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ABSTRACT

In Canada, approximately 28,600 women were diagnosed with breast cancer (BC) in 2022,
and about 40% of women currently fail primary management strategies and ultimately succumb to
this disease. Despite many advances in the treatment of BC, metastatic relapse remains a major
challenge for patients. The prolactin-inducible protein (PIP) is a highly breast specific gene
product of BC. Because of such relevant attributes, it is considered a valuable BC biomarker
frequently used in the clinic to determine the origin of an unknown metastatic carcinoma.
However, the role of PIP in BC progression is still poorly understood. To address this role, our
laboratory developed a novel transplantable mouse model of BC utilizing the 4TI1-mouse
metastatic BC cell line and determined that while over-expression of mouse homologous (Pip)
suppressed tumor development in the primary tumor in the breast, it enhanced metastasis in lungs.
We hypothesized that in the lung, Pip promotes a more aggressive phenotype in the BC cells. To
further address this hypothesis Pip-expressing (4T1/Pip) and control BC cells (4T1/EV) were
isolated from primary tumors and metastatic lungs of these mouse models and grown as ex vivo
cell cultures. Several indicators of cellular transformation and metastatic progression were
evaluated. Gene expression analysis of 4T1/Pip cells isolated from the metastatic lungs identified
an up-regulation of genes involved in extracellular matrix disassembly, angiogenesis, positive
regulation of cell migration and cell proliferation. Functional analysis studies showed that in the
lungs, 4T1/Pip cells displayed increased proliferation, enhanced migration and colony formation
compared to control. As well, morphological analysis of ex vivo cell cultures revealed that the
4T1/Pip BC cells developed a mesenchymal-like morphology compared to controls. Key EMT
genes were also found up-regulated, whereas some epithelial markers were down-regulated in the

4T1/Pip cells from lungs. Furthermore, 4T1/Pip cells showed higher ERK1/2 phosphorylation



ratio and cell proliferation when cultured on a fibronectin-coated surface, suggesting that Pip may
activate tumor progression pathways through fibronectin fragments interacting with membrane
proteins. Collectively, these studies show that in the lung, Pip-expressing breast cancer cells
acquire more aggressive traits consistent with the metastatic phenotype, suggesting that Pip may
function differently in different tumor microenvironments. This work reveals a novel function of

Pip in regulating breast cancer progression and metastasis.
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1. INTRODUCTION
1.1. BREAST CANCER
1.1.1. World and Canadian Statistics

BC is the second most frequently occurring cancer, and the most diagnosed cancer among
women (World Cancer Research Fund, 2018; Sung et al., 2020). Worldwide, it affects more than
2.1 million women each year, accounting for more than 11.6% of all female cancers (Bray et al.,
2021; Sung et al., 2020). The incidence of BC is significantly higher in developed countries, with
an age-standardized incidence rate of 54.5 per 100,000 females while in nations with low to
medium Human Development Index (HDI) the incidence is to 31.3 per 100,000 (Huang et al.,
2021; Sharma et al., 2019; Fitzmaurice et al., 2018). Overall, BC mortality rate remains the highest
in the female population, accounting for approximately 15% of all cancer-related deaths (Sung et
al., 2020).

Similar to world statistics, in Canada, BC is the third most commonly diagnosed type of
cancer, and the most frequent among the female population (Canadian Cancer Society, 2022). In
2022, an estimated 28,600 Canadians will be diagnosed with BC (Canadian Cancer Society, 2022),
confirming this disease is the most common epithelial cancer and second only to lung cancer as
the leading cause of cancer-related mortality among women in Canada (Brenner et al., 2020).
Despite having a high incidence rate, the current overall five-year net survival rate for female BC
is relatively high at 89% (Howlader et al., 2018). However, survival rates vary according to the
stage and subtype, ranging from near 100% for stage I and 22% for stage IV (Azamjah et al., 2019;

Waks et al., 2019).



1.1.2. Breast Cancer Progression and Subtypes

Clinical BC develops over a long period of time, requires several molecular alterations,
and involves evolution of multiple cellular populations with increasingly aggressive phenotype
characteristics. The current hypothesis for the natural development of BC is that it progresses from
atypical ductal hyperplasia to ductal carcinoma in situ (DCIS), followed by evolution of this pre-
invasive BC to invasive BC (Figure 1). DCIS is non-invasive, but it can vary from low-grade (non-

life-threatening) to high-grade lesions that may contain invasive characteristics (Kurose et al.,

Non-pathological Molecular alterations in breast || Epithelial cells evolve trought | Altered epithelial cells stays in Metastatic Breast Cancer
epithelial cell atypical hyperplasia and one place
dysplasia
Normal breast
epithelium
| | SRBRL *
| Genetically altered Epithelial breast Ductal Carcinoma in Invasion
Basement membrane epithelial cell dysplasia situ (DCIS)
Cells
invade
blood
and
lymphatic

system

Figure 1 — Proposed stages of breast cancer progression. The classical multi-step model of
human breast cancer progression is based on histomorphological and epidemiological data.
Molecular alterations occurring in the epithelial cells of a normal terminal duct lobular unit result
in atypical ductal hyperplasia/dysplasia. Subsequent molecular alterations can result in ductal
carcinoma in situ (DCIS), another early neoplastic state, in which additional events can result in
invasive ductal carcinoma.

BC is a very heterogeneous disease characterized by various pathological features with
distinct therapeutic responses and patient long-term survival. As such, pathologists have defined

many subtypes based on histological features. The majority of tumors belong to the invasive ductal

carcinoma histological subtype (approximately 70 to 80% of newly detected tumors). The less



common subtypes include mucinous, cribriform, micropapillary, papillary, tubular, medullary,

metaplastic, and inflammatory carcinomas (Weigelt et al., 2010); (Table 1).

Table 1 — Major histological subtypes of BC and their characteristics.

Histological Subtypes Frequency (%) S-year Survival (%)

Ductal Carcinoma in situ (DCIS) 3.6 >99
Lobular Carcinoma in situ (LCIS) 1.6 >99
Infiltrating (Invasive) Ductal Carcinoma 63.6 79
Infiltrating (Invasive) Lobular

Carcinoma 5.9 84
Medullary Carcinoma 2.8 82
Inflammatory Breast Cancer 1.0 79
Mucinous Breast Cancer 2.1 95
Other 19.4 62

(Adapted from: http://p53 free.fr/our_work/breast.html)

Another classification used in the clinic is focussed on molecular subtypes. This is based
on the presence or absence of expressed markers, namely: estrogen and progesterone receptor (ER,
PR), as well as the human epidermal growth factor receptor 2 (HER?2); (Tsang et al., 2020; Vuong
et al., 2014). This classification is divided into 5 major subtypes: luminal A (ER*, PR*, HER2"),
luminal B (ER*, PR-, HER2 positive or negative), HER2-enriched (ER-, PR, HER2") triple
negative BC (TNBC) and the normal-like both which are ER-, PR-, HER2" tumors (Table 2)
(Pusztai et al., 2006; Zepeda-Castilla et al., 2008). This categorization of BC is widely used to
guide treatment choice and is also of prognostic value (Andre et al., 2006). For instance, ER*/PR*
tumors have a better prognosis than ER/PR" tumors while HER2* tumors are more aggressive than
HER2- tumors. In addition to the original classification, claudin status has been also used to
subclassify BC, as a claudin low and high subtypes of BC have also been identified (Prat et al.,

2010; Farmer et al., 2005; Blanchard et al., 2016).



Table 2 — Major molecular subtypes of BC

Molecular Subtype Clinic-pathologic definition
Luminal A ER", PR", HER2-, Ki-67 low (<14%)
Luminal B HER2- ER", PR", HER2-, Ki-67 high (>14%)
Luminal B HER2+ ER", PR, HER2", any Ki-67
HER2+ HER?2 over-expressed, ER", PR
Triple-Negative ER’, PR’, HER2"

1.2. TRIPLE NEGATIVE BREAST CANCER (TNBC)
1.2.1. Characteristics and Statistics

TNBCs are considered the most aggressive subtype of BC. TNBCs constitute 15-25% of
all BCs and are naturally recurrent (Yam et al., 2017). The TNBC incidence in all age groups
follows a trend, however younger and older women have increased rates of basal TNBC (Hudis
and Gianni, 2011; Khan et al., 2017). TNBCs represent 24% of newly diagnosed BCs (Tsai et al.,
2016), and there has been a steady increase in their incidence with 2,088,849 cases reported
worldwide in 2018 (Singh et al., 2020). The clinical behavior of TNBC is relatively aggressive
compared to the other subtypes of BC. TNBCs are considered a hard-to-treat BC, often displaying
chemoresistance and increased distant recurrence with more frequent relapses and a higher
incidence of metastasis (Dent et al., 2007). Because TNBC is highly metastatic, patients have a
worse prognosis and higher recurrence rate when compared to other subtypes (Lehmann et al.,
2011). The average survival rate in TNBC is ~10.2 months with respect to currently available
therapy, with a 65% 5-year survival rate in cases of regional tumors and 11% for those in which
the tumor has already spread to distant organs (Kohler et al., 2015).

According to the American Society of Clinical Oncology/College of American

Pathologists (ASCO/CAP) guidelines, TNBCs are classified by the cellular expression of <1% of



the progesterone and estrogen receptors and the expression of the human epidermal growth factor
receptor 2 between 0 and 1+, as determined by immunohistochemistry (Bianchini et al., 2016;
Wolff et al., 2014; Medina et al., 2020). There are four transcriptional subtypes of TNBCs: two
basal subtypes (BL1 and BL2), a mesenchymal subtype (M), and a luminal androgen receptor
subtype (Lehmann et al., 2016). TNBC can be further divided into six subgroups based on their
molecular heterogeneity and deregulated pathway: immunomodulatory, luminal androgen receptor
expression, mesenchymal stem-like, mesenchymal-like, basal-like 1, basal-like 2 (Table 3); (Yam
et al., 2017). Populations of African American and Hispanic women are at high risk to develop
TNBC, with African Americans as having a worse prognosis compared to other groups (Dietze et

al., 2015; Sugita et al., 2016).

Table 3 — Molecular subtypes of TNBC

Molecular Subtype Pathway
Immunomodulatory Immune signaling
Luminal androgen receptor AR
Mesenchymal stem-like MET, TGF-beta, NOTCH
Mesenchymal PI3K/AKT/mTOR
Basal-like 1 DNA damage repair
Basal-like 2 EGFR

1.2.2. Common metastatic sites for TNBC

Only 5% of patients with TNBC present with de novo metastatic disease (Yao et al., 2019).
The majority of patients unfortunately relapse following treatment with curative intent. The
biological features of TNBC result in a unique clinical phenotype. It is characterized by frequent
metastasis to brain, bone, and visceral organs, primarily lung and liver (Table 4); (Lin et al., 2008;

Edechi et al., 2020; Terceiro et al., 2021). Data from a Canadian BC cohort study of 180 TNBC



(total cohort = 1601) patients showed that TNBC patients were more likely to develop distant
recurrence (HR =2.6, P < 0.0001) or death (HR 3.2, P <0.0001); (Dent et al., 2007). Although it
is difficult to predict which secondary tissue will host the metastatic cells, recent studies found a

correlation of specific gene patterns across several TNBCs and the most common distant metastatic

sites (Anders et al., 2009; Yan et al., 2021).

Table 4 — Preferred metastatic sites for TNBC and non-TNBC. (Agarwal et al., 2016)

Site TNBC Non-TNBC  p-value
Bone 15.30% 16.20% 0.07
Lung 16.70% 8.80% 0.005
Liver 10.60% 9.30% 0.59
Brain 7.20% 3.00% 0.012
Chest Wall 5.90% 2.30% 0.016
Opposite Breast 2.50% 3.70% 0.41

1.2.3. Current management of TNBC

Common therapies for the management of patients with TNBC include surgery,
radiotherapy, and systemic chemotherapy (Yin et al., 2020). From a therapeutic perspective,
TNBC is very sensitive to chemotherapy, and for that reason, it is more commonly used. However,
the treatments require extreme caution and daily care as it often becomes ineffective. Common
treatments involve the use of alkylating agents (such as cyclophosphamide), anthracycline
(doxorubicin, a topoisomerase blocker and DNA intercalating agent), anti-metabolite fluorouracil,

and anti-microtubule agent (taxane) (Chang et al., 2019; Won et al., 2020). The choice of TNBC

treatment, as for other BC subtypes, depends on the tumor stage.



1.2.4. Therapeutic options for early-stage TNBC

If TNBCs are diagnosed early, while the primary tumor is still small and has not yet
metastasized, neoadjuvant therapy (most frequent taxanes and anthracyclines) with subsequent
breast-conserving surgery or mastectomy is used (Almansour et al., 2022; Chalakur-Ramireddy et
al., 2018). Neoadjuvant anthracycline and taxane-based chemotherapeutic regimens have
remained the base of systemic therapy for early-stage TNBC and are mostly unchanged over the
past years. The main paradox of early-stage TNBC neoadjuvant treatment is that although patients
tend to achieve higher response to neoadjuvant therapy, they have a higher susceptibility for early
disease recurrence with a tendency for visceral metastasis (Silva et al., 2022). Due to such
observations, following neoadjuvant treatment and surgery intervention patients might also receive
additional chemotherapy such as pembrolizumab, Olaparib or capecitabine to reduce the chances

of cancer recurrence (Jhan and Andrecheck, 2017).

1.2.5. Therapeutic options for advanced TNBC

The treatment of advanced TNBC includes the following classes of drugs: anti-metabolites
(gemcitabine and capecitabine), non-taxane microtubule inhibitor (eribulin), DNA cross-linkers
(platinum, doxorubicin) and Poly-adenosine diphosphate Ribose Polymerase (PARP) inhibitor
(Davison et al., 2021; Yoshida et al., 2014; Mckenna et al., 2017; Geenen et al., 2018). However,
new therapies have been reported for advanced TNBC, particularly when surgery is not an option
(Yin et al., 2020). Compared to other subtypes of BC, TNBCs show greater immunogenicity with
tumor-infiltrating lymphocytes in the tumor microenvironment as well as expression of
programmed cell death ligand 1 (PD-L1). Due to the therapeutic potential of the PD-L1 pathway,

several immunotherapies have also been explored for TNBC as immune checkpoint inhibitors



(Nakhjanani et al., 2022; Lotfinejad et al., 2020). The goal of the use of immune checkpoint
inhibitors is primarily to block regulatory immune checkpoints and consequently activate an anti-
tumor response. This treatment strategy is considered a valuable option for TNBC and targets
molecules that can negatively alter the immune response (Thomas et al., 2021). As such, the
immune checkpoints can be quickly blocked by antibodies, such as atezolizumab combined with
nanoparticle albumin-bound paclitaxel and pembrolizumab (Heimes et al., 2019; Schettini et al.,
2016; Kwapisz et al., 2021). A recent phase 3 trial study, using atezolizumab in combination with
nab-paclitaxel in patients with advanced TNBC, resulted in prolonged progression-free survival

and overall patient survival (Gianni et al., 2022).

13. THE METASTATIC PROCESS

The metastatic development process is highly complex and poorly understood and includes
multiple steps such as genetic and epigenetic alterations, angiogenesis, tumor—stroma interactions,
intravasation through the basement membrane, survival in the circulation, and extravasation into
distal tissues (Almansour et al., 2022; Anders et al., 2009).

It is a complex cascade of events facilitating the spread of cancer cells from the primary
tumor site to distal organs. Proposed as the “seed and soil” hypothesis of cancer metastasis by
Paget, cancer cells (seed) are thought to thrive at distant sites that provide favorable conditions
(soil) where they prepare and alter the metastatic environment to ensure their survival (Paget,

1889).



1.3.1. Invasion and EMT

The metastatic process is believed to occur in 3 phases: invasion, intravasation and
extravasation. During the invasion phase, the BC cells at the primary tumor site acquire aggressive
features, which enable them to invade the basement membrane and escape the primary site
(Lambert et al., 2017) (Figure 2). The process by which BC cells acquire aggressive features that
facilitates tumor invasion is known as epithelial-to-mesenchymal transition (EMT) (Kotiyal et al.,
2014; Bill and Christofori, 2015). The BC cells acquire mesenchymal characteristics which confer
a migratory phenotype and stem cell-like properties (Derynck et al., 2019). Although previously
thought to be a binary event by which cancer cells acquire either epithelial or mesenchymal
phenotypes, recent studies demonstrate that EMT is much more complex (Zhang et al., 2018;
Pearson et al., 2019). It has now been shown that some cancer cells possess a hybrid of both
epithelial and mesenchymal phenotypes, that exhibit higher metastatic potential and
chemoresistance compared to either “fully” epithelial or mesenchymal cancer cells (Sinha et al.,
2020; Bornes et al., 2021; Liao et al., 2020). The transforming growth factor beta (TGF-f3),
released by tumor-associated macrophages (TAMs) and cancer-associated fibroblast (CAFs) in the
primary tumor microenvironment (TME) play a key role in inducing EMT (Chen et al., 2018;
Vakili-Ghartavol et al., 2018). Once released, the TGF-f upregulates expression of key
transcription factors, Twist, Snail and Slug, which stimulate the EMT (Howley et al., 2019; Djediai
et al., 2021). With the newly acquired mesenchymal phenotype, the cancer cells are now able to

penetrate the blood vessel (intravasation) and enter the circulation.



1.3.2. Intravasation and CTC

Following intravasation, the BC cells are now referred to as circulating tumor cells (CTCs).
CTCs are defined as a heterogenous group of tumor cells that were shed from the primary tumor
and have entered the bloodstream (Cristofanilli et al., 2004). These cells are phenotypically and
genetically distinct from the primary tumor cells, and generally express EMT and stem-like
markers (EPCAM+, CK8+, TWIST1+, AKT2+, PI3Ko+, CD45-, ALDH1+, CD44hieh/CD24'v)
(Aktas et al., 2009; Al-Hajj et al.,2003). CTCs can be utilized as a diagnostic marker for metastatic
BC. In fact, liquid biopsy with genomic and proteomic analysis has been considered a promising
tool that will allow a clinical oncologist to determine the most suitable BC therapy (Mathai et al.,
2019). BC cells have been shown to migrate into the circulation, either as single cells or as
multicellular aggregates (referred to as collective migration) with the latter reported to possess a
higher metastatic potential than the single cells (Cheung et al., 2016; Aceto et al., 2014). Factors
expressed by BC cells such as plakoglobin and claudin 1 are reported to play key roles in
facilitating their collective migration (Aceto et al., 2014; Zhou et al., 2015). The increased
metastatic potential of multicellular aggregates is attributed to their ability to interact with stromal
cells and survive the high-shear conditions in the circulation (Gkountela et al., 2019; Duda et al.,

2010; Massague et al., 2016).

1.3.3. Extravasation and MET

Upon arrival at the secondary site, BC cells leave the vasculature (extravasation) and enter
the distal site where they may remain as dormant cells to better adapt to the new microenvironment,
or re-initiate secondary tumor growth when conditions become favorable (Lambert et al., 2017).

Following extravasation, BC cells may revert from a mesenchymal to epithelial phenotype by
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activating the mesenchymal-to-epithelial transition (MET), facilitating tumor establishment in
secondary organs (Wells et al., 2008; Chao et al., 2012). Accumulating evidence suggests that
MET may play a critical role in metastatic colonization by reactivating important cell signaling
pathways and enabling attachment and interaction between cells and the extracellular matrix
(ECM) within the host tissue (Wells et al., 2008; Chao et al., 2010; Stankic et al., 2013). When BC
cells arrive in secondary organs, MET is activated, and BC cells then begin to re-express epithelial
markers, such as E-cadherin, occludin and Crumbs3, and at the same time down-regulating
mesenchymal transcription factors (Chao et al., 2010; Demirkan et al., 2013). This orchestrated
intracellular process provides the necessary cellular machinery required for metastatic outgrowth

(Demirkan, 2013).
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Figure 2 — The metastatic process. The initial step of metastasis requires the tumor to invade (1)
through adjacent tissues and basement membranes. This process continues until individual tumor
cells infiltrate (2) the blood vessels or lymphatic channels (intravasation) and are carried to a
distant target tissue. The tumor cells then arrest in a small vessel within the distant organ,
extravasate into the tissue and proliferate at the secondary site (3).

14. THE TUMOR MICROENVIRONMENT
1.4.1. Cellular components

In the primary tumor microenvironment, stromal cells are in constant contact with both BC
cells and their secreted factors (Bussard et al., 2016). The effects of these interactions include
changes in gene expression (such as metabolic reprogramming and EMT) not only in the TNBC
cells, but also in neighboring stromal cells (Mbeunkui et al., 2009). The complex and multilayered
crosstalk between BC cells and stromal cells within the microenvironment, such as tissue-resident
and peripherally recruited immune cells, fibroblasts, endothelial cells, among others, greatly

influences tumor progression. Changes occurring within the primary breast TME collectively favor
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both TNBC cell survival and metastasis (Hill et al., 2020) (Figure 3). Below is a brief description
of cellular components of the tumor microenvironment and their roles during tumor progression

and metastasis.

14.1.1. Fibroblasts

In the stroma of the primary tumor, fibroblasts constitute one of the most abundant cell
types. The exposure of mesenchymal stem cells to pro-inflammatory cytokines, tumor necrosis
factor-alpha (TNF-a) and interleukin-1 beta (IL-1f3) can lead to the development of the cancer-
associated fibroblast (CAF) phenotype (Alkasalias et al., 2018). In general, CAFs secrete major
cytokines including TGF-f1, C-X-C motif chemokine ligand 12 (CXCL12), platelet-derived
growth factor (PDGF), interleukin-6 (IL-6) as well as extracellular matrix (fibronectin and

collagen) which promotes tumor growth and metastasis (Jena et al., 2021; Luo et al., 2015; Yu et

al.,2014).

14.1.2. Endothelial Cells

Within the primary tumor, a subset of endothelial cells, tumor endothelial cells (TEC), play
a central role in BC development and progression. The interaction between BC cells and TECs
have been shown to trigger angiogenesis, which increases nutrients and oxygen allowing the
TNBC cells to survive the harsh tumor environment and increase their chances of spreading to
distant sites (Madu and Johann, 2009; Nagl et al., 2020). In fact, studies showed that TECs isolated
from primary and metastatic tumors show up-regulation of several angiogenesis-related proteins
(VEGFR-1, VEGFR-2, and VEGF), as well as gelatinases/collagenases IV and MMPs (MMP-2

and MMP-9) (Ohga et al., 2012; Bussolati et al., 2006).
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14.1.3. Immune Cells

Another component of the primary breast TME are the immune cells which can elicit both
pro- and anti-tumor activity (Graney et al.,2021). The immune cells present in the breast TME are
diverse with the most common being macrophages, which are an innate immune cell type (Hill et
al., 2020). Macrophages play dual roles in the breast tumor environment depending on whether
the macrophage is classically (M1) or alternatively (M2) activated (Muller et al., 2020). M1
macrophages produce proinflammatory cytokines with antitumor activity which contribute to BC
clearance, whereas M2 macrophages produce anti-inflammatory cytokines supporting BC
progression (Muller et al., 2020; Qiu et al., 2018; Aras et al., 2017). Tumor-associated
macrophages, often M2 macrophages, promote the escape of primary tumor cells into the
circulation by secreting epidermal growth factor-1 (EGF-1), TGF-f, IL-6, IL-10, and TNF-q, all
of which promote EMT, and enhance the stemness of cancer cells, ultimately increasing
invasiveness and migration into surrounding vasculature (Chen et al., 2018; Kitamura et al., 2015).
Breast tumors can also avoid immune-mediated elimination, by stimulating M2 macrophage
formation or upregulating PD-L1 expression (Fang et al., 2021). In the latter scenario, the binding
of PD-L1 secreted by tumor cells to the PD-1 receptors of activated T lymphocytes leads to
inactivation of cytotoxic T cells. Furthermore, a subset of innate immune cells, referred to as
myeloid-derived suppressor cells (MDSCs) also contribute to metastasis in BC by secreting factors
such as interleukin-10 (IL-10), TGF-f3 and VEGF which suppress the immune response, increase
EMT and stimulate angiogenesis respectively (Ma et al., 2019).

The major adaptative immune cell subset is the regulatory B and T cells, which reduce the
anti-tumor immune response in the TME, thereby promoting tumor progression (Weber et al.,

2015). In the TME, regulatory T cells stimulate M2 macrophage survival and increase apoptosis
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of anti-tumor cytotoxic T lymphocytes. Similar to their T cell counterparts, regulatory B cells

have been shown to also promote tumor progression and metastasis (Olkhanud et al., 2011).

1.4.2. Non-cellular components

The non-cellular components, extracellular matrix proteins, of the tumor
microenvironment, remain poorly understood and undervalued players in BC despite increasing
evidence of their contribution to cancer progression (Kuroda et al., 2021). Composed of several
extracellular proteins (fibronectin — FN, collagen, elastin, and laminin), the ECM is an important
physical component of the tumor microenvironment (Kim et al., 2020). The ECM provides not
only a physical scaffold for cells, but also serves as a depot for cytokines and growth factors such
as VEGF, FGF, PDGF and TGF-f3, which regulate tumor cell dissemination (Brassart-Pasco et al.,

2020; Anderson et al., 2020).

14.2.1. Fibronectin

Fibronectin is a very important component of the ECM. Found as a dimer of 440 kDa, each
subunit of fibronectin contains three types of repeating modules: FN-I, FN-II, and FN-III (Pankov
et al., 2002). Fibronectin can bind to several cell surface receptors, stimulating cell proliferation,
differentiation and supporting survival (Fernandez-Garcia et al., 2014). The fibronectin tripeptide
Arg-Gly-Asp (RGD) motif located in FN-III interacts with the cell mainly through binding to the
a5P1 integrin on the cell surface (Qiai et al., 2020; Akiyama et al., 1995). This interaction results
in activation of several intracellular pathways, most commonly reported is the activation of
ERK1/2, which translocates to the nucleus reducing sensitivity to apoptotic signals and promoting
cell cycle progression (Lee et al., 2006; Hannigan et al., 2005). Additionally, the interaction of

fibronectin and cancer cells can promote pro-oncogenic effects through the activation of
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PI3K/AKT and focal adhesion kinase (FAK), which promotes proliferative signals, resistance to
apoptosis and increased cell motility (Utispan et al., 2012; Lin et al., 2019). In fact, ATN-161, an
a5P1 integrin inhibitor, is being evaluated in clinical trials as treatment for metastatic BC
(Cianfrocca et al., 20006). It inhibits tumor growth and metastasis as well as extending survival in
multiple animal tumor models, including BC, either when given as a single agent or when

combined with chemotherapy or radiotherapy (Stoeltzing et al., 2003; Cianfrocca et al., 2006).

14.2.2. Collagens, Elastin and Laminin

Collagen, a component of the ECM, also influences BC cell behavior by inducing cancer
cell invasion, proliferation, hypoxic regulation, intratumoral vessel regulation and metastasis. BC
cells can re-shape the collagen network to form a reinforcing cell-collagen loop which
progressively fosters cancer progression (Xu et al., 2019). Collagen filaments interacts with BC
cells mainly by directly connecting to cell receptors. Discoidin domain receptors (DDRs) are a
subfamily of tyrosine kinases that are divided in two homologous receptors (DDR1 and DDR2);
(Favreau et al., 2014). Collagens can closely associate with DDRs and activate intracellular
pathways that ultimately facilitate tumor progression and metastasis. The interaction of collagens
with DDR?2 have been reported to stimulate ERK?2 in a Src-dependent manner; activated DDR?2
then phosphorylates Snaill resulting in glycogen synthase kinase 3 inhibition, ultimately
contributing to sustained MMP-14 and collagen synthesis in BC (Zhang et al.,2013). The sustained
activation of MMP-14 is one of the major factors that results in the ECM remodeling leading to
tumor invasion.

Association of laminins and elastin with tumorigenesis in BC has also been established.
Abnormal expression of laminins and elastin, which are frequently observed in the breast

undergoing tumorigenesis, mainly results in disturbed cell behavior. Studies have provided
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evidence that laminins can promote anchorage-independent cell growth, increase migration, and
cell adhesion (Sevilla et al., 2010; Kusuma et al., 2012). Much as laminins, elastin also plays an
important role during tumor progression. During BC tumor progression elastin can be degraded
and elastin-derived peptides can affect tumor cells and their surroundings by promoting cell
migration, up-regulation of MMPs, facilitating chemotaxis, angiogenesis, and modulating

antiapoptotic pathways (Zakout et al., 2012; Wang et al., 2020).
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Figure 3 — The tumor microenvironment (TME) and breast cancer progression. At tumor
initiation, growth-suppressive signals from the inflammatory process, primarily modulated by
cytotoxic T-lymphocytes, M1 macrophages and fibroblasts are overcome by educating host stroma
cells to acquire pro-tumorigenic features. Cytokines (TGF-f3, IL-1 and TNF-a) released by the
inflammatory process modulate differentiation of normal fibroblasts to cancer-associated
fibroblasts (CAFs) which in turn, secrete extracellular matrix proteins and soluble factors (TGF-
B, CXCL12, IL-6) that stimulate epithelial to mesenchymal transition (EMT), tumor growth and
progression. Neutrophils induce EMT and promote tumor progression through cytokine release
while adipocytes provide fuel for tumor growth. Tumor-associated macrophages (primarily M2
macrophages) support BC growth and invasion by secreting pro-tumorigenic cytokines and growth
factors. During tumor expansion, activated cytokines in the environment (CXCL5-CXCR2, TGF-
b) stimulate recruitment of regulatory T cells (Treg) and myeloid-derived suppressor cells
(MDSCs) which disrupt immune surveillance by inhibiting cytotoxic T lymphocytes, M1
macrophages and natural killer cells. Also, BC cells escape immune surveillance by
overexpressing the PD-L1 ligand. Such orchestrated events in the primary tumor allow tumor cells
to acquire a mobile and invasive phenotype. Secreted factors (MMPs, VEGF) further facilitate
tumor cells intravasation into the circulation. Once there, BC cells interact with platelets and M2
macrophages inhibiting immune recognition. Platelets escort tumor cells to secondary sites, where
interaction with endothelial cells promotes extravasation. The preferred site of metastasis is
influenced by the BC subtype. (Terceiro et al., Cancers 2021, 13, 4798)
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1.5. THE PROLACTIN-INDUCIBLE PROTEIN (PIP)

The prolactin-inducible protein is a biomarker that has been associated with pathological
conditions of the mammary gland. Pioneering studies by Shiu and Iwasiow (1985) initially
identified PIP as a 15-17 kDa glycoprotein produced by the human BC cell line T47D, in response
to prolactin stimulation. Independently, PIP was earlier identified as gross cystic disease fluid
protein 15 (GCDFP-15), an abundant acidic protein mainly found in the fluid of gross cystic
disease of the human breast (Haagensen et al., 1979). Currently, PIP/GCDFP-15 is routinely used
in the clinic as a BC biomarker to confirm whether an unknown metastatic carcinoma originated

from the breast (Calza et al., 2006; Dawood et al., 2011; Lund et al., 2010).

1.5.1. PIP Gene: Expression and Regulation

The human PIP protein is encoded by the PIP gene located on the long arm of human
chromosome 7q34. The PIP gene is 7 kb long and contain 4 exons (Myal et al., 1991). The protein
is comprised of 146 amino acids and contains a signal peptide of 28 residues. PIP is initially
synthetized as a precursor polypeptide of 12.5 kDa and after maturation its size is reduced to 11
kDa. PIP can be found in three different protein size, 11 kDa, 14 kDa and 16 kDa in size, with the
14 kDa being the predominant isoform. Both the 14 kDa and 16 kDa are glycosylated versions of

the 11 kDa protein (Figure 4); (Myal and Shiu et al., 2000).
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Figure 4 — The three-dimensional structure and amino acid sequence of prolactin inducible
protein. The human PIP protein is composed of seven [-sheets with the site for the N-
glycosylation at Asn105 (red arrow). The location of Fibronectin (FN) and CD4-binding domains
are highlighted in orange and purple, respectively.

PIP is highly expressed in the cells of lacrimal, salivary and sweat glands (Hassan et al.,
2009; Mazoujian et al., 1983). PIP is a secreted protein, found in specific bodily fluids such as
tears, saliva and sweat, amniotic fluid, seminal plasm, and ear wax (Haagensen et al., 1979;
Murphy et al., 1987; Autiero et al., 1991; Myal and Shiu, 2000). PIP expression is regulated by a
number of hormones, with the highest levels induced by androgens, prolactin and glucocorticoids.
As well, PIP is also regulated by cytokines, interleukin 4 and 13 (IL-4, IL-13) under both normal

and pathological conditions of the breast (Shiu and Iwasiow, 1985; Blais et al., 1996).
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1.5.2. PIP in innate and adaptative immunity

The function of PIP is only beginning to be elucidated. Previous evidence has pointed to a
role in host defense and immune modulation. In healthy individuals, PIP is found strategically
located at privileged immunological sites (ear canal, oral cavity, lacrimal gland and skin)
predominantly in mucosal-type tissues that produce secretions responsible for the first line of
defense from invading organisms, suggesting a role in innate immunity. Many studies support such
a role, including one from the Myal research group which showed that oral-derived Pip in mouse
saliva could bind and inhibit the growth of bacteria in the oral cavity (Lee et al., 2002).

PIP has also long been thought to play a role in adaptative immunity. It has been previously
shown that PIP binds with high affinity to the CD4 molecule, a T-cell co-receptor molecule that
plays a critical role in helping T-cell activation (Autiero et al., 1995, 1997; Zhou et al., 2003).
Also, PIP interacts with envelope protein gp-120 of HIV-1, which is used by the virus to enter the
CD4"T immune cells (Autiero et al., 1997). Moreover, the crystalline structure of human PIP, also
supports an immunomodulatory role for PIP, as numerous sites for the binding of
immunoglobulins have been identified (Hassan et al., 2008). To establish a direct link between PIP
and adaptative immunity, the Myal laboratory generated a Pip transgenic (Myal et al., 1998) and
a Pip knockout (Pip KO) model (Blanchard et al., 2009) to conduct immunophenotypic analyses.
It was observed that Pip KO mice had lower numbers of CD4+T cells, and defect in the activation
of the T helper, type 1 (Thl) immune response (Li et al., 2015). Furthermore, Pip deficiency was
also found to be associated with impaired intracellular signaling events in macrophages and
dendritic cells (DCs), leading to the decrease in production of pro-inflammatory cytokines.
Altogether, these studies revealed for the first time, that Pip is critical for optimal activation and

function of cell-mediated immunity.
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1.5.3. PIPin BC

In the normal breast tissue, the expression of PIP is low to undetectable. However, PIP
expression is frequently increased in BC (Murphy et al., 1987; Fiel et al., 1996). Studies utilizing
gene expression have detected PIP mRNA in 92% of the primary tumor tissues analyzed, which
concurs with the level of PIP detected by immunohistochemistry (Clark et al, 1999). PIP levels
were also found to be up-regulated in metastatic BC cells found in the axillary lymph node and in
circulating tumor cells of BC patients (Clark et al., 1999). The highest levels of PIP mRNA were
found in the luminal A molecular subtypes (ER+, PR+), whereas intermediate amounts were found
in HER2-enriched and normal-like subtypes, with the lowest expression in basal-like subtypes
(Baniwal et al., 2013; Naderi et al., 2014). As well, clinical evidence showed that BCs with high
PIP expression displayed longer overall and disease-free survival (Hahnel et al., 1996; Pagani et
al., 1994; Fritzsche et al., 2007). Furthermore, studies showed that high PIP expression correlated
with a positive response to standard adjuvant chemotherapies (doxorubicin and
cyclophosphamide) in a cohort of 120 invasive ductal carcinoma cases (Jablonska et al., 2016).

The crystalline structure of human PIP revealed a potentially multifaceted protein with a
Zn** binding site, that has been demonstrated to tightly bind zinc alpha 2 glycoprotein (ZAG-2) a
protein with strong antibacterial activity (Hassan et al., 2008). As well human PIP is an aspartyl
protease (Caputo et al., 2000) with an aspartate residue at position 22 (Asp22), which shows
homology to the aspartate residue 32 of other aspartyl proteases, such as cathepsin D, pepsin, and
renin. In fact, PIP is be able to cleave fibronectin due to its aspartyl proteinase activity (Caputo et
al., 2000; Hassan et al., 2008). This observation provided strong evidence that PIP can mediate
ECM degradation, a key step in facilitating cellular transformation and metastasis during BC

progression. PIP has also been shown to interact with several other proteins including actin,
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fibrinogen, B-tubulin, serum albumin, and Fc fragment of immunoglobulin G (Naderi et al., 2014;
Leon et al., 1994; Schenkels et al., 1991; Chiu and Chamley, 2003; Kumar et al., 2012). However,

the biological role of such interactions remains unknown or poorly understood.

1.6. USE OF THE ORTHOTOPIC TNBC MOUSE MODEL TO ADDRESS PIP

FUNCTION IN BC METASTASIS

To adequately study BC development and progression, it is important that the initial TNBC
tumor is implanted into the corresponding tissue in the animal model (Rashid et al., 2014). TNBC
tumors of orthotopic models grow in the organ of origin in their natural tumor environment. The
interaction of TNBC tumor cells with the tissue-specific stromal cells, such as macrophages,
fibroblasts, adipocytes, affects tumor growth, differentiation, and invasive capability (Mendes et
al., 2020). The interaction with stromal cells as well as tissue-specific immune cells (B and T
lymphocytes and Natural Killer cells) result in primary tumors similar to those of the original tissue
(Yamaguchi et al., 2018). This makes orthotopic tumor models extremely relevant for the study of
tumor development and progression. Moreover, orthotopic tumors can metastasize with
specificities comparable to human TNBC tumors. Thus, orthotopic models are highly relevant
preclinical models to study BC development, progression, and metastasis. The features of the 4T1

TNBC mouse model make it an excellent choice to study BC biology.

1.6.1. The 4T1 mouse cell line
The 4T1 cell line was originally derived from a subpopulation of a spontaneous mammary
tumor of a mouse mammary tumor virus (MMTYV) positive BALB/C mouse foster nursed on a

C3H mother (BALB/BfC3H). The 4T1 murine BC animal model was originally developed by
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Miller et al. (1983) to study metastatic tumor heterogeneity. 4T1 is a transplantable TNBC mouse
cell line that can be grown in vitro as well as in BALB/C mice. When implanted orthotopically,
4T1 is highly aggressive TNBC cell line capable of spontaneous metastasis to several distant
organs such as the lungs, blood, lymph nodes, liver, bone, and brain. Due to its resistance to 6-
thioguanine (6-TG) treatment, metastatic 4T1 cells can be precisely quantified even in distant

organs (Miller et al., 1983).

1.6.2. The 4T1 Pip-expressing TNBC mouse model

The Myal laboratory previously transduced mouse 4T1 cells to express the mouse Pip
protein in order to address the role of PIP during tumor development and progression (Edechi et
al., 2021). The Pip expressing 4T1 cells can be orthotopically injected into the mammary fat pad
of BALB/C mice. These implanted cells are very tumorigenic and comparable to stage IV of
human BC. Additionally, due to low immunogenicity of these cells the occurrence of inflammation
and tumor rejection is minimal. The 4T1 cells grow into a primary tumor that becomes palpable a
few days after implantation. After 2 to 3 weeks this primary tumor metastasizes similar to a human
TNBC. After tumor metastasis, 4T1 cells are recoverable from both the primary tumor and

metastatic sites, for further analysis.
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2. STUDY RATIONALE

Preliminary data from our laboratory strongly suggested that in the primary tumor the
immune system played a role in supressing tumor growth but that in the metastatic lung
environment the expansion of Pip-expressing cells was independent of the immune system (Edechi
et al., 2021). These observations suggest that the lung tumor environment may play a role in
impacting the behaviour of Pip-expressing cells. Using a transplantable mouse model of TNBC,
developed by our group, Pip expression in the primary tumor was found to delay tumor onset and
reduce tumor growth due the activation of anti-tumor immunity (Edechi et al., 2021).
Paradoxically, PIP expression was also associated with higher number of TNBC cells in the lungs

independent of the immune system (Edechi et al., 2021).

3. HYPOTHESIS
Pip expression increases TNBC metastasis in the lungs by enhancing both the invasive
properties and survivability of the TNBC cells while facilitating interaction with host stroma

environment to promote cellular expansion.

4. STUDY OBJECTIVES

To investigate the effect of Pip on lung metastasis the following objectives were
formulated:
1. Evaluate molecular and morphological changes in ex vivo cultures of Pip-expressing TNBC
cells isolated from primary tumor and lung metastatic site.
2. Investigate intrinsic mechanisms by which Pip expression may promote TNBC cell metastatic

behaviour.
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S. MATERIALS AND METHODS
5.1. Generation of Pip-expressing lentivirus constructs

The lentivirus constructs for the Pip coding sequence and the empty vector (EV) controls
were previously designed by Anne Blanchard from the Myal laboratory in collaboration with Dr.
Sam Kung director of the Lentiviral Core Facility at the University of Manitoba. In the Pip vector
design, the Pip coding region (ORF033474) was inserted under control of the elongation factor 1
alpha (EF1a) promoter. Enhanced Green Fluorescent Protein (eGFP) was used as a reporter gene
under control of the cytomegalovirus (CMV) promoter. A similar vector was constructed but
without the Pip coding sequence and used as an empty vector control (Figure 5). Both the Pip and
Empty Vector constructs were packaged into lentiviral particles prepared for transduction by

Vector Builder (Chicago, IL, USA).

A /- RSV promoter B /- RSV promoter
pUC ori / __—BSLIR pUCori ~ / __—n5LR
’ V7] ﬂ _~ RRE \ ",7 ' , _—RRE
o Ampicillin - ~_ < ‘
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Pip
pLV[Exp]-EGFP-EF1A>mPi... — EF1A PLV[Exp]-EGFP:T2A:Puro... I EF1A
9155 bp ) //0 10085 bp 5(7\
SvdoearypA — ' ﬁ _ Kozak
~ AU3/3'LTR — , | O
SV40 early pA - Kozak ' - mCherry
AU33LTR - \ mPip[ORF033474] <:,-
EGEP WPRE EGFP:T2A:Puro ~/ \ - WPRE
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Figure 5 — Lentiviral vector constructs. (A) Shows the Pip lentiviral vector with mouse Pip
coding region (ORF033474), represented as a green arrow, under EF1A promoter. (B) Shows the
empty vector lentiviral control (EV) construct. The eGFP coding sequence is represented as a

brown arrow in both constructs.
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5.2.  Lentiviral Transduction of 4T1 cells

Wild type 4T1 cell line was acquired from the American Type Culture Collection (ATCC,
VA, USA). 4T1 cells were seeded in a 24-well plate at a concentration of 5x10* cells/well and
incubated overnight at 37 °C in a 5% CO, humidified incubator. The cell culture media (DMEM
high glucose, 2 mM glutamine, 10% fetal bovine serum, 50 pg/ml streptomycin, 50 U/ml
penicillin) was then completely removed and 250uL of media containing 20 MOI (multiplicity of
infection) of virus and polybrene (5 pg/mL) was added to the plate and incubated at 37 °C for 12
h. Following incubation, the media-containing virus was safely discarded and replaced with 500
puL of fresh complete cell media. At 48-72 h after cell transduction, an inverted fluorescent
microscope was used (Thermofisher Evos, Thermofisher, NY, USA) to visualize successfully

transduced cells (eGFP+).

5.3. Cell Sorting

Since eGFP was used as protein reporter for successfully transduced cells, fluorescence-
activated cell sorting (FACS) was used to separate the eGFP-positive cells from the eGFP-negative
cells. Both 4T1/Pip and 4TI1/EV cells were harvested using 0.05% Trypsin-EDTA and
resuspended in flow cytometry buffer (1X PBS, 1% FBS and 2mM EDTA). Cell suspensions were
passed through a 70 um cell strainer to break up cell clumps. Cells were then collected, filtered
and sorted based on eGFP expression using Flow Activated Cell Sorter (FACS) Aria II (BD
Bioscience, CA, USA). Sorted cells were maintained in complete DMEM at 37 %Cin a 5% CO,

humidified incubator.
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54. Mice

Six to eight weeks old BALB/C mice obtained from the in-house colony at the University
of Manitoba, were used in this study. The mice were housed in the Central Animal Care Facility
at the University of Manitoba, Canada, where they were maintained in a temperature-controlled
room (22 = 1 °C) with normal 12-h light/12-h dark cycle and fed ad libitum. All animal protocols
were approved by the University of Manitoba Animal Care Committee and experiments were

conducted according to the Canadian Council on Animal Care guidelines.

5.5. Implantation of transduced 4T1 mouse breast cancer cells

The 4T1/Pip and 4T1/EV cells were harvested from the culture flask using 0.05% Trypsin-
EDTA for 5 min (Gibco, Grand Island, NY, USA) at 37 °C and 5% CO, (humidified incubator)
and resuspended in a concentration of 1x10* cells/100uL in cold 1X Phosphate Buffer Saline
(PBS). Female BALB/C mice were placed inside a chamber and anesthetized with isoflurane
5%/oxygen until complete induction was achieved; anesthesia was maintained during procedure
with 2.5%/oxygen isoflurane. After checking the animals for the absence of pedal and tail reflex,
cells were orthotopically injected into the inguinal mammary gland using a 27G hypodermic

needle following the established protocols of Pulaski and Ostrand-Rosenberg (2001); (Figure 6).
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Figure 6 — Schematic representation of the isolation of 4T1/EV and 4T1/Pip ex vivo cultures.
4T1/Pip and EV cells were inoculated into the inguinal mammary gland of a BALB/C mouse.
After 3 weeks of injection primary tumor (mammary gland) and lungs were excised. Tissues were
digested using mechanical and enzymatic processes. After digestion 4T1 cells were sorted based
on 6-thioguanine resistance as well as eGFP+ expression using FACS.
5.6.  Generation of ex vivo cell culture of 4T1 cells

At 3 weeks post-inoculation of 4T1/Pip and 4T1/EV cells, tumor bearing mice were
euthanized by cervical dislocation and the primary mammary tumor and lungs were excised. The
tissues were minced with scissors and digested with 2 mL of collagenase IV solution (1.5 mg/mL.,
Millipore Sigma, Merck, MA, USA) for 1-2 hours. Digested tissues were passed through 40 um
Falcon cell strainer to obtain single cell suspensions. The cells were pelleted by centrifugation
(500 x g for 10 min), resuspended in 10 mL of complete DMEM with 60 uM of 6-thioguanine and
transferred to a 10 cm cell culture dish. Cell cultures were incubated for 10-14 days at 37 °C in a
5% CO,humidified incubator. It is expected that only 4T1 cells will grow under 6-thioguanine
treatment; any other cells types would be eliminated while the 4T1 cells are able to survive. For
further analysis the 4T1 cells derived from the primary tumor and metastatic lungs, both 4T1/Pip

and 4T1/EV, were further enriched using FACS as they both express the reporter gene eGFP

(Figure 6).
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The ex vivo cultures of 4T1/Pip and 4T1/EV cells from primary tumor and lungs were
maintained in high-glucose Dulbecco’s Modified Eagle’s Medium (DMEM; 4.5 g/1 glucose,
Hyclone Laboratories Inc., UT, USA) supplemented with 2 mM glutamine, 10% fetal bovine
serum (FBS), 50 pg/ml streptomycin, 50 U/ml penicillin (all obtained from Hyclone Laboratories
Inc.,UT, USA) and 10 pg/ml bovine insulin (Sigma-Aldrich Canada, ON, Canada) and maintained
at 37 °C and 5% CO, (humidified incubator). Cells were passaged every 2 days or at 85-100%
confluency (as evaluated by brightfield microscopy). For passaging, cells were harvested as
follows: T25 tissue culture flask (Thermofisher, NY, USA) was rinsed with 3ml of 1X phosphate
buffered saline (PBS) and treated with 2ml 0.05% Trypsin-EDTA (Gibco, Grand Island, NY,
USA) for 5 minutes or until cells were detached, 4 mL of complete DMEM was then added to
inactivate the trypsin and the cells dispersed by pipetting 3-5 times before plating in a new T25
flask at a 1:6 subcultivation ratio.

To prepare cells for cryopreservation, cells were harvested as described above and
centrifuged at 500 x g (IEC Centra-GP8R, International Equipment Company, MA, USA) for 10
minutes at room temperature. The cell pellets were resuspended in FBS containing 5% dimethyl
sulfoxide (DMSO, freezing media) and aliquoted into cryopreservation vials (1ml/vial). Vials were
transferred to a Styrofoam box which allows a more gradual decrease in temperature and then

stored at -80 °C for at least 2 days before long term storage in liquid nitrogen tanks.
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5.7. Western Blot analysis

Sample preparation: Cells were grown to confluency in 6-well plates, then detached using
a cell scraper in the presence of media, transferred to a 1.5 mL tube, pelleted by centrifugation,
and washed one time with 1X PBS. Cells were lysed using 100 uL. RIPA Lysis and Extraction
Buffer (Thermofisher Scientific, NY, USA) containing protease inhibitor (Roche Diagnostics) and
1X Halt phosphatase inhibitor cocktail (Thermofisher Scientific, NY, USA), sonicated for 15
seconds, and centrifuged at 13000 rpm for 10 mins at 4 °C to remove insoluble material. The
supernatants were transferred to a new tube and the protein concentration of the cell lysates
determined using the Bicinchoninic acid (BCA) assay kit (Pierce Biotechnology) according to
manufacturer’s instructions. The cell lysates were stored at -20 °C to be used for sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

SDS-PAGE: 20 ug of cell lysate was mixed with 2X Laemmli Sample Buffer (65.8 mM
Tris-HCI, pH 6.8, 2.1% SDS, 26.3% (w/v) glycerol, 0.01% bromophenol blue and 0.05% (v/v) of
[3-mercaptoethanol) in a 1:1 ratio (v/v) and heated at 70°C for 10 minutes. Sample proteins as well
as molecular weight markers (BioRad, ON, Canada) were separated by SDS polyacrylamide gel
(5% acrylamide/bis-acrylamide for stacking gel and 10% acrylamide/bis-acrylamide for resolving
gel) and run for 30 minutes at 90V followed by 60 minutes at 110V. Following electrophoresis,
proteins were transferred to nitrocellulose membranes (0.45ym) (Bio-Rad Laboratories,
Mississauga, ON, Canada) using Pierce™ 1-Step Transfer Buffer and the Pierce Power Blot
Cassette (Thermo Scientific, NY, USA) for 7 minutes at 25V . Following transfer, the nitrocellulose
membrane was blocked with 5% non-fat milk in Tris-buffered saline (20 mM TRIS, 0.15M NaCl)
with 0.1% Tween-20 (v/v, TBS-T) for 1 hour. Primary antibodies were diluted in blocking solution

according to Table 5, and incubated with shaking overnight at 4°C. The next day the membranes
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were washed with TBS-T three times for 10 min each before adding the secondary antibody (Table
6) and incubating with a shaking for 1 hour at room temperature. Blots were washed with TBS-T
three times for 10 mins and developed using enhanced chemiluminescence (ECL) kit (Immobilon,
Millipore, MA, USA). Chemiluminescent signal was acquired using the C-digit blot scanner

(Licor, NE, USA).

Table S — List of primary antibodies used for Western Blot analysis.

Antigen Host Dilution Source Cat. No.
Z0-1 Rabbit 1:2000 Thermofisher Scientific 61-7300
E-Cadherin Mouse 1:1000 Thermofisher Scientific MAS5-12547
Vimentin Mouse 1:500 Cell Signaling Technology 3390
ERK1/2 Rabbit 1:1000 Cell Signaling Technology 4695
p-ERK1/2 Rabbit 1:1000 Cell Signaling Technology 8544
Pip Rabbit 1:2500 Alpha Diagnostics n/a
a-tubulin Mouse 1:5000 Abcam ab7291

Table 6 — List of secondary antibodies used for Western Blot analysis.

Antibody Host Dilution Source Cat. No.
Anti-Rabbit (HRP) Goat 1:1000 Thermofisher Scientific Alé6116
Anti-Mouse (HRP)  Rabbit 1:1000 Cell Signaling Technology D3V2A
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5.8. Reverse Transcription quantitative real-time PCR (RT-qPCR) assay

RNA was extracted from cell samples (4T1/EV and 4T1/Pip from primary tumor and
metastatic site) using Monarch Total RNA Miniprep Kit (New England BioLabs Ltd., ON,
Canada) and quantified using a NanoDrop spectrophotometer (Nanodrop 2000, Thermofisher
Scientific, NY, USA). LunaScript RT SuperMix (New England BioLabs Ltd., ON, Canada) was
used to reverse transcribe equal amounts of RNA, according to manufacture’s suggested protocol.
The cDNA samples were applied to each real-time PCR reaction on the mouse tumor metastasis
RT?Profiler PCR array (Qiagen Corporation, Mississauga, ON, Canada; cat# PAMM-028Z). Real
time PCR was carried out using the CFX 96 RT-qPCR system (BioRad, ON, Canada). The cycle
profile consisted of initial cDNA denaturation at 95°C for 10 min, followed by 40 cycles of 95°C
for 15 seconds and 60°C for 1 min. The collected data were analyzed using the web-based PCR
Array Data Analysis Software (Qiagen, ON, Canada). Up-regulated genes were input on the
STRING database to find the related biological processes.

RT-qPCR analysis was also used to evaluate the expression of EMT markers. Following
the manufacturer’s instructions, the Luna Universal gPCR Master Mix (New England BioLabs
Ltd., ON, Canada) was used with cDNA and gene specific primers. Thermal cycling profile
consisted of polymerase activation and DNA denaturation at 95°C for 1min, followed by 40 cycles
of 95°C for 15s and 60 °C for 60s (CFX 96 qPCR system, BioRad, ON, Canada). Cycle threshold
and relative quantification values were calculated automatically by the CFX96 instrument
software. Data were analyzed using the delta-delta CT method and presented as fold increase in
gene expression levels relative to the house keeping gene, GAPDH. Primer sequences for genes

analyzed are shown in Table 7.
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Table 7 — Primer sequences used in qPCR assay.

Gene Forward 5° -3’ Reverse 5° —3°
Vimentin CGGAAAGTGGAATCCTTGCAGG AGCAGTGAGGTCAGGCTTGGAA
Twist AGCAGTGAGGTCAGGCTTGGAA ACACGGAGAAGGCGTAGCTGAG
Snail TGTCTGCACGACCTGTGGAAAG CTTCACATCCGAGTGGGTTTGG
Slug TCTGTGGCAAGGCTTTCTCCAG TGCAGATGTGCCCTCAGGTTTG
N-Cadherin CCTCCAGAGTTTACTGCCATGAC CCACCACTGATTCTGTATGCCG
GAPDH CATCACTGCCACCCAGAAGACTG  ATGCCAGTGAGCTTCCCGTTCAG

5.9. Fluorescence microscopy of 4T1 ex vivo cell cultures

The Pip-expressing 4T1 (4T1/Pip) and control cells (4T1/EV) retrieved from both primary
tumor and metastatic sites were seeded and left for 12 hours on 8-well chamber glass slides (iBIDI)
prior to fixing in 3.7% formaldehyde / 1x PBS for 10 minutes (RT). The slides were washed three
times in 1X PBS (RT) for 5 minutes, with shaking, followed by incubation with 0.1% Triton X-
100, for 12 minutes (Millipore Sigma, Merck, MA, USA). For F-actin staining, slides were
incubated with 200 uL of Phalloidin-Alexa 488 (Thermofisher Scientific, NY, USA) working
solution (5 unit/mL) in the dark for 30 min (RT) and washed with 1X PBS after incubation. The
DNA was counterstained with DAPI (0.1xg/mL), for 5 minutes and the slides mounted using
Vectashield (Vector Laboratories Inc, Burlingame, CA, USA). The images were taken using Zeiss
LSM 710 AxioObserver microscopy system equipped with 20x/0.8 N.A objective lens (Andor,
Oxford, UK). Images were acquired using 2% laser power, DAPI was excited using a 405 nm laser

and Phalloidin used a 488 nm laser.
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5.10. Cell counting: Trypan Blue Exclusion

The Pip-expressing 4T1 and control cells, derived from both the primary tumor and the
lung metastatic site were seeded into a 12-well plate at a density of 5x10° cell per well and cultured
under standard conditions. Every day over 4 days, cells from three wells were detached using
0.05% trypsin (Hyclone Laboratories Inc., UT, USA) mixed with trypan blue (1:1) and counted

using a TC-10 automatic counter (BioRad, ON, Canada).

5.11. Cell proliferation assay: XTT (Tetrazolium salt dye)

The XTT cell proliferation assay kit (ATCC, VA, USA) is a metabolic assay that indirectly
measures cell proliferation when used according to manufacturer’s instruction. XTT is a bright
orange solution that, when metabolized by live cells, turns dark blue. Briefly, 4T1 Pip-expressing
and control cells were seeded into a 96-well plate at density of 500 cell per well and cultured under
standard conditions. Each day, for a period of 4 days, XTT was added to the culture media of 3
wells and incubated for 4 hours. Following incubation, the media was transferred into a new plate
and the optical density measured at wavelength of 475nm and 660nm using a SpectraMax 190
(Molecular Devices, CA, USA.). The specific absorbance of the sample was expressed

mathematiCally as: OD = A475nm(Test) - A475nm(Blank) - A660nm(Tesl)'

5.12. Cell migration assay
To evaluate cell migration rate, a 3D cell spheroid assay was utilized. This assay most
accurately reflects some of the characteristics of the tumor microenvironment, including nutrient

and oxygen gradients, cell-cell interactions, necrotic core, quiescent zone, and proliferating edges.
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To assess the migration rate of cells isolated from primary tumor and metastatic lungs, cells
were harvested and cultured in 20 x L drops of complete media (500 cells per drop) suspended from
the lid of a culture dish and allowed to generate the cell spheroids. After 72 hrs, using a 1 mL
pipettor with a wide bore tip, spheroids were transferred to a 24-well plate (1 spheroid per well)
and cultured with DMEM containing 1% FBS under standard culture conditions. Images were
captured at 0, 6 and 20 hours after incubation using a microscope with a 5x objective attached to
a camera (ScopePhoto 3.0, ScopeTek DCM Microscope Camera). The migration area was
analysed and quantified using the ImagelJ software (NIH). The migration area was represented as

the final migration area (total area) minus the initial spheroid area at time zero (0).

5.13. Colony formation assay

Cell spheroids generated from 4T1/Pip and control cells isolated from both primary tumor
and metastatic lungs were transferred to 12-well plates containing 2 mL of media (DMEM with
1% FBS). Following 2 weeks of incubation, the cells were fixed with 3.7%formaldehyde / 1xPBS
for 10 minutes (RT), washed once with 1X PBS, and stained with Acridine Orange Staining
Solution (0.05% v/v) for 10 min. The cells were then rinsed with 1X PBS. Images of the cells were
then taken using an EVOS FLoid Imaging System (Thermofisher Scientific, NY, USA) and

colonies were manually quantified using ImagelJ software (NIH).

5.14. Fibronectin assay
A stock solution of fibronectin native protein (1 mg/mL, Gibco, Grand Island, NY, USA,
#PHEO0023) was diluted in 1X PBS to a working solution with a final concentration of 2 yg/mL.

This “fibronectin working solution” was added to 6-well plates (1mL/well) and 96-well plates (50
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uL/well) and left for 2 hours at 2-4 °C. The remaining solution was removed, and the plates left to
dry for 10 min at room temperature. The fibronectin coated plates were used to grow 4T1 cells that

were used for both protein analysis (6 well plates) and proliferation assays (96 well plates).

5.15. Statistical analysis

Statistical analyses were performed using GraphPad Prism 8.0 (GraphPad Software, Inc.,
San Diego, CA). Results are shown as mean + SD. Two-tailed Student’s t-tests, ANOVA or Mann
Whitney tests were utilized to compare the means from different groups of cells. Differences

between groups were considered to be significant at P value of <0.05.
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6. RESULTS

6.1. Detection of Pip in 4T1 cells isolated from primary breast tumor and metastatic lungs
Western blot analysis was used to evaluate whether the metastatic process had impacted
Pip expression levels in the 4T1 cells isolated from both the primary tumor and lungs. Cell lysates
were prepared for Western blot analysis as outlined in “Material and Methods”.
Using a polyclonal antibody to Pip, a 17 kDa band was identified in cells from both the
primary tumor and lungs, but not in the corresponding empty vector control cells from the primary
tumor and lungs. There were no significant changes in protein levels between Pip-expressing cells

from the primary tumor and lungs (Figure 7).

Pip/1°T
Pip/L

Pip | s | — 17 kDa

a-tubulin | D S | — 50 kDa

4T1 exvivo

Figure 7 — Pip levels in ex vivo cells (4T1/Pip) derived from primary breast tumor and
metastatic lungs are comparable. Cell lysates from 4T1/Pip expressing cells derived from
primary tumor (Pip/1°T) and metastatic lungs (Pip/L) were analyzed by Western blotting using a
rabbit anti-mouse PIP antibody. A 17 kDa band of similar intensity is observed in cells derived
from both tissues. Loading control is a-tubulin (50 kDa).
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6.2. Breast cancer metastatic gene expression analyses

To gain insight into how expression of Pip enhances metastasis to the lung, the expression

of genes related to BC metastasis process were evaluated in both Pip-expressing (4T1/Pip) and

non-expressing (4T1/EV) cells isolated from the primary tumor as well as the metastatic lung,

using the RT? Profiler PCR array (Qiagen).

Table 8 — Gene Table: RT?Profiler PCR Array

Gene Symbol
Ctnnal Mmp9  Hgf Mtal
Cdhl Timp2 Igfl1 Smad4
Cdhll Timp3 Ccl7 Tcf20
Cdh6 Timp4 Cxcll2  Chd4
Cdh8 Col4a2  Tnfsfl0 Ewsrl
Fatl Hras Cxcrd Smad?2
Nf2 1l1b Ephb2 Ctbpl
Cd44 Kras Fgfrd Ctsk
Sgrey5 Tgfbl Fit4 Ctsl
Itgh3 Vegfa Cxcr2 Elane
Rpsa Brmsl Met Fxyd5
Apc Cdkn2a  Nrd4a3 Hpse
Fnl Pten Lpar6 Htatip2
Gpnmb  RbI Plaur Cds2
Mitssl Trp53 Rorb Mcam
MmplO  Mdm?2 Sstr2 Nmel
Mmpll  Kisslr Tshr Nme2
Mmpl3 1118 Denr Nme4
Mmp2 Kissl Mycl Pnn
Mmp3 Myc Src Set
Mmp7 Csfl Etv4 Syk

It was observed that out of 84 metastasis-related genes (Table 8), 6 were upregulated in the

4T1/Pip cells from the primary tumor (bold) while 14 were upregulated in 4T1/Pip cells isolated
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from metastatic site when compared to the respective 4T1/EV control cells (underlined). The up-
regulated genes were narrowed down to their biological-related processes using the STRING

database (https://string-db.org). The 4T1/Pip cells isolated from the metastatic lung showed an

increase in cellular processes related to angiogenesis, extracellular matrix organization and
disassembly, positive regulation of cell migration, extracellular matrix disassembly and regulation

of cell population (proliferation), relative to control (Figure 8).

IL18RAP

£

Pathway ID (GO) Pathway description False Discovery Rate
G0:0001525 Angiogenesis 4.31e-13
G0:0030198 Extracellular matrix organization 4.31e-13
G0:0030335 Positive regulation of cell migration 5.18e-13
G0:0042127 Extracellular matrix disassembly 9.64e-13
G0:0042127 Regulation of cell population proliferation 1.46e-10

Figure 8 — Biological-related processes of up-regulated genes in 4T1/Pip cells isolated from
metastatic lungs. (A) STRING network analysis of up-regulated genes differentially expressed in
4T1/Pip cells isolated from metastatic lungs. The identified up-regulated genes were entered into
the STRING database (https://string-db.org). Proteins are represented as nodes, with node colors
representing different pathways in which proteins are involved (B). The STRING confidence level
was set to 0.4 (medium).
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6.3. Pip-expressing 4T1 cells undergo morphological changes during lung metastasis

Both 4T1 Pip-expressing and control cells isolated from both the primary breast tumor and
the metastatic lungs were analyzed by confocal microscopy to investigate whether Pip-expression
affects 4T1 cell morphology during metastatic dissemination.

No differences in cell shape between 4T1 Pip-expressing cells and 4T1/EV control cells
isolated from primary tumor (Figure 9A and B) were observed. However, with the Pip-expressing
cells a higher number of micro nuclei was noted. Distinct morphological differences were seen
between control cells and those expressing Pip, isolated from the metastatic lungs. Figure 9C,
shows that control cells from lungs maintained their original epithelial morphology with a
polygonal shape, regular dimensions, cytoplasmic membrane spread across the surface, and
attachment to neighboring cells. In contrast, Pip-expressing cells from lung displayed a
mesenchymal morphology with spindle-shaped cells, a loss in physical cell-cell interaction,

smaller nuclei, and less cytoplasm (Figure 9D).
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4T1/EV

Figure 9 — Morphological changes in ex vivo Pip expressing cells isolated from metastatic
lung. Both ex vivo control cells (4T1/EV) (A) and Pip expressing cells (4T1/Pip) (B) from the
primary tumors, display epithelial morphology. However, ex vivo cells from metastatic lungs,
control cells (C) display epithelial morphology whereas Pip expressing cells (D) show a
mesenchymal morphology (E) Amplification of picture D. Scale bar, 50 ym. Red: Phalloidin-

Alexa 488, Blue: DAPI. White arrow = micro nuclei.
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6.4. Pip-expressing 4T1 cells isolated from metastatic site in the lungs exhibited enhanced
proliferation

To evaluate whether Pip impacts cell proliferation in the primary tumor or at the metastatic
site, two different approaches were used. The first approach was cell counting using the trypan
blue exclusion assay. The second approach was to indirectly measure cell growth based on
metabolic activity using the XTT assay (described in “Material and Methods™). From the results
shown in Figure 10A, no significant difference was observed in growth rate between the Pip-
expressing and control cells derived from the primary tumor with either assay (cell counting and
XTT assay). However, in the cells isolated from the metastatic site (Figure 10B), a higher
proliferation rate was observed in the 4T1 Pip-expressing cells compared to the control cells using
both trypan blue exclusion and XTT assay. These data suggest that in the lungs Pip does affect

proliferation of 4T1 cells during metastasis.
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Figure 10 — Enhanced proliferation of ex vivo Pip expressing cells isolated from metastatic

lung. The proliferation rate of ex vivo cells expressing Pip (4T1/Pip) derived from the primary

tumor was not statistically different from proliferation of control cells (4T1/EV) by both cell
counting and a metabolic assay (A). However, proliferation of ex vivo cells expressing Pip derived
from the metastatic lung was significantly higher than proliferation of control cells by both
methods (B). Data expressed as mean + SD. ** p<0.05 and *** p<0.001, N=4
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6.5. Pip-expressing 4T1 cells isolated from metastatic lung exhibited enhanced cell
migration

To assess the effect of Pip on cell migration, a 3D cell migration assay was used as
described in “Material and Methods”. Cells isolated from primary tumor displayed no significant
difference in cell migration between 4T1 Pip-expressing cells and 4T1/EV cells after 6 hours
(Figure 11A). However, after 6 hours, 4T1/Pip cells from the metastatic site displayed a higher
migration rate when compared to the respective control (4T1/EV); (Figure 11B).

Interestingly, after 20 hours of migration, 4T1/Pip cells derived from the primary tumor
continued to show a lower migration rate compared to the control cells, suggesting that Pip
expression in the primary tumor adversely impacts cell migration (Figure 12A). However, the lung
derived 4T1/Pip continued to retain an increased migration rate when compared to control 4T1/EV
cells (Figure 12B). These results indicated that in the primary tumor, Pip expression delays cell

migration, but after metastasis it enhances cell migration.
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Figure 11 — Pip expression in ex vivo metastatic lung derived cells enhances cell migration
after 6 hours. Migration rates of ex vivo Pip expressing cells (4T1/Pip) and control cells (4T1/EV)
derived from the primary breast tumor (A) and metastatic lungs (B) were compared after 6 hours.
There was no statistical difference in migration, between Pip expressing and control cells derived
from primary tumor. However, in metastatic lung derived ex vivo cells, Pip expressing cells show
a higher migration rate than control cells. Scale bar, 200 xm. Data expressed as mean + SD. *##%*
p<0.001, ns = not significant, N=3
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Figure 12 — Pip expression in ex vivo primary tumor derived cells inhibits migration while in
metastatic lung derived cells Pip expression enhances cell migration after 20 hours. Migration
rates of ex vivo Pip expressing cells (4T1/Pip) and control cells (4T1/EV) from primary tumor and
metastatic lungs were compared after 20 hours. Pip expressing cells derived from primary tumor
displayed a lower migration rate than control cells (A). However, in metastatic lung derived ex
vivo cells, Pip expressing cells show a higher migration rate than control cells (B). Scale bar, 200
pm. Data expressed as mean + SD. ** p<0.05 and *** p<0.001, N= 3.
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6.6. Pip-expressing 4T1 cells isolated from metastatic lung migrate and form secondary
colonies

To determine whether Pip-expressing cells are able to generate secondary colonies after
they begin to migrate, a 3D migration assay with colony formation was utilized (described in
“Material and Methods”). As shown in Figure 13A, virtually no significant difference in colony
numbers between 4T1/Pip and the 4T1/EV cells from primary tumor was observed. However,
Figure 13B, shows that lung derived 4T1/Pip cells established more distal colonies when compared
to the control counterparts (4T1/EV). These results show that Pip expression in 4T1 cells in lung

enhances secondary colony formation.
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Figure 13 — Pip expression in ex vivo metastatic lung derived cells enhances colony formation.
Colony forming ability of ex vivo Pip expressing cells (4T1/Pip) and control cells (4T1/EV)
derived from both primary tumor (A) and metastatic lungs (B) were compared using a colony
formation assay. Only Pip expressing cells derived from lung displayed a higher colony formation
ability compared to control cells. Data expressed as mean + SD, **** p<0.001, ns = not significant,
N=3.
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6.7.  Pip expression induces EMT in 4T1 cells isolated from the lungs

To gain insight into why 4T1 Pip-expressing cells isolated from lungs displayed a change
in morphology following metastasis, Western Blot analysis was used to determine the levels of the
epithelial proteins (ZO-1 and E-Cadherin) as well as the mesenchymal protein (Vimentin) known
markers of EMT. In addition, expression of transcription factors associated with the activation of
the EMT process, Twist, Snail and Slug were evaluated by RT-qPCR.

4T1/Pip cells isolated from lungs show a significant decrease of ZO-1 and E-Cadherin
proteins and an increase in vimentin protein when compared to the 4T1/EV control. This indicates
that Pip-expressing cells isolated from metastatic lung may be undergoing the EMT process. From
the primary tumor, there was no difference between the levels of ZO-1 and E-Cadherin between
4T1/Pip and control, however Vimentin was significantly lower in 4T1/Pip (Figure 14A).

The results of the qPCR studies are shown in Figure 14B, in which Vimentin, Twist and
Snail expression were significantly up regulated in 4T1/Pip cells from the lungs when compared
to control cells. These results indicate that changes in morphology in 4T1 Pip-expressing cells

from the metastatic site are mostly likely due to activation of the EMT process.
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Figure 14 — Pip expressing ex vivo metastatic lung derived cells undergo EMT. EMT
associated proteins were examined by Western Blotting (A) and RT-qPCR (B). Pip expressing
cells derived from lung show a decrease in the epithelial markers (ZO-1 and E-Cadherin) and
increase in the mesenchymal protein vimentin (A). An upregulation of genes expressing
mesenchymal markers is observed in Pip expressing cells derived from lung (vimentin, twist, and

snail). Data is expressed as mean + SD, ****p<(0.001.
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6.8. Pip expression in 4T1 cell isolated from the lungs increases ERK1/2 phosphorylation
in the presence of fibronectin

Fibronectin is one of the major components of the ECM. Because of its RGD sequence it
can bind and activate the a5pB1 integrin, which in turn triggers the activation of intracellular
pathways related to cell migration, proliferation, and survival, mainly mediated by ERK1/2.

To test the hypothesis that fibronectin fragments produced by Pip aspartic protease activity
are responsible for ERK1/2 activation, Pip expressing 4T1 cells and controls from both primary
tumor and lungs were grown on a fibronectin-coated surface and the levels of ERK1/2
phosphorylation determined by Western blot analysis.

We observed that in the presence of fibronectin, 4T1 Pip-expressing cells derived from the
primary tumor, show a lower level of ERK1/2 phosphorylation than 4T1/EV control cells.
However, the lung-derived Pip-expressing 4T1 cells show a significant increase in ERK1/2
phosphorylation ratio in the presence of fibronectin when compared to the 4T1/EV cells (control).
These results indicate that Pip expression facilitates activation of ERK1/2 in 4T1 cells isolated

from the lungs, but not from the primary tumor (Figure 15).
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Figure 15 — Pip expression in ex vivo metastatic lung derived cells increases p-ERK1/2 levels
in the presence of fibronectin. The level of p-ERK1/2 was determined in ex vivo Pip expressing
cells (4T1/Pip) and control cells (4T1/EV) derived from primary tumor and metastatic lungs that
were grown either on fibronectin coated plates (FN +) or in the absence of fibronectin (FN -) as
described in “Methods”. Western blot analysis shows an increase in the ratio of phosphorylated

ERK1/2 to total ERK1/2 in PIP expressing cells from lung when grown in the presence of
fibronectin. Data is expressed as mean + SD, ****p<(0.001.
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6.9. ERKI1/2 phosphorylation is associated with increased cell proliferation

To determine whether the increase in ERK1/2 phosphorylation impacts the cellular
behaviour of 4T1/Pip cells isolated from lung, a cell proliferation assay was carried out using
coated and un-coated fibronectin plates. Figure 16A shows that in the presence of fibronectin, the
4T1 Pip-expressing cells from lungs displayed a higher proliferation rate when compared to similar
cells cultured in a non-coated fibronectin plate (control). However, figure 16B shows that in non-
Pip expressing cells from lungs (4T1/EV) the presence of fibronectin makes no difference in cell
proliferation. These results suggest that in 4T1 cells isolated from metastatic site, Pip expression

increases cell proliferation through a pathway involving the activation of ERK1/2.
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Figure 16 — In ex vivo metastatic lung derived cells, Pip expression increases cell proliferation
in the presence of fibronectin. Pip expressing cells (4T1/Pip) and control cells (4T1/EV) cells
derived from metastatic lungs were grown either on fibronectin coated plates (FN +) or in the
absence of fibronectin (FN -) and the proliferation rate determined as described in “Methods”. Pip
expressing ex vivo metastatic lung derived cells show increased proliferation in the presence of
fibronectin (A). Control cells from lung show no change in proliferation in the presence of
fibronectin (B). Data expressed as mean + SD, ***p<0.001, N=4.
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7. DISCUSSION

The role of PIP in BC metastasis has not yet been fully elucidated. Current studies from
our research group suggest a double-edged effect for PIP during breast tumor progression (Edechi
et al., 2021). The aim of this study was to assess the role of PIP in TNBC metastasis using a
transplantable mouse model of BC generated in our laboratory and ex vivo cultures of 4T1 Pip-
expressing cells isolated from both the primary tumor as well as the metastatic lung.

Pip-expressing 4T1 cells (4T1/Pip) as well as respective control 4T1 non-Pip expressing
cells (4T1/EV) were isolated from a BALB/C mouse bearing 4T1 tumors 3 weeks following
orthotopic injections into the 4™ mammary fat pad. Western blot analysis was used to evaluate
whether Pip levels would remain the same between the 4T1 cells isolated from the primary tumor
versus the 4T1 cells isolated from the lung metastatic site. The levels of Pip protein were found to
be similar in the 4T1 cells isolated from both sites, indicating that during the metastatic process,
the level of Pip secretion by the cells remained virtually the same. Thus, any differences observed
between the cells derived from primary tumor and the cells from metastatic site could not be
attributed to differences in Pip protein levels. However, the unchanged expression of Pip during
tumor metastasis could be a result of its inducible expression by lentivirus transduction, as the
insertion of Pip coding sequence into the genomic DNA of 4T1 cells was not locus specific. As a
result, Pip expression is not modulated by its natural inducers. To gain further insight into how
Pip expression facilitates 4T1 TNBC metastasis, a qPCR array analysis revealed several
differentially expressed metastatic genes in the Pip-expressing cells versus control (4T1/EV) cells
isolated from lung. Most notably, a group of metalloproteinases (MMP-2,-3,-9,-10,-11,-13) and
fibronectin (FN1) genes were significantly up-regulated. Up-regulation of MMPs have been

previously reported during TNBC metastasis as they can digest the majority of ECM components,
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which facilitate ECM remodeling leading to intravasation and extravasation of tumor cells by
releasing several cytokines and growth factors required for tumor progression (Mehner et al., 2014;
Yang et al.,2014; Shi et al., 2016). For example, MMPs can indirectly modulate TGF-[3 bioactivity
by cleaving the ECM component, latent TGF-f-binding protein 1 (LTBP-1), thereby solubilizing
ECM-bound TGF-f3 (Kessenbrock et al.,2010). Furthermore, high levels of FN1 gene expression
have been negatively correlated to an advanced stage of BC with poor clinical outcome (Chen et
al., 2021; Helleman et al., 2008). Furthermore, it has been suggested that the increase of FN1
expression may be associated with lung tumor survival, growth, and resistance to therapy (Han et
al., 2006). It is thus conceivable that Pip may upregulate the expression of these genes by
regulating pathways resulting in the activation of these genes.

Given that Pip expression up-regulated genes involved in the metastatic process, the
STRING database coupled with gene ontology was used to identify specific biological processes
associated with the up-regulated genes. The enriched pathways observed were associated with

9 <6 9 6

“extracellular matrix organization”, “positive regulation of cell migration”, “extracellular matrix
disassembly”, “regulation of cell proliferation” and “angiogenesis”. The pathways identified are
common processes found in several types of cancer and are major steps required for tumor
progression and metastasis.

The biological pathways were verified using experimental approaches to evaluate
proliferation, migration, and colony formation. Cell counting and XTT assay were employed as
complementary methods to evaluate the effect of Pip expression on the proliferation of 4T1 cells
from primary tumor and lungs.

Results obtained from both assay show that Pip expression in the primary tumor does not

influence 4T1 cell proliferation when compared to control. However, in the 4T1 cells isolated from
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the lungs, Pip expression enhanced proliferation. The non-proliferative effect of Pip in the cells
isolated from the primary tumor agrees with previous studies conducted showing that inducing Pip
expression in mouse BC cells did not influence cell proliferation in an in vitro model (Edechi et
al., 2021). However, studies using a human BC cell line showed that PIP protein induces a
mitogenic response (Cassoni et al., 1995; Baniwal et al., 2013). The first study by Edechi et al.
(2021) used the 4T1 mouse cell line originally isolated from primary tumor in a mammary gland
of a BALB/C mouse while the studies conducted by Cassion et al. and Baniwal used human BC
cell lines (MDA-MB-231, T-47D and MCF-7) originally isolated from the pleural effusion of BC
patients with metastatic disease. The differences between the mouse and human studies strongly
suggest that a component of the tumor microenvironment influences the effect of PIP, and that
during metastasis changes that occur in the BC cells may favor PIP function or that the “soil”
selects for a pre-existing clonal phenotype displaying advantages for growth in this niche.

BC cells, like many other cancer cell types, are known to migrate from the primary tumor
location to secondary tissues. Acquisition of the ability to migrate is an important step in cancer
progression. To study the effect of Pip expression on the migratory ability of 4T1 cells isolated
from both the primary tumor site and lung were investigated using a 3D cell spheroid assay as well
as a colony formation assay. The use of two complementary approaches strengthens the reliability
and validity of the results. In both assays, Pip-expressing 4T1 cells isolated from the metastatic
site had a higher migration and colony formation capability. Not surprisingly, the Pip-expressing
cells isolated from primary tumor showed both lower migration and colony formation. Previous
studies by others also showed that PIP is necessary to regulate cell migration, cytoskeleton
dynamics, cell adhesion and invasion of human BC cell lines (Zheng et al., 2013). The enhanced

cell migration observed in our current study and the ability to form secondary colonies also agrees
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with previous studies that found PIP expression regulates phosphorylation of specific Receptor
Tyrosine Kinases (RTKs) and downstream signaling pathways involving the AKT, ERK1/2,INK1
and cMYC (Baniwal et al., 2013). These pathways have been extensively described as key factors
that promote BC tumor progression due to their ability to inhibit apoptosis and promote cell cycle
progression and cell motility. These results reinforce the double-edge theory of PIP as we have
previously observed: in the primary tumor Pip works as a protective protein by delaying tumor
onset, while in the metastatic site it promotes secondary tumor establishment and metastatic
progression (Edechi et al., 2021).

Interestingly, when the 4T1 cells were initially isolated from the primary breast tumor and
metastatic lung, differences in morphology were observed. Evaluation of cell morphology showed
that Pip-expressing 4T1 cells isolated from lung underwent morphological changes during the
metastasis process. During cancer progression, only specific tumor phenotypes that result from
molecular and morphological alterations can pass through the walls of blood or lymphatic vessels
and are therefore able to freely circulate in the bloodstream to reach other tissues in the body.
Tumor cells must alter the expression level of some proteins in order to survive outside of the
tumor microenvironment and reach distant sites. Evaluation of cell morphology following
phalloidin staining of 4T1/Pip from lung suggested these cells had undergone epithelial-to-
mesenchymal transition (EMT). EMT is usually associated with the loss of cell apicobasal polarity
and cell-cell adhesion and the acquisition of migratory and invasive properties, along with a switch
of epithelial markers to mesenchymal markers. Additionally, Pip-expressing cells isolated from
the lungs also displayed a compact nucleus and reduced cytoplasm. These observations are
strongly correlated with the metastatic process as it has been extensively reported that chromatin

compaction favors structural modifications to the nucleus which are required steps to metastatic
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cell invasion through small gaps in the extracellular matrix (Gauthier et al., 2022; Navarro-Lerida
et al., 2015). Moreover, the presence of micronuclei in 4T1/Pip cells from primary tumor was
observed. These structures are small DNA-containing nuclear structures that are spatially isolated
from the main nucleus. The formation of micronuclei is frequent associated with genomic
instability and is found in pathologies, including cancer. In fact, recent studies showed that
micronuclei formation is directly associated with altered gene-expression profile, and increased
BC metastasis in xenograft model and altered gene-expression profile (Haimovici et al., 2022).
The presence of micronuclei in the 4T1/Pip from primary tumor could indicate an increase of
genomic instability and cell clonal evolution, commonly observed in aggressive tumors (Kwon et
al., 2020).

To confirm that Pip expression facilitated EMT in 4T1 cells, the expression of epithelial
and mesenchymal markers was evaluated by Western blot and qPCR. It was found in the 4T1/Pip
cells isolated from lungs that ZO-1 and E-Cadherin (epithelial proteins associated with tight and
adheren junctions, respectively) were downregulated, while Vimentin (intermediate filament,
highly expressed in mesenchymal cells) was up-regulated. The loss of cell to cell contact in the
4T1/Pip cells from lungs may be associated with the lower levels of the ZO-1 and E-Cadherin as
these proteins are essential to maintain tight junctions and adhesion function integrity. The loss of
tight junction proteins in metastatic BC cells is frequently reported and is suggested as one of the
main mechanisms that facilitates metastasis of tumors originating from epithelial tissues.
Furthermore, transcription factors Twist and Snail, key positive regulators of EMT process, were
up-regulated as shown by qPCR. The increase of expression of Twist and Snail explains the
decreased levels of E-Cadherin and ZO-1, as these transcription factors inhibit the expression of

several proteins associated with tight junctions and adhesion junctions (Masuda et al., 2010;
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Kurrey et al., 2005). Additionally, Vimentin is known to promote cell migration by enhancing
contact-dependent cell stiffening (Battaglia et al., 2018). Thus, the high levels of Vimentin found
in the 4T1/EV from primary tumor and 4T1/Pip from lungs by Western blot could explain the high
motility rate found in these cells using the migration assay. Collectively, these results show an
endothelial to mesenchymal transition in 4T1 Pip expressing cells that may facilitate metastasis to
the lung. The activation of the EMT process coincides with an increase of MMPs expression in
the Pip expressing 4T1 cells from the lungs. Up-regulation of MMPs during EMT result in ECM
remodeling, which ultimately facilitates cell extravasation.

Fibronectin (FN) is a component of the extracellular matrix, and its role in tumorigenesis
and malignant progression is highly controversial (Lin et al., 2019). Expression of FN in tumor
cells is thought to play a role in tumor suppression by preventing tumor transformation and early
progression (Plath et al., 2000; Yi and Ruoslahti, 2001). However, abundant evidence reveals that
FN is often associated with later stages of cancer metastasis and when expressed in tumor cells is
associated with a poor prognosis (Fernandez-Garcia et al., 2014; Malik et al., 2010; Humphries et
al., 1989). The enzymatic cleavage of fibronectin by the aspartyl protease activity of the PIP
protein itself can release fragments containing a RGD motif that can more easily bind to membrane
proteins, specifically the a581 integrin, known as the “fibronectin receptor”. The activation of
integrin-f1 promotes cell adhesion and invasion (Schaffner et al., 2013) as well as inducing some
signaling pathways such as MAPK/ERK that are involved in cell proliferation, migration and
survival (Jin et al., 2011; Morozevich et al., 2009).

To investigate whether the fibronectin-degrading ability of PIP activates the MAPK/ERK
pathway, Pip-expressing 4T1 cells isolated from primary tumor and a metastatic site in the lungs

were cultured in the presence of fibronectin. When Pip-expressing cells isolated from the primary
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tumor were cultured with fibronectin the level of activated ERK1/2 was less than that seen with
Pip expressing cells isolated from the metastatic site. These observations support the idea that
following metastasis, a subpopulation of BC cells selected by the lung microenvironment, can
become more reactive to fibronectin facilitating ERK1/2 activation.

Interestingly, the increase of ERK1/2 phosphorylation in Pip-expressing cells from a
metastatic site might indicate a mechanism for PIP driving BC metastasis. In fact, previous studies
using a human molecular apocrine tumor (MDA-MB-453) also demonstrated that the fibronectin-
degrading ability of PIP was able to activate the integrin-linked kinase 1 (ILK1), which binds to
the activated integrin-f1 and mediate downstream signaling effects such as the activation of
MAPK/ERK and PI3K/AKT. Furthermore, in several subtypes of BC it has been demonstrated
that activation of ERK1/2 can lead to an augmentation of transcription factors such as, Slug, Snail
and Twist that mediates the activation of the EMT process. Interestingly, both 4T1 Pip-expressing
cells and control from primary tumor showed a higher ERK1/2 phosphorylation in the absence of
fibronectin. This observation could be explained by the fact that ERK1/2 could be activated in the
primary tumor by other mechanisms such aberrant expression/ or activation of receptors that can
trigger ERK1/2 pathway such as members of receptor tyrosine kinase or fibroblast growth factor
receptors (FGFR). Furthermore, recent studies found that selective inhibition of FGFR resulted in
a decreased activation of ERK1/2 as well as PI3K/AKT in 4T1 cells, leading to the activation of
apoptosis (Issa et al., 2013). The high levels of ERK1/2 in the primary tumor cells can also be an
adaptative response to the selective pressures that the cells were under in the primary tumor
environment.

The phosphorylation of ERK1/2 and the activation of its downstream pathways is strongly

associated with increase of cell mitotic potential. To investigate if fibronectin fragments generated
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by Pip enzymatic degradation could impact the mitotic potential of Pip-expressing 4T1 cells
isolated from the metastatic site, proliferation assays in the presence or absence of fibronectin
treatment were performed. In the presence of fibronectin, Pip-expressing cells from metastatic site
showed an increase in cell proliferation when compared to the cells cultured in the absence of
fibronectin. The fibronectin effect on proliferation appears to be dependent on Pip expression as
there is no difference between proliferation rate in the non-Pip expressing cells either with or
without fibronectin treatment.

This collective data are indicative that Pip plays a role in BC metastasis through the indirect
activation of the fibronectin receptor (a5p1 integrin), which leads to the activation of downstream

pathways that ultimately facilitate tumor progression and metastasis.
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8. SUMMARY AND CONCLUSIONS

In this study, the role of PIP in BC metastasis was assessed using ex vivo cultures of 4T1
Pip-expressing cells isolated from both the primary and metastatic site tumors using a
transplantable mouse model of TNBC. Gene analysis of the ex vivo cells revealed that the
expression of Pip during the metastatic process induces the activation of several biological
processes that favor tumor establishment and progression.

Characterization of the ex vivo BC cells grown in culture showed that following BC
metastasis, Pip levels remained the same in the cells from primary tumor as well as the cells from
the metastatic site. Further characterization showed that Pip-expressing cells isolated from
metastatic site displayed higher proliferation when compared to controls. In the primary tumor,
Pip expression in 4T1 cells seemed to reduce cell migration but, 4T1/Pip expressing cells from the
lung exhibited a greater migration ability when compared to the controls. In addition to the
enhanced migration observed, 4T1/Pip cells isolated from lung formed more cell colonies in the
tissue culture plates when compared to the non-Pip expressing cells.

Morphological analysis revealed that during BC metastasis to the lungs, Pip expression
induced EMT process in the cells, as the 4T1 cells lost their epithelial morphology becoming more
mesenchymal-like. These finding agreed with results observed by Western Blot analysis and qPCR
which show a reduction in epithelial proteins (ZO-1 and E-Cadherin) and increase in the
mesenchymal markers (Vimentin, Twist and Snail).

Pip was also found to indirectly activate the ERK1/2 signaling pathway through its ability
to degrade fibronectin resulting in increase of proliferation.

Collectively, these data suggest that Pip plays a role in BC metastasis by activating

important pathways that ultimately facilitate tumor invasion and establishment in secondary sites.
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Most importantly, it supports the possibility that Pip function is determined by the surrounding

tumor microenvironment.
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9. LIMITATIONS OF THIS STUDY

1. A major limitation of this study is that results obtained from mice ex vivo cell culture models
may not completely reflect what occurs in humans in vivo, due to species differences.

2. Another limitation is that ex vivo cultures of isolated BC cells, even though tissue derived, lack
the in vivo tumor microenvironment where the tumor cells are surrounded by host stroma cells

with which they constantly communicate and interact.

10.  SIGNIFICANCE

This study provides important preclinical data that shows Pip to be an important regulator
of BC tumor metastasis. In addition to the data demonstrating that Pip can differently modulate
BC cell behaviour in the primary tumor and in the metastatic site in lung, we have further shown
that Pip may enhance BC cells aggressiveness by indirectly activating the ERK1/2 pathway though
fibronectin cleavage. This important observation could have potential applications for the
management of BC patients. Furthermore, observations generated through these studies suggest
that Pip enhances BC metastasis by its aspartyl protease activity on the extracellular matrix. Thus,
the use of molecules that block the aspartyl protease activity may provide alternative treatment for
BC patients with high levels of PIP. As well, careful monitoring of the levels of PIP in BC patients

may be a predictive factor to determine metastatic potential.
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11. FUTURE DIRECTIONS

Metastasis is the major cause of mortality in BC patients and the precise mechanisms by
which Pip expression promotes metastasis is yet not fully understood. I have shown in this study
that Pip can differently modulate 4T1 cell behaviour depending on the tissue microenvironment.
We now have to evaluate if this effect is also observed with different BC cell lines. For this, human
TNBC cells lines such as HCC1937 and HCC1143 that express PIP could be used to develop
xenograft models to facilitate the study of PIP function during metastasis.

Since PIP can degrade fibronectin and we found that in the presence of fibronectin 4T1/Pip
cells had an increase in ERK1/2 phosphorylation, further studies to confirm that fibronectin
fragments are activating integrins are required. For that, 4T1/Pip cells could be cultured on
fibronectin-coated plated and then immunoprecipitation (IP) of the integrin a5 subunit following
immunodetection of fibronectin could be performed. If this hypothesis is correct, we expect to
detect a positive band for fibronectin following IP procedures, indicating that the fibronectin
fragments are indeed activating the integrins. Additionally, to prove causality between fibronectin
fragments activating ERK1/2 phosphorylation, 4T1 Pip-expressing cells can be cultured with or
without fibronectin and block protein phosphorylation in order to evaluate whether fibronectin is
required to activate ERK1/2.

It is also possible that during metastasis 4T1 cells have upregulated the levels of a5p1
integrins, which facilitates its activation by fibronectin fragments. To explore that possibility,
Western blot and qPCR assays can be used to evaluate the integrin levels in the 4T1/Pip cells from
both primary tumor and metastatic site in the lungs.

Since the main source of fibronectin in the tumor microenvironment is secreted by

fibroblast cells, it is possible that fibronectin fragments may also modulate host fibroblast that in
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turn can secret factors that further facilitate tumor progression. To investigate the in-depth
contribution of fibroblasts, a 3D co-culture with 4T1/Pip expressing cells will be performed. We
intend to characterize 4T1 cell behaviour in presence of fibroblasts using mRNA analysis to
determine whether co-culture with fibroblasts can impact the expression of genes important to
metastasis.

Finally, to evaluate the interactions of Pip protein, IP coupled with mass spectrometry can
be performed to identify proteins that are interacting with Pip and evaluate whether these
interactions are different between the primary tumor site and metastatic site in the lungs. This will
also provide an opportunity to identify new protein candidates that may be facilitating prolactin

inducible protein function during BC metastasis.
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