumab and T-DM1.
Methods: Endo II expression in human breast tumors and lymph node metastases was
analyzed by immunohistochemistry. To test the function of Endo II, stable silencing of
Endo II was achieved in HER2-positive (HER2+) cancer cell lines (SK-BR-3 and
HCC1954), and the effects on HER2 levels, localization and signaling were measured. The
effects of Endo II silencing on cell motility and tumor metastasis were analyzed.

The

effects of Endo II silencing on the responses of HER2+ cancer cells to Trastuzumab or TDM1 treatments was tested using real-time cell motility and cytotoxicity assays.
Results: High levels of Endo II were detected in HER2-positive tumors, and were linked
to worse overall survival in node-positive HER2+ breast cancers. Stable silencing of Endo
II in HER2+ cell lines led to elevated levels of HER2 on the cell surface, impaired EGFinduced HER2 internalization, and reduced signaling to downstream effector kinases Akt
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and Erk. Endo II silencing also led to decreased migration and invasion of HER2+ cancer
cells in vitro, and impaired lung seeding following tail vein injection in mice. In addition,
Endo II silencing also impaired HER2 internalization in response to Trastuzumab treatment
and the blockade of cell motility. The cytotoxic effects of Trastuzumab and T-DM1 on
HER2+ cancer cells was also impaired upon silencing of Endo II.
Conclusions: Our study provides novel evidence that Endo II and the endocytic pathways
it coordinates are involved in HER2 internalization and trafficking required for effective
treatment with Trastuzumab or T-DM1. Differential expression of Endo II may account
for differential sensitivity or resistance to targeted therapies for HER2+ cancers.
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3.2 Introduction
Mortality in breast cancer patients is primarily due to cancer progression into
metastatic disease (Colzani et al, 2011; Riihimaki et al, 2012). This progression involves
the acquisition of adaptive changes within tumor cells and the tumor microenvironment
(Hanahan & Weinberg, 2011). For breast cancers, gene expression profiling has identified
four main subtypes that differ in driver genes and optimal therapies (Taherian-Fard et al,
2015). This classification has revealed different rates of breast cancer metastasis based on
molecular subtype (Kennecke et al, 2010).

The HER2-positive (HER2+) subtype,

characterized by overexpression of HER2 receptor, accounts for 20% of cases and has high
rates of metastasis (Iqbal & Iqbal, 2014).
The monoclonal antibody Trastuzumab (HerceptinTM) has proven to be an effective
adjuvant therapy against HER2+ breast cancers (Smith et al, 2007). Trastuzumab treatment
leads to reduced HER2 signaling, reduced tumor angiogenesis, cell cycle arrest, and
enhanced anti-tumor immune responses (Fiszman & Jasnis, 2011). Despite these beneficial
outcomes, resistance to Trastuzumab is common, and can occur early in the treatment
regime (Cobleigh et al, 1999). Currently, the molecular mechanisms that explain HER2
suppression by Trastuzumab remain unclear, with various hypotheses proposed (Austin et
al, 2004; Ben-Kasus et al, 2009; Longva et al, 2005; Spiridon et al, 2004). However, there
is a consensus that HER2-Trastuzumab complexes are internalized by cells prior to loss of
viability.

Defining the underlying mechanisms of Trastuzumab-induced HER2

internalization could provide insights into Trastuzumab resistance.
Endophilin A2 (Endo II) is a ubiquitously expressed member of the BAR domain
protein family (Kjaerulff et al, 2011). Its structure consists of an N-terminal BAR domain
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that can sense and induce membrane curvature, as well as a C-terminal SH3 protein-protein
interaction domain. Endo II is a scaffolding protein, shown to direct localization and
subsequent activity of proteins involved in endocytosis and invadopodia (Milosevic et al,
2011; Wu et al, 2005). While the majority of studies have focused on its role in Clathrinmediated endocytosis (CME), recent evidence suggests Endo II can direct a distinct,
clathrin-independent endocytic pathway known as Fast Endophilin-Mediated Endocytosis
(FEME) (Boucrot et al, 2015; Boulakirba et al, 2014). Furthermore, this novel process is
found to take place at the leading edge of cells, and can regulate the ligand-induced
internalization of tyrosine kinase receptors related to HER2, such as Epidermal Growth
Factor Receptor (EGFR) (Vehlow et al, 2013). These two characteristics imply that Endo
II could play an important role in breast cancer progression, where an active leading edge
and growth signaling promote cell motility and invasion. Previous studies have determined
Endo II plays an important role in cancer biology (Fan et al, 2013; Wu et al, 2005). We
have previously reported that Endo II promotes growth, invasion, and metastasis in TripleNegative Breast Cancer (TNBC) models (Baldassarre et al, 2015). There are currently no
studies exploring the role of Endo II in HER2+ breast cancer, or its effects on response to
treatment with Trastuzumab.
In the current study, we profiled expression of Endo II in HER2+ breast tumors and
observed high expression in both tumors and lymph node metastases. In HER2+ cancer
cells, Endo II silencing led to defects in HER2 internalization and signaling, as well as
impaired cell motility in vitro and tumor metastasis in vivo. Furthermore, Endo II silencing
led to disruption of Trastuzumab-induced HER2 internalization, cytotoxicity and cell
motility in vitro.
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3.3 Materials and Methods
3.3.1 Cell Lines and Antibodies

Normal-like MCF-10A and breast cancer cell lines (BT-474, SK-BR-3, MDA-MB231, HCC1954) were obtained from ATCC. Antibodies used in this study include: antiEndophilin II [Santa Cruz Biotech (SCBT); H-60; rabbit], anti-RasGAP (rabbit) (Ellis et
al, 1991), anti–β-Actin (SCBT; C4; mouse), anti-EGFR (SCBT; 1005; rabbit), antiphospho-EGFR [Cell Signaling Technologies (CST); pY1068; 1H12; mouse], anti-ERK1
(SCBT; K-23; rabbit), anti-phospho-ERK (SCBT; E-4; mouse), anti-Akt (CST; C67E7;
rabbit), anti-phospho-Akt (CST; 193H12; rabbit), anti-HER2 (CST; 22425; rabbit), antiphospho-HER2 (CST; 6B12; rabbit), anti-α-actinin (SCBT; H-300; rabbit), HRPconjugated secondary antibodies (Licor; 926-80010 anti-mouse; 926-80011 anti-rabbit),
FITC-conjugated anti-HER2 Affibody (Abcam; ab31889); PE-conjugated anti-HER2
(BioLegend; 24D2; mouse).
3.3.2 Generation of Stable Endo II KD Cell Lines and Cell Growth Assays

Lentiviral pGIPZ and pLKO vectors were obtained for non-targeting shRNA (NT;
GIPZ), empty vector control (Vec; pLKO), and two Endo II-specific shRNAs (KD1 and
KD2; GIPZ and pLKO) (Open Biosystems). Lentiviral transduction of SK-BR-3 and
HCC1954 cells followed by selection with puromycin was performed as previously
described (Baldassarre et al, 2015). Endo II KD1 and KD2 cells in the GIPZ model
correspond

to

clone

V3LHS_345456

(target

sequence

5’AGAACTGCTTCTTCAGCCC3’) and clone V3LHS_345454 (target sequence
5’TGACCTCGATGTCCAGGGA3’), respectively. Cell growth assays were performed as
previously described (Baldassarre et al, 2015).
76

3.3.3 Cell Lysis and Immunoblotting

Cells lysis and immunoblot were performed as previously described (Baldassarre
et al, 2015). Antibodies used and dilutions include: Endo II (1:200); RasGAP (1:2,000);
β-actin (1:2,000); EGFR (1:200); pEGFR (1:1,000); Erk (1:200); pErk (1:200); Akt
(1:1,000); pAkt (1:1,000); HER2 (1:1000); pHER2 (1:1000); α-actinin (1:500); HRP
secondary anti-mouse and anti-rabbit (1:5000). Blots were imaged and analyzed on a CDigit blot scanner (Licor) using Westernsure Premium ECL substrate (Licor) for phosphoantibodies, and Clarity ECL substrate (Bio-Rad) for pan-reactive antibodies.
3.3.4 Surface HER2 Analysis

To detect surface HER2 levels, cells were detached using cold 10 mM EDTA in
PBS, and resuspended in cold 1% BSA PBS (106 cells/ml). After 10 min of BSA blocking,
100 µl aliquots were incubated with 1 µl of FITC-conjugated or PE-conjugated HER2
antibodies for 30 minutes on ice) and washed 3x with PBS prior to flow cytometry analysis
(FC-500, Beckman-Coulter). Histograms were generated using FloJo 7 (FloJo, LLC).
Experiments were also performed following treatment with either Trastuzumab or EGF as
detailed in figure legends.
3.3.5 Imaging of EGF Uptake and HER2 Internalization

For EGF uptake assays, HCC1954 pLKO cells and Endo KD cells seeded on
coverslips were incubated with HER2 affibody for 30 minutes on ice, then switched to
media containing Texas Red-conjugated EGF (100 ng/ml, Molecular Probes) at 37°C for
15 minutes or kept on ice prior to fixation (1% paraformaldehyde for 15 minutes), and
counterstaining with DAPI (1:400). Image acquisition was performed on a Quorum
WaveFX-X1 spinning disc (Quorum Technologies Inc.), and a LSM800 Airyscan super77

resolution confocal microscope (Zeiss). The images were analyzed for the presence and
co-localization of EGF and HER2 marked vesicles using Image-Pro Plus 6 (Media
Cybernetics).
3.3.6 Cell Migration and Invasion Assays

Cell migration and invasion assays were performed as previously described
(Baldassarre et al, 2015). Briefly, HCC1954 and SK-BR-3 cells (5 x104) were seeded in
Transwell inserts and allowed to migrate through 8 µm pores for 24 hours towards media
with either EGF (50 ng/ml) or serum. For invasion assays, the Transwell filter was coated
with Matrigel™ (BD; 50 µL of 20%). For kinetic studies of cell migration, HCC1954
GIPZ NT and Endo II KD cells were seeded on an ImageLock™ 96-well plate (25,000
cells/well). Wounds were made using WoundMaker™ (Essen Bioscience), rinsed and
placed in an IncuCyte ZOOM with phase images taken every 2 hours for 48 hours (Essen
Bioscience). The average wound density from triplicate wells were calculated using the
instrument software.
3.3.7 Tumour Growth and Lung Seeding in vivo

Mammary orthotopic tumor growth and experimental metastasis assays were
performed as previously described (Baldassarre et al, 2015). For mammary tumors,
HCC1954 NT or Endo II KD cells (1.5 x106 in 50% Matrigel™) were used to inject
mammary fat pads of Rag2-/-:IL2Rɣc-/- mice, and tumor growth analyzed at 10 weeks. For
lung seeding, HCC1954 NT or Endo II KD cells (8 x105 in 100 µl serum-free media) were
used to inject Rag2-/-:IL2Rɣc-/- mice via the tail vein and lung metastases analyzed as
previously described (Baldassarre et al, 2015). All procedures were approved by the
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Queen’s Animal Care Committee in accordance with Canadian Council on Animal Care
guidelines.
3.3.8 Cell Viability and Cytotoxicity Assays

HCC1954 Vec and Endo II KD cells were seeded on a 96-well ImageLock™ plate
(Essen BioScience), transfected with Nuclight Green BacMam 3.0 Reagent (Essen
BioScience), and placed in an Incucyte ZOOM for imaging every 2 hours (Essen
BioScience). After 24 hours, media containing Trastuzumab (84 µg/ml) and propidium
iodide (PI, 1 µM; Biotium) was added and imaged for 48 hours. The number of Nuclight
Green-positive cells in each field relative to the count at t=0 was used to score cell growth.
Cytotoxicity was calculated as PI-positive cells divided by total cells per field multiplied
by 100. For T-DM1 treatments, HCC1954 and SK-BR-3 NT and Endo II KD cells were
treated with T-DM1 (50 ng/ml) and imaged as above. Quantification of relative
cytotoxicity involved scoring PI+ cells relative to total cells marked by GFP expression.
Cytotoxicity in HCC1954 GIPZ cells was measured using CytoTox Glo assay kit
(Promega). Cells seeded on a 384-well plate (7,500 cells/well), treated with vehicle
(DMSO or PBS), Trastuzumab, Lapatinib (Toronto Research Chemicals), or Paclitaxel
(Cytoskeleton, Inc.) for 48 hours at the indicated doses. At endpoint, the relative toxicity
consisted of the treatment sample luminescence relative to the untreated control.
3.3.9 Immunohistochemistry Staining and Scoring

Specificity of the Endo II antibody for IHC, and IHC scoring methods were
described previously (Baldassarre et al, 2015). Tissue microarray (TMA) BR20837
containing primary breast tumors and lymph node metastases (US Biomax) and molecular
subtyping information was used.
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3.3.10 Bioinformatics Analysis

For analysis of Endo II expression in breast cancer microarray studies, a Kaplan–
Meier (KM) curve for relapse-free survival for HER2+ node positive cases was created
using Kaplan–Meier Plotter (www.kmplot.com) (Gyorffy et al, 2010) based on high or low
expression of SH3GL1 (Baldassarre et al, 2015).
3.3.11 Statistical Analysis

Unless otherwise specified, all experiments were performed in triplicate and
presented as mean ± SEM. H-scores from TMAs were analyzed using a one-way ANOVA.
The unpaired Student’s two-tailed t test was used to compare control and KD cell lines,
with significant differences defined by P <0.05.
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3.4 Results
3.4.1 High Endo II Expression in Metastatic HER2+ Breast Cancers and Association with
Patient Outcomes

We previously reported high Endo II expression in TNBC tumors compared to
luminal tumors, an association with poor prognosis, and a metastasis-promoting role for
Endo II in TNBC xenograft models (Baldassarre et al, 2015). At that time, we observed a
similar trend for the HER2+ subtype, but the number of HER2+ cases in that study cohort
was limited. We performed additional immunohistochemistry staining of Endo II in a
larger tissue microarray (TMA) that included more HER2+ cases with matching primary
tumors and lymph node samples. All primary tumor and lymph node samples expressed
Endo II, with the highest levels observed in HER2+ cases (Figure 3.1A-C). Quantification
of the tumor-specific Endo II staining was performed with imaging software to generate
H-scores (Detre et al, 1995), confirming that HER2+ primary tumors had a significantly
higher Endo II expression relative to luminal cases (Figure 3.1B). In this cohort, Endo II
expression levels were similar between HER2+ and TNBC tumors (Figure 3.1B). Similar
results were observed in lymph node metastases, with Endo II levels in both HER2+ and
TNBC metastases significantly higher than luminal cases (Figure 3.1C). Although patient
outcomes were not available for the cohort above, we tested whether differential expression
of Endo II gene Sh3gl1 had any significant associations with outcomes for patients with
node positive HER2+ breast cancer using open-access Kaplan-Meier Plotter microarray
data (Mihaly et al, 2013). It is worth noting that this cohort predated the development of
targeted therapies for HER2+ cancers. The Relapse-free survival was significantly higher
in patients with low Sh3gl1 expression compared to high expressors (Figure 3.1D). Similar
results were observed for overall survival in these patients (Figure 3.1E), which
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Figure 3.1 Endo II expression and association with poor prognosis in HER2+ breast cancers
A. Representative images for immunohistochemistry staining of Endo II in human breast tumors
grouped by molecular subtype from a tissue microarray (TMA) with paired primary and lymph
node metastases (n=103). Scale bar: 50µm. B-C. Staining intensity was quantified using
Imagescope software to generate tumor-specific H-Scores for each primary tumor (B) or lymph
node metastasis (C). D-E. Kaplan-Meier plots for Endo II transcript levels (encoded by Sh3gl1)
relative to relapse-free survival (D; n=146) and overall survival (E; n=56) are shown for patients
with lymph node positive HER2 tumors with up to 10 years of follow up. For high vs low Endo II
groups, the median overall survival differences were 21 months (high Endo II) vs 63 months (low
Endo II).
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corresponded to a mean survival time of 63 months in the low Endo II cohort, compared
to 21 months in the high Endo II cohort. High Endo II expression also correlated with
reduced metastasis-free survival rates and reduced relapse-free survival in chemotherapytreated patients in this cohort (Figure 3.2). Together, these results show that Endo II is
highly expressed in a subset of HER2 breast cancers and may be associated with poor
clinical outcomes.
3.4.2 Increased HER2 Levels Upon Endo II Silencing in HER2+ Breast Cancer Cells

To directly study the role of Endo II in human HER2+ breast cancer cell lines, we
first profiled Endo II expression in two HER2+ cell lines (SK-BR-3, HCC1954) alongside
lines representing TNBC and luminal subtypes (MDA-MB-231 and BT-474, respectively),
as well as a normal-like breast epithelial cell line (MCF-10A). We observed higher Endo
II levels in TNBC and HER2+ cancer cell lines, including SK-BR-3 and HCC1954 cells,
which co-expressed EGFR and HER2 (Figure 3.3A). We selected these two cell lines for
stable shRNA-mediated knock-down (KD) of Endo II, or for the expression of a nontargeting (NT) control shRNA by lentiviral transduction using pGIPZ vectors. Compared
to NT controls, we achieved a ~85% KD in Endo II levels with two separate shRNAs (KD1,
KD2) in both HCC1954 cells (Figure 3.3B), and in SK-BR-3 cells (Figure 3.4A). We also
achieved Endo II KD using another lentiviral shRNA vector (pLKO) that lacked the GFP
reporter encoded in the GIPZ vector to facilitate imaging studies, and achieved a similar
Endo II KD efficiency (Figure 3.3B, right panels, ~70-75% KD). No significant changes
in cell growth rates with stable Endo II KD were observed for these HER2+ cell lines with
either lentiviral vector system (Figure 3.3C, Figure 3.4B). However, we observed a
significant increase in HER2 levels on the cell surface for Endo II KD cells compared to
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Figure 3.2 Endo II expression and association with risk of metastasis and chemotherapy
response in HER2+ breast cancers
A. Kaplan-Meier plot for high or low Endo II transcript levels (quartiles) relative to 10 year distant
metastasis-free survival for HER2+ lymph node positive patients (n=64). Median distant
metastasis-free survival for high Endo II was 10.5 months, and 46 months for low Endo II cohort.
B. Kaplan-Meier plot for high or low Endo II transcript levels (quartiles) relative to 10 year relapsefree survival of chemotherapy-treated HER2+ patients (n=93). Median relapse-free survival was
10.5 months for high Endo II, and 46 months for low Endo II transcript levels.
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Figure 3.3 Elevated surface
HER2 levels upon Endo II
silencing in HER2+ human
breast cancer cells
A. Lysates from a panel of
human breast cell lines were
subjected to immunoblot with
antibodies to EGFR, HER2,
Endo II, and loading control αActinin.
B.
Immunoblot
analysis of HCC1954 cells with
expression of 2 different
shRNAs from GIPZ or pLKO
lentiviral vectors resulted in
stable knock-down (KD) of
Endo II. Controls included cell
lines expressing either a nontargeting shRNA (NT) or an
empty vector (Vec) for GIPZ
and
pLKO
models,
respectively. C. Cell growth
curves were prepared by
counting viable HCC1954
control and Endo II KD cells for
both GIPZ (left) and pLKO
(right) models at 24, 48 and 72
hours post plating. D. Flow
cytometry analysis of surface
HER2 levels on HCC1954 Vec
and Endo II KD cells measured
using a HER2 affibody, and
displayed as a representative
histogram (left) or by the
median fluorescence intensity
(MFI) for 3 independent
experiments (** P<0.01).
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Figure 3.4 Endo II silencing in SK-BR-3 cells does not affect proliferation
A. GIPZ-based lentiviruses expressing non-targeting (NT) or Endo II-specific shRNAs were used
to transduce SK-BR-3 cells and stable cell pools established. Lysates were subjected to
immunoblot with Endo II and p120 RasGAP (as a loading control). B. Graph depicts the growth
rates of SK-BR-3 NT control and Endo II KD cells over a 3 day period.
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vector control HCC1954 cells by flow cytometry (Figure 3.3D). Together, these results
implicate Endo II in regulating HER2 internalization and signaling in these HER2+ cancer
cells.
3.4.3 Endo II Silencing Impairs HER2 Internalization and Downstream Signaling

With our finding that HER2 levels on the cell surface of Endo II KD cells were
altered, we reasoned that Endo II may regulate HER2 internalization and downstream
signaling. To study the effects of Endo II KD on signaling from EGFR and HER2, SKBR-3 cells were serum-starved and treated with or without EGF in a 16-minute time course,
similarly to our TNBC model systems (Baldassarre et al, 2015). We observed defects in
EGF-induced signaling to Akt and Erk, but not EGFR with Endo II KD, consistent with
our previous findings (Figure 3.5). To study the effects of Endo II KD on signaling from
EGFR and HER2 over a longer ligand stimulation, HCC1954 cells were serum-starved and
treated with or without EGF for up to 6 hours. EGF treatment led to HER2 phosphorylation
and downregulation within 2 hours in NT cells (Figure 3.6A/B). Although robust HER2
phosphorylation was observed in Endo II KD cells, the levels of HER2 remained high for
the entire time course of EGF treatment (Figure 3.6A/B). In addition, the kinetics and
extent of EGF-induced signaling to downstream pathways controlled by phosphorylation
and activation of Akt and Erk kinases was significantly lower in Endo II KD cells compared
to control (Figure 3.6A/B). Together, these results suggest that Endo II regulates HER2
downregulation and downstream signaling upon HER2 activation.
To directly measure the effects of Endo II silencing on the rate of HER2
internalization, the surface levels of HER2 were monitored by affibody staining of HER2
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Figure 3.5 Endo II promotes EGF-induced Erk activation in SK-BR-3 cells
A. Serum-starved SK-BR-3 NT and Endo II KD cells were treated with or without EGF (100 ng/ml)
for the indicated times (0-16 minutes). Lysates were subjected to immunoblot with phosphospecific antibodies to EGFR, Akt and Erk (along with pan reactive control antibodies). B. Graphs
depict the relative effect of EGF treatment on phosphorylation of the indicated proteins based on
densitometry analysis from repeated experiments.
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Figure 3.6 Impaired HER2 signaling upon Endo II silencing in HER2+ cancer cells
A. Serum-starved HCC1954 GIPZ NT and Endo II KD cells were treated with or without EGF (100
ng/ml) for up to 6 hours and subjected to immunoblot with antibodies to the indicated proteins. B.
Graphs depict the results of densitometric analysis of the EGF treatment effects on HER2 levels,
and relative phosphorylation state indicated by the ratio of phosho-specific relative to pan-reactive
antibodies for the indicated proteins from 3 independent experiments (* P<0.05, ** P<0.01, ***
P<0.001).
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during EGF treatment of cells and analyzed by flow cytometry. As expected, EGF
treatment for 15 minutes led to HER2 internalization, marked by a left shift in the histogram
and reduced mean fluorescence intensity (MFI) of HER2 staining in control HCC1954
pLKO cells (Figure 3.7A). The partial recovery of HER2 levels following 1 hour of EGF
treatment suggested that a recycling pathway was engaged in HCC1954 control cells
(Figure 3.7A). Although the surface levels of HER2 were higher at baseline in Endo II KD
cells, HER2 internalization and MFI remained unchanged following EGF treatment
(Figure 3.7A).

Similar results were observed with independent reagents for HER2

immunostaining and Endo II KD in the HCC1954 GIPZ model (Figure 3.8). To directly
visualize HER2 internalization, HCC1954 pLKO and Endo II KD cells were treated with
Alexa488-conjugated HER2 affibody with or without treatment with Texas Red-labeled
EGF (TR-EGF).

Following fixation and staining of nuclei with DAPI, confocal

microscopy was performed to visualize HER2 localization. As expected, HER2 localized
to the cell periphery in the absence of TR-EGF treatment in both vector control and Endo
II KD cells (Figure 3.7B). Upon treatment with TR-EGF for 15 minutes, HER2 colocalized to a large extent with TR-EGF within endosomes in vector control cells, but to a
much lower extent in Endo II KD cells (Figure 3.7B). Although EGF-positive vesicles or
endosomes were observed in Endo II KD cells, a small fraction of these were also positive
for HER2 compared to control cells (Figure 3.7C). Together, these results implicate Endo
II in HER2 internalization and downstream signaling in HER2+ cancer cells in vitro.
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Figure 3.7 Endo II promotes HER2 internalization in response to EGF treatment of HER2+
cancer cells
A. Flow cytometry analysis of surface HER2 levels in HCC1954 Vec and Endo II KD cells treated
with or without EGF (100 ng/ml) for 15 minutes (min) or 1 hour (h) and stained with HER2
affibody. A representative histogram (left) and MFI results from 3 experiments are shown (*
P<0.05, ** P<0.01, *** P<0.001). B. Representative confocal microscopy images are shown for
HCC1954 Vec and Endo II KD cells treated with or without Texas Red-EGF (100 ng/ml) and HER2
affibody (green; DAPI counterstain also shown). Inserts highlight membrane (i) and internalized
vesicle compartments (ii). Scale bar: 10µm. C. Quantification of vesicles containing co-localized
HER2 and EGF in HCC1954 Vec and Endo II KD cells treated for 15 minutes from 25 cells (results
are representative of two independent experiments).
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Figure 3.8 Endo II promotes HER2 internalization in HCC1954 cells
A. Flow cytometry analysis was performed to measure surface HER2 levels in HCC1954 NT and
Endo II KD cells treated with or without EGF for the indicated times and stained with PEconjugated anti-HER2. Representative histograms are shown. B. Graph depicts the shift in HER2
surface levels (MFI) in response to EGF treatment of SK-BR-3 NT and Endo II KD cells, and
results are from repeated experiments.
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3.4.4 Endo II Promotes HER2+ Cancer Cell Motility, Invasion and Metastasis

Next, we studied the effects of Endo II silencing on the motile and invasive
properties of HER2+ cancer cells. Using Transwell filter assays, chemotaxis of HCC1954
NT and KD cells towards a gradient of EGF was measured. Compared to NT control cells
that showed the expected increase in motility in repsonse to EGF, Endo II KD cells showed
significantly less chemotaxis response (Figure 3.9A). This defect in motility with Endo II
KD was also observed in SK-BR-3 cells, both in response to serum and EGF (Figure 3.10).
It is worth noting that similar results were observed with two separate shRNAs, which is
consistent with Endo II silencing effects, not off-target effects. Furthermore, Endo II
silencing also impaired the ability of HCC1954 cells to invade through Matrigel-coated
Transwell filters in response to serum (Figure 3.9B).
To study the effects of Endo II on HER2+ tumor growth and metastasis in vivo, we
performed both mammary orthotopic xenograft assays and experimental metastasis assays
in mice lacking NK cells, B cells and T cells (Rag2-/-:IL2Rγc-/-). Following the injection
of HCC1954 NT and Endo II KD cells (2 x106) in the mammary fat pad, tumor growth was
monitored for 10-11 weeks. During this period and at endpoint, we observed no significant
differences in tumor growth with Endo II silencing (Figure 3.11). We also failed to detect
sufficient metastatic nodules to score the effects of Endo II on spontaneously arising
metastases (data not shown).

However, using experimental metastasis assays that

measured lung seeding efficiency following tail vein injections of HCC1954 NT and Endo
II KD cells (8 x105), GFP-positive lung metastases were observed after 14 days (Figure
3.9C). Quantification of these metastases using the GFP signal showed a significant
reduction in metastatic nodules with Endo II KD (Figure 3.9C). Histological staining of
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Figure 3.9 Endo II promotes HER2+ cancer cell motility and tumor metastasis
A. HCC1954 NT and Endo II KD cells were seeded in transwell inserts (8 µm pores) and allowed
to migrate towards the lower chamber containing serum-free media supplemented with or without
EGF (50 ng/ml) for 24 hours. Graph depicts the average cells per filter from assay triplicates and
from 3 independent experiments (mean ± SEM; ** P<0.01, *** P<0.001). B. HCC1954 NT and
Endo II KD cells were seeded in transwell inserts coated with Matrigel and allowed to invade
through the matrix and filter towards media supplemented with 10% serum. Graph depicts the
average cells per filter from assay triplicates and from 3 independent experiments (mean ± SEM;
*** P<0.001). C-D. Experimental metastasis assays were conducted by tail vein injection of
HCC1954 NT or Endo II KD cells (8.0x105) and after two weeks, GFP+ lung metastases were
visualized and scored in mouse lung tissue (C) and from H&E-stained lung tissue sections (D;
n=8/group, from two separate experiments; ** P<0.01, *** P<0.001).
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Figure 3.10 Endo II promotes SK-BR-3 cell motility
A-B. Transwell migration assays were performed with SK-BR-3 NT and Endo II KD1 and KD2
cells using transwell inserts and migration towards media supplemented with 10% serum (A) or
50ng/ml EGF (B). Results are from repeated experiments (** P<0.01, *** P<0.001).
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Figure 3.11 Endo II silencing has no overt effects on HER2+ tumor growth
Mammary orthotopic tumor xenograft assays were performed using Rag2-/-:IL2Rγc-/- mice injected
in the mammary fat pad with 1.5 x106 HCC1954 NT or Endo II KD cells (n=8/group from 2
separate experiments). Tumors were harvested after 10 weeks and graph depicts the tumor mass
for each group, with no significant differences observed.
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lung tissue sections was also used to score metastases, which were significantly higher for
NT control cells compared to Endo II KD (Figure 3.9D). Together, these results identify
Endo II as a positive regulator of HER2+ cancer cell invasion and tumor metastasis.
3.4.5 Endo II Regulates Trastuzumab-Induced HER2 Internalization and Blockade of
HER2+ Cancer Cell Motility

The antibody Trastuzumab (Herceptin™) inhibits HER2+ tumor growth, and
approval for clinical use has greatly improved outcomes for HER2 cancer patients (PiccartGebhart et al, 2005; Smith et al, 2007). Since the mode of action of Trastuzumab has been
suggested to include HER2 internalization and degradation (Austin et al, 2004), we
investigated whether Endo II may play a role in Trastuzumab response of HER2+ breast
cancer cells. HCC1954 NT and Endo II KD cells were treated with Trastuzumab, leading
to a significant decrease in surface HER2 levels of NT cells within an hour that was
maintained over the 18 hour treatment (Figure3.12A). In contrast, HER2 levels remained
higher on the cell surface of Trastuzumab-treated Endo II KD cells throughout the time
course, with a more modest decrease at the 18 hour mark (Figure 3.12A). Similar results
were observed in the HCC1954 pLKO control and Endo II KD cells (Figure 3.13A).
To test the effects of Trastuzumab treatment on HER2 phosphorylation and
degradation, HCC1954 NT and Endo II KD cells were treated with Trastuzumab for a time
course up to 8 hours. Immunoblot analysis revealed a rapid decrease in phosphorylation
of HER2 and a gradual reduction in total HER2 levels in NT control cells (Figure 3.13
B/C). In contrast, Trastuzumab treatment resulted in a more modest and delayed effect on
HER2 phosphorylation and levels in Endo II KD cells (Figure 3.13B/C). These results
identify a role for Endo II in promoting HER2 internalization and degradation upon
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Figure 3.12 Endo II promotes Trastuzumab-induced HER2 internalization and suppression
of HER2+ cancer cell motility
A. Flow cytometry analysis was used to measure effects of Trastuzumab (TZ, 84 µg/ml) on HER2
levels in HCC1954 NT or Endo II KD cells treated for up to 18 hours and stained with PE-antiHER2. Representative histograms (left) and a graph of changes in MFI of HER2 staining from 3
experiments are shown (* P<0.05, ** P<0.01, *** P<0.001). B. HCC1954 NT and Endo II KD
cells seeded in a 96-well plate and after 18 hours wound areas were generated in the cell monolayers
prior to treatment with or without Trastuzumab (84 µg/ml). Following real-time imaging for 24
hours, the extent of cell migration into the wound area was visualized (top, representative images
shown) and quantified from three separate experiments with six replicate wells each (bottom;
statistical significance shown at endpoint between control and TZ-treated groups, *** for NT, not
significant for KD).
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Figure 3.13 Endo II promotes HER2 internalization and downregulation following
Trastuzumab treatment of HCC1954 cells
A. Flow cytometry analysis of surface HER2 levels following Trastuzumab (TZ) treatment of
HCC1954 Vec and Endo II KD cells for the indicated times. TZ treatment effects on surface HER2
levels (MFI) are shown for 3 independent experiments (* P<0.05, ** P<0.01, *** P<0.001). B.
Lysates from HCC1954 NT or Endo II KD cells treated with TZ (84 µg/ml) for the indicated times
(0-8 hours) were subjected to immunoblot with antibodies to the indicated proteins (α-Actinin
served as a loading control). C. Densitometry was performed to quantify TZ treatment effects on
HER2 levels (relative to α-actinin) and phospho-HER2 (pHER2, relative to pan HER2). Graphs
represent results from 3 independent experiments (* P<0.05, ** P<0.01, *** P<0.001).
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treatment of HER2+ cancer cells with Trastuzumab.
Since HER2 signaling also promotes cell migration, we performed a time lapse
wound healing assay over 24 hours on HCC1954 NT and Endo II KD cells in the presence
and absence of Trastuzumab. Trastuzumab treatment led to a significant block in wound
healing migration in control cells, but not in Endo II KD cells (Figure 3.12B). Together,
these results implicate Endo II in mediating efficient Trastuzumab responses in HER2+
cancer cells to promote HER2 internalization, degradation, and blockade of cell motility.
3.4.6 Endo II Promotes Cytotoxicity of Trastuzumab and T-DM1 in HER2+ Cancer Cells

Next, we tested the effects of Endo II on Trastuzumab-induced cytotoxicity of
HER2+ breast cancer cells. HCC1954 vector and Endo II KD cells were transfected with
Nuclight™ live-cell nuclear stain, then treated with Trastuzumab in media containing
Propidium Iodide (PI) and flourescence and brightfield images were acquired every 2 hours
for 48 hours. As expected, Trastuzumab treatment led to increased cytotoxicity in vector
control cells between 24-48 hours, but this effect was significantly reduced in Endo II KD
cells (Figure 3.14A).

Similar results were also obtained using a luciferase-based

cytotoxicity assay performed on HCC1954 NT and Endo KD cells (Figure 3.15A).
Interestingly, when cells were treated with the EGFR/HER2 small molecule inhibitor
Lapatinib, which targets both intracellular and surface pools of EGFR and HER2, we
observed no difference in cytotoxicity with Endo II KD (Figure 3.15B). Likewise, the
chemotherapy drug paclitaxel was equipotent on both NT control and Endo II KD cells
(Figure 3.15C).

Together these results implicate Endo II in promoting a favorable

Trastuzumab response in HER2+ breast cancer cells, but not with all cytotoxic responses
in these cells.
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Figure 3.14 Endo II promotes the cytotoxicity of Trastuzumab and T-DM1 in HER2+ cancer
cells
A. HCC1954 Vec and Endo II KD cells seeded in a 96-well plate were transfected with Nuclight2
live-cell nuclear stain, and treated with or without Trastuzumab (TZ, 84 µg/ml) in media
supplemented with Propidium Iodide (PI; compared to control (Ctl) with no drug added).
Following real-time imaging, the relative increase in cytotoxicity (PI+ cells relative to Nuclight2+
cells) was analyzed over 48 hours for 3 experiments performed in triplicate. Representative merged
images of red channel (PI) and brightfield are shown on the left. The graph on the right indicates
mean values (± SEM) from 3 experiments (significant differences between Vec and Endo II KD
cells treated with TZ are denoted by * P <0.05, ** P<0.01). B. HCC1954 NT, Endo II KD1 and
KD2 cells seeded in a 96-well plate were treated with or without T-DM1 (50 ng/ml) in media
supplemented with PI (compared to Ctl with no drug added). Following real-time imaging, the
relative increase in cytotoxicity (PI+ cells relative to GFP+ cells) was analyzed over 48 hours for
3 experiments performed in triplicate. Representative merged images of red channel (PI) and
brightfield are shown on the left. The graph on the right indicates mean values (± SEM) from 3
experiments (significant differences between NT and Endo II KD cells treated with T-DM1 are
denoted by *** P<0.001). Scale bar: 150µm.
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Figure 3.15 Endo II promotes cytotoxicity upon treatment with Trastuzumab and T-DM1,
but not with Lapatinib or Paclitaxel, in HER2+ cancer cells
A-C. Cytotox Glo cytotoxicity assays were performed on HCC1954 NT and Endo II KD cells
treated with the indicated doses of Trastuzumab (A), Lapatinib (B), or Paclitaxel (C) after 48 hours.
Relative toxicity values are based on luminescence in treatment sample compared to the untreated
controls with results pooled from 3 separate experiments (* P<0.05). D. SK-BR-3 NT and Endo II
KD cells seeded in a 96-well plate were treated with or without T-DM1 (50 ng/ml) in media
supplemented with Propidium Iodide (PI) compared to control (Ctl; no drug added). Following
real-time imaging, the relative increase in cytotoxicity (PI+ cells relative to GFP+ cells) was
analyzed over 48 hours for 3 experiments performed in triplicate. Representative merged images
of red channel (PI) and brightfield are shown on the left. The graph on the right indicates mean
values (± SEM) from 3 experiments (significant differences between NT and Endo II KD cells
treated with T-DM1 are denoted by * P<0.05; *** P<0.001).
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Since T-DM1 is emerging as an important new line of therapy for metastatic
HER2+ cancers, and depends on HER2 internalization for release of the cytotoxic payload
emtansine (Montemurro, 2014), we next tested the role of Endo II in T-DM1 treatment
response. Using the PI assay described above, we tested T-DM1 treatment effects on the
viability of HCC1954 NT, Endo II KD1 and KD2 cells over 48 hours. At much lower
doses than Trastuzumab, we observed a significant increase in cytotoxicity (PI+ cells) with
T-DM1 treatment between 36 and 48 hours of treatment in NT control cells, but this
response was significantly impaired in Endo II KD cells (Figure 3.14B). Similar results
were observed in SK-BR-3 cells treated with T-DM1 (Figure 3.15D). Taken together,
these results provide novel evidence that Endo II promotes HER2 endocytosis and delivery
of the cytotoxic payload of clinical grade antibody drug conjugate T-DM1 in HER2+
cancer cells.
3.5 Discussion
Recent studies implicate the endocytic adaptor protein Endo II in regulating EGFR
signaling, invadopodia formation, trafficking of matrix metalloproteinase MT1-MMP,
cancer stemness and metastasis (Baldassarre et al, 2015; Fan et al, 2013; Vehlow et al,
2013; Wu et al, 2005). To evaluate the relevance of Endo II in HER2+ cancers that are
dependent on HER2 signaling (Kim et al, 2017), we tested the effects of Endo II silencing
on HER2+ cancers and their response to HER2-targeted therapies. Here, we report that
HER2+ tumors express Endo II at high levels, and high Endo II transcript levels are
associated with poor prognosis for node-positive cases. We also show that Endo II
silencing leads to impaired HER2 internalization and degradation in response to EGFinduced clustering with EGFR. This was correlated with defects in signaling, with
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impaired HER2 cancer cell motility, and with reduced tumor metastasis in vivo. Silencing
of Endo II in HER2+ cancers also limited the response of these cells to Trastuzumab, with
defects in HER2 internalization, cytotoxicity, and cell migration observed.

Lastly, we

show that Endo II promotes killing of HER2+ cancer cells treated with the clinical grade
antibody drug conjugate T-DM1. Overall, these findings implicate Endo II in HER2
endocytosis, signaling, and HER2+ cancer cell invasion, as well as in effective HER2
pathway blockade by Trastuzumab and T-DM1. Future studies of Endo II and the
endocytic pathways it participates may be of particular relevance to predicting response of
HER2+ tumors to treatements with Trastuzumab or T-DM1.
This study identifies Endo II as a key regulator of HER2 internalization and
signaling in HER2+ breast cancer cells. Interestingly, Endo II silencing produced a similar
phenotype on EGFR trafficking and signaling in TNBC models (Baldassarre et al, 2015).
Together, these studies broaden our understanding of HER receptor internalization and
trafficking via Endo II-driven mechanisms such as FEME. It will be important to further
test whether Endo II and FEME are also important regulators of the other HER family
receptors that heterodimerize with HER2. Indeed, HER3 is a known negative prognostic
indicator in HER2+ breast cancers (Adamczyk et al, 2017). The current lack of robust and
validated assays for HER3 and HER4 expression impedes accurate prediction of patient
response to HER-family targeted therapy (Nuciforo et al, 2015). To maximize the efficacy
of these treatments, it will also be important to define the sensitivity of these co-receptors
to HER2 inhibitors.
The effects of Endo II silencing on HER2 signaling may relate to the defects in
HER2 internalization reported here, and highlight the importance of compartmentalized
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signaling to downstream pathways by receptor tyrosine kinases within endosomes
(Sigismund et al, 2008; Vieira et al, 1996). However, HER2 can also signal to downstream
pathways while on the cell surface (Wiley, 2003).

Since the rate of EGFR-HER2

heterodimer internalization is delayed compared to that of EGFR homodimers (Wiley,
2003), this may explain how EGF uptake was still observed in Endo II KD HER2+ cells.
It is also possible that Endo II silencing may shift the route of HER receptor internalization
towards CME, or other non-clathrin endocytosis pathways (Agelaki et al, 2009; Bryant et
al, 2007), which will require further investigation.
This study implicates Endo II in promoting the invasiveness and metastatic
potential of HER2+ cancer cells. Previous studies including our own have identified Endo
II as a key regulator of matrix metalloproteinase MT1-MMP (MMP-14) internalization and
trafficking (Baldassarre et al, 2015; Wu et al, 2005). MT1-MMP localizes to invadopodia,
which are filamentous actin-rich projections that degrade the extracellular matrix (ECM)
and promote cancer cell invasion (Poincloux et al, 2009; Watanabe et al, 2013). In TNBC
cells, Endo II silencing caused defects in invadopodia maturation, ECM degradation,
invasion and metastasis (Baldassarre et al, 2015). We predict that Endo II likely facilitates
invadopodia in HER2+ cancers by facilitating the recycling of MT1-MMP and HER2 at
the leading edge of these highly invasive cancer cells.
Here we also show that Endo II regulates HER2 internalization induced by
Trastuzumab in HER2+ cancer cells. As a frontline therapy for HER2+ breast cancer,
Trastuzumab has dramatically improved outcomes for most patients (Smith et al, 2007),
but not all patients have a favorable response and many develop resistance (Luque-Cabal
et al, 2016). Thus, a deeper understanding of the molecular mechanisms behind HER2
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blockade by Trastuzumab may help develop strategies to avoid resistance and improve
response rates. Some research suggests that Trastuzumab does not direct internalization of
HER2, but may impact HER2 trafficking at later steps (Austin et al, 2004). It has also been
shown that Caveolin-1 promotes internalization of the antibody drug conjugate
Trastuzumab-emtansine (T-DM1) through caveolae (Chung et al, 2015). Our findings
implicate Endo II and Endo II-dependent endocytosis in the internalization and
downregulation of HER2 in HER2+ cancers treated with Trastuzumab. Further studies
will be required to test if altered Endo II endocytic processes may explain resistance to
these antibody-based treatments in HER2+ cells.
This study also implicates Endo II in regulating Trastuzumab-induced cytotoxicity
in HER2+ cancer cells. Indeed, G1 cell cycle arrest due to p27Kip1 suppression of CDK2
activity is a documented effect of Trastuzumab treatment (Nahta & Esteva, 2006).
Blockade of HER2 can also limit expression of the anti-apoptotic Mcl-1 protein, and
promote apoptosis (Henson et al, 2006; Khan et al, 2016). These studies should be
expanded to relevant HER2+ tumour models in vivo since Trastuzumab also promotes
antibody-directed cell cytotoxicity (Boero et al, 2015; Collins et al, 2012; Kute et al, 2012).
Given the potent effects of HER2 on cancer cell motility and tumor metastasis (Balz et al,
2012; Momeny et al, 2015), it will also be important to measure the effects of Endo II
silencing on metastasis in these tumor models following Trastuzumab treatment.
The identification of HER2 as a biomarker and clinical target in a subset of breast
cancers has led to significant improvements in therapy and outcomes for patients (Dawood
et al, 2010; Smith et al, 2007). Despite the success of Trastuzumab as an adjuvant
treatment, resistance to this therapy is frequently observed (Fiszman & Jasnis, 2011;
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Luque-Cabal et al, 2016; Nahta & Esteva, 2006). Thus, future validation of biomarkers
that predict treatment response or relapse probability should be prioritized. Given our
findings here that implicate Endo II in promoting Trastuzumab response, but not that of
Lapatinib, it would be interesting to profile Endo II levels in tumor biopsies from the
MA.31 clinical trial that compared Trastuzumab and Lapatinib for treatment of HER2+
advanced breast cancer patients (Gelmon et al, 2015). If high or low Endo II expression
correlates with sensitivity to either targeted therapy, it would support further testing as a
predictive biomarker for HER2-targeted therapies in larger cohorts. Furthermore, since TDM1 responses rely on HER2 internalization (Montemurro, 2014), and we show here that
Endo II promotes T-DM1-induced cytotoxicity, futher studies of Endo II-mediated
molecular mechanisms may inform how to maximize the delivery of the T-DM1 cytotoxic
warhead and other antibody drug conjugates. The findings in the current study suggest
that endocytic pathways that may become deregulated in cancer are highly relevant to the
successful delivery of antibody-based cancer therapies.
3.6 Conclusions
This study provides novel evidence that Endo II promotes invasive phenotypes in
HER2-driven breast cancers, and that high Endo II levels was linked to poor prognosis in
a cohort of HER2+ cancer patients. However, it is worth noting that this cohort of patients
were treated prior to the discovery and clinical approval of Trastuzumab or T-DM1. With
regard to these targeted therapies, Endo II promotes both HER2 internalization and the
killing of HER2+ cancer cells by the targeted therapies Trastuzumab and T-DM1. While
further studies on larger cohorts are required, our results suggest that tumors with high
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Endo II expression may predict a favorable response to Trastuzumab or T-DM1 and have
high risk for progression to metastatic disease.
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Chapter 4
General Discussion
A potential role for Endo II in cancer biology was initially suggested by its SH3
binding partners, which implicated it in both the endocytosis of various membrane-bound
proteins as well as localization to the leading edge (Dong et al, 2015; Vehlow et al, 2013).
Endo II was first linked to cancer biology with the identification of a FAK/Src-mediated
phosphorylation of Endo II and resulting effects on surface MT1-MMP levels, tumour
initiation, and EMT (Fan et al, 2013). The studies presented in this thesis further define the
role of Endo II in breast cancer progression pathways by identifying HER family receptors
whose signalling is directly dependent on Endo II expression, as well as by highlighting a
number of deficient biological processes resulting from Endo II silencing. Perhaps more
importantly, this research identifies a novel role for Endo II in effective response to targeted
therapies, and does so in cancer cell lines established from human breast tumours. There is
a lot to consider given these conclusions, both within and beyond the scope of the thesis.
4.1 Endo II and Related Adaptor Proteins as Promoters of Breast Cancer Metastasis
Optimal signaling through EGFR and HER2 shows a strong dependence on Endo
II, a process that also mediates sensitivity to Trastuzumab-based therapies targeting HER2.
Trafficking of MT1-MMP is also affected by Endo II silencing, a process that likely
explains the lack of ECM degradation by invadopodia in Endo II KD TNBC cells.
However, these endocytic cargo may be part of a much larger list; as a key regulator of
both CME and FEME, Endo II can impact several other processes encompassing one or
more hallmarks of cancer.
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An obvious gap in our studies of Endo II in breast cancer models involves the lack
of studies involving HER3 and HER4. HER4 expression is rarely overexpressed in breast
cancer, and is in fact more commonly associated with hormone receptor positivity, and
thus a better prognosis (Bacus et al, 1996). On the other hand, HER3 shows similar trends
to HER2 in breast tumours, with some studies reporting relatively high levels in up to 35%
of cases (Lemoine et al, 1992; Travis et al, 1996). Furthermore, higher HER3 expression
is associated with more advanced cases. These studies however revealed no link between
HER3 levels and relapse, survival, or treatment response. This explains why HER3 has not
seen the same therapeutic candidacy consideration as HER2. However, the anti-HER3
antibody Patritumab has shown promising anti-tumorigenic results in preclinical models,
and has cleared Phase I clinical trials (Mukai et al, 2016). If HER3 therapy provides
survival benefits and becomes a first-line treatment, it would be interesting to know if Endo
II can modulate sensitivity in malignant cells through receptor-antibody internalization, as
seen with Trastuzumab in HER2+ cells.
Because CME and CIE have been well characterized in RTKs outside the HER
subfamily, Endo II may also regulate trafficking and signaling of other RTKs (Lemmon &
Schlessinger, 2010). Indeed, a number of non-HER RTK ligands linked to breast cancer
oncogenic signaling are internalized with their receptors via both CME and FEME,
including hepatocyte growth factor (HGF), fibroblast growth factor (FGF), vascular
endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), nerve growth
factor (NGF), and insulin-like growth factor 1 (IGF1) (Boucrot et al, 2015). CME is an
important component in the activation of RET, a proto-oncogene RTK commonly found to
promote invasiveness via increasing migration and enabling endocrine therapy resistance
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in ER-positive breast cancer cells (Crupi et al, 2015). Considering the interpatient
heterogeneity of metastatic breast cancer, such a diverse range of signaling pathways
suggests Endo II could be an important regulator in a number of patients with different
drivers of the disease.
Activation of GPCRs also induces both CME and FEME, despite being structurally
and functionally distinct from RTKs (Boucrot et al, 2015; Luttrell & Lefkowitz, 2002).
This family includes several members linked to breast cancer progression and metastasis,
such as protease-activated receptor 1 (PAR1), GPCR116, and GPCR161(Singh et al,
2015). PAR1 and GPCR116 have been linked to promoting an invasive phenotype in
TNBC via RhoA/Rac1 cell motility pathways, while GPCR161 activates mTOR signaling
and increases protein synthesis. The role of FEME in GPCR endocytosis has not been
described for all of these receptors, with the bulk of the studies done on adrenergic and
dopaminergic receptors (Boucrot et al, 2015). However, the high RhoA/Rac1 activity at
the leading edge strongly suggests their presence there. Investigating Endo II expression
and its effect on pro-cancer GPCR signaling could reveal another important layer of its
adaptor functions.
The role of Endo II in endocytosis of breast cancer regulators extends beyond ligand
binding receptors, as evidenced by the findings on altered MT1-MMP internalization in
TNBC. Tumour cells rely on a number of extracellular surface adhesion receptors for
migration and contact-dependent signaling, such as Integrins (Caswell et al, 2009). These
proteins direct the formation of focal adhesions, involved in finding new attachment points
as cancer cells migrate through ECM and initiating actin polymerization. Much like MT1MMP, integrins are recruited to sites of invadopodia formation in both a CME and CIE111

dependent manner. Endo II could affect Integrin dynamics as a function of its activity or
expression, which would explain the mesenchymal phenotype observed upon Endo II SH3
phopshorylation in a mouse spontaneous metastasis model (Fan et al, 2013).
While Endo II is the only ubiquitously expressed member of the Endophilin
subfamily, the effect of the other four members on breast cancer biology merits
investigation. Functional redundancy was discovered between Endophilin A subfamily
members in neurons where all three genes are expressed, as evidenced by phenotypes
present only in double or triple knockouts (Milosevic et al, 2011). In situations where
genetic alterations lead to the ectopic expression of other Endophilin proteins, an
amplification of the metastatic phenotype produced by Endo II might be expected. In
addition to the effects of a single gene amplification, Endophilins are able to form
heterodimers, giving rise to potential synergistic interactions between two or more
upregulated proteins. Indeed, investigating the entire Endophilin subfamily in human
breast cancers could reveal important correlations between their expression and both
survival and treatment outcomes.
Further studies of specific Endophilin family members may also provide novel
insight into other biological processes that have been implicated in cancer progression.
Endophilin B1 is a major regulator of autophagy, which has been increasingly linked to
oncogenic survival under selective pressures (Jain et al, 2013).

Further studies of

Endophilin B1 in breast cancer models are certainly warranted.
Stromal cells found in the microenvironment have multiple roles in both the
promotion and suppression of breast cancer. Host immune cells are recruited to the site of
tumour growth via pro-inflammation signaling produced by surrounding tissues as well as
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by the tumour itself. These immune cells surround growing tumours and interact with the
malignant cells via juxtacrine and paracrine signals. While some, such as tumourinfiltrating lymphocytes can be associated with a better prognosis, others have been shown
to encourage migration and intravasation, as is the case with tumour-associated
macrophages (Place et al, 2011). These cells not only express the ubiquitous Endo II, but
many immune cells also contain high levels of Endophilins B1 and B2. Endophilins have
established roles in immune processes such as phagocytosis (Nakamura & Watanabe,
2010). There is also evidence that FEME can internalize activated interleukin-2 receptors
involved in lymphocyte proliferation and immune responses (Boucrot et al, 2015). Thus
Endophilins may alter the ability of immune cells to induce tumoricidal effects within
tumours. The effectiveness of therapies seeking to prevent immune escape by targeting
programmed cell death protein 1 and its ligand (PD-1/PD-L1) incentivizes the testing of
Endophilin function in regulating the surface expression of these targets in cancer cells and
immune cells moving forward (Dawood & Rugo, 2016).
This thesis highlights the important role played by BAR proteins in breast cancer
biology. The defects in both breast cancer progression and treatment sensitivity as a
function of knocking down a single gene are compelling. However, a number of endocytic
adaptor proteins are recruited to the same membrane processes as Endo II, and could make
equally important contributions to CME or FEME. Indeed, Bin1 behaves similarly to Endo
II, promoting cancer cell survival via MAPK signaling, while also reducing effectiveness
of platinum-based therapy when expression is low (Pyndiah et al, 2011). Interestingly, Bin1
and Endo II have identical structure organization: an N-terminal BAR domain and a Cterminal SH3 domain, connected via a central linker. This could in turn reveal novel roles
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for Endo II, such as the downregulation of T-cell repressors by Bin1(Prendergast, 2008).
By identifying BAR proteins at membrane processes that drive cancer cell growth and
migration, focus can then shift to their impact on said processes.
Equally important contributions could be made by other BAR family members,
such as the F-BAR subfamily. These F-BAR proteins localize to membrane projections, as
well as at larger endocytic compartments such as endosomes (Heath & Insall, 2008; Hu et
al, 2009). Indeed, given their localization at lamellipodia and binding to actin nucleation
complexes, a large body of work has been dedicated to studying F-BAR proteins in cancer.
A subfamily consisting of Cdc42-interacting protein 4 (CIP4), transducer of CDC42dependent actin assembly (Toca-1) and formin-binding protein 17 (FBP17) has been linked
to progression in a variety of malignancies including breast cancer (Chander et al, 2014;
Hu et al, 2011b; Hu et al, 2009). Their role in maturation of invadopodia may lead to crosstalk with Endo II that regulates MT1-MMP endocytosis and ECM degradation in TNBC
cells.
The effects on metastatic breast cancer biology upon Endo II silencing are broad,
and further investigation could reveal them to be far broader than our findings outlined in
this thesis. Based on these discoveries, it is clear that altering Endo II expression may be
advantageous for some metastatic cancers. Likewise, manipulation of Endo II activity
could affect patient outcomes, and such strategies should be considered.
4.2 Endo II as a Therapeutic Target
Immunohistochemical profiling of Endo II expression revealed differential levels
across subtypes, with TNBC and HER2+ cases showing significantly higher levels. Based
on genomic analysis of several cohorts, the SH3GL1 gene is not commonly amplified in
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breast tumours (Gao et al, 2013). This suggests higher Endo II expression is likely due to
increased transcription. The SH3GL1 sequence contains a large number of putative
promoter binding elements, but strong candidates for its transcriptional regulation include
AML1a, Elk-1, AP-1 and c-Jun (Stelzer et al, 2016). All of these transcription factors are
associated with breast cancer progression at a variety of levels including proliferation,
angiogenesis, and apoptosis resistance (Booy et al, 2011; Ito et al, 2015; Shen et al, 2008;
Vleugel et al, 2006). Interestingly, all four can be induced by EGF signaling, providing an
axis by which HER2 and EGFR-amplified subtypes would increase Endo II expression. It
is therefore possible that a HER family growth signal dependency precedes the
upregulation of Endo II in HER2+ and TNBC cells. Alteration of Endo II expression could
be achieved by the inhibition of certain transcription factors, though this field has been
explored for some time and continues to face problems in both tissue and target specificity
(Redell & Tweardy, 2005). A more interesting approach would be to study the effects of
HER signaling inhibition on Endo II expression, which might create a synergistic feedback
mechanism as a result of reduced HER internalization from lower Endo II levels.
It may also be possible to modify Endo II expression at the post-transcriptional
level. MicroRNAs (miRNAs/miRs) are key regulators of a wide number of target mRNAs,
and upon binding their target and RNA-induced silencing complex trigger mRNA
degradation or a translation block. In glioblastoma stem cells, miR-330 expression
downregulates Endophilin A1 levels and disrupts Erk and AKT signaling pathways (Yao
et al, 2014). While Endo II (Sh3gl1) transcripts have not yet been validated as a miRNA
target, the mRNA sequence does contain several putative miRNA binding sites, including
highly evolutionarily conserved sequences for miR-1 and miR-133a (Lewis et al, 2005).
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Both of these miRNAs act as tumour suppressors by inhibiting translation of key signal
effectors in cancer such as K-Ras and EGFR (Cui et al, 2013; Liu et al, 2015). In some
cancers, loss of these tumour suppressor miRNAs may explain the high level expression
of Endo II. Given the role of Endo II in promoting aggressive tumour phenotypes, its
regulation by either miR-1 or miR-133a would be anticipated. DNA methylation may be
another means of Endo II transcriptional regulation, though the mechanisms and context
of this process remain unclear (Medina-Aguilar et al, 2017).
Conformational changes undergone by Endo II may reveal mechanisms for
manipulating its functions independently of gene expression. Because BAR domain
dimerization is a key step in membrane targeting, this presents a potential regulatory
process. A single amino acid within the BAR domain has been linked to dimerization of
BAR domains, the mutation of which not only affects membrane recruitment, but also
reduces SH3 partner binding (Gortat et al, 2012). This indicates that BAR dimerization
produces conformational changes required for both scaffolding and adaptor functions of
Endo II. It also confirms that, unlike other BAR proteins, dimerization precedes SH3
binding, and not the other way around (Rao et al, 2010). These concepts are important to
consider when designing approaches to block Endo II activity.
With regards to BAR dimer targeting to the membrane, disrupting interactions
between phospholipids and hydrophobic regions in the amphipathic helix, or on wedge
loops found within the BAR sequences could reduce Endo II activity, as could preventing
electrostatic binding of the positively-charged concave face to lipid head groups. There are
currently no available small molecule inhibitors specific to Endophilins; studies have
instead disrupted processes such as CME and FEME via inhibitors of its SH3 binding
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partners such as Dynamin, or by preventing PIP2 accumulation at the intracellular
membrane. However, Endo II constructs possessing truncations or point mutations have
been used to block normal function of the endogenous protein in vitro for some time, since
overexpression of these plasmids creates a dominant-negative phenotype in cells via
heterodimerization (Gortat et al, 2012). This phenomenon may provide a starting point for
developing molecules that inhibit BAR dimer-membrane interactions.
Another structural element of Endo II that could be used for manipulating its
function is the SH3 domain. Numerous inhibitors of PRD-SH3 interactions have been
designed, including one designed to block SH3 binding between Grb2 and Sos (Gril et al,
2007). They are highly effective in vitro, but have not successfully transitioned into the
clinic as a result of low tissue specificity and resulting collateral cytotoxic effects.
Development of more potent and specific SH3 competitors may lead to advancement in
this area (Vohidov et al, 2015). Given the relationship between Endo II SH3 domain
phosphorylation by Src and aggressive tumour phenotypes, manipulation of Endo II
activity could be achieved via inhibition of Src kinase activity (Fan et al, 2013). Dasatinib
is a small-molecule inhibitor of Src activity gradually being introduced as a treatment for
a number of cancers (Ocana et al, 2017; Secord et al, 2012). Benefits observed from this
therapy could be partly attributed to the decreased phosphorylation state of Endo II,
especially in studies involving a combination therapy with Trastuzumab.
Once clinically-approved inhibitors of Endo II expression exist, the question will
be whether or not they should be used in cancer treatment. While this research clearly
illustrates a biological advantage in breast cancers expressing high Endo II, its expression
can also be a factor in positive response to mainstream adjuvant therapy. The answer will
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likely vary depending on the pathological context of each patient. Because Luminal A and
TNBC subtypes do not overexpress HER2, not every patient will benefit from
Trastuzumab-based therapy. In these cases, inhibition of Endo II would reduce the
metastatic potential of these cancers without affecting treatment response. However, in
cases where HER2 amplification occurs, Endo II activity would be integral to Trastuzumab
or T-DM1 sensitivity, meaning its expression would be an asset during these treatment
regiments. In cases where resistance to these adjuvants develops, the expression of both
Endo II and HER2 would have to be considered before determining the next course of
action. Such correlative studies will better define Endo II’s role in cancer treatment.
This body of work strongly supports the principle that mere expression of
metastatic breast cancer drivers is insufficient to determine their impact on malignancy,
especially with respect to growth factor receptors. Too much of their influence on cancer
genetics depends on surface localization, endocytosis and trafficking, while too little is
known about the function and therapeutic potential of these processes.

4.3 Future Directions
The discovery that Endo II promotes sensitivity of cytotoxic responses to antibodies
targeting HER2 suggests that a similar mechanism might exist for other targetable surface
molecules. Cetuximab is an antibody designed to bind EGFR and is currently undergoing
clinical testing in a variety of cancers, including TNBC (Tanei et al, 2016). Endo II may
promote internalization of EGFR-Cetuximab complexes in a similar fashion as it does for
Trastuzumab-bound HER2, which could lead to therapeutic sensitivity modulation in
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TNBC. However, EGFR and HER2 are not identically processed by endocytic
mechanisms, making the effects of Endo II silencing on Cetuximab sensitivity uncertain.
Our findings linking Endo II to Trastuzumab sensitivity also merit expansion of
outcome studies to patients treated with the antibody. The survival curves presented in this
research are based on cohorts whose treatments began before Trastuzumab was introduced
at the clinical level (Gyorffy et al, 2012). As a result, the data contains no patients treated
with Trastuzumab, and the general trend observed is that Endo II expression is associated
with poor outcome. The Canadian Cancer Trials Group concluded the MA.31 trial
comparing Lapatinib and Trastuzumab as adjuvants to Taxane chemotherapy in HER2+
breast cancer patients, and in addition to patient follow-up data have accumulated extensive
biological samples that can be requested (Gelmon et al, 2015). Based on the results from
this thesis, a positive correlation between Endo II expression and response to Trastuzumabtreated, but not Lapatinib-treated patients would be expected. Analyzing cohorts such as
MA.31 may reveal an inverse trend to pre-Trastuzumab era survival, reflecting the role of
Endo II as an enhancer of these therapies. Likewise, in vivo studies of Endo II KD
constructs should be performed on mice treated with Trastuzumab and T-DM1 in order to
complement the in vitro dataset and confirm whether the observed cytotoxic effects apply
when the drug is administered systemically. Taken together, this data may provide
justification for evaluating Endo II expression as a predictive biomarker of effective
Trastuzumab-based treatment responses in HER2+ breast cancer patients.
The induction of either CME or FEME as a function of extracellular ligand
concentration is well characterized, but whether antibodies like Trastuzumab favour one
mechanism over the other remains unknown. Indeed, antibody concentration may act as a
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determinant of antibody-receptor complex fate in these cells. Identifying a preferential
endocytic pathway in Trastuzumab cytotoxicity could aid in developing strategies to
increase treatment sensitivity, perhaps even through Endo II modulation.
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