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Abstract

The extracellular matrix (ECM) is an important component of the tumour microenvironment
(TME) and comprised of a network of biochemically distinct components, including collagens,
proteoglycans and glycoproteins. The ECM is continually undergoing a remodelling process,
as a consequence of a fine balance between matrix synthesis, deposition and degradation.
Increasing evidence demonstrates that dysregulated ECM remodelling is a key player in
regulating the development of breast cancer. So far, two mechanisms are known to be
participated in ECM degradation. One is extracellular degradation mainly mediated by matrix
metalloproteases (MMPs). The other pathway is lysosomal degradation after receptor-
mediated ECM uptake. Compared to proteolytic degradation, the role of ECM endocytosis

and intracellular degradation in breast cancer is still poorly understood.

Here we revealed the contribution of integrin-dependent ECM endocytosis in breast cancer
cell migration and invasion. We used two different, but complementary approaches showing
that a2B1 integrin is required for the internalization of ECM in breast cancer cells. Moreover,
the interactions between ECM components and a2B1 results in the internalization of a2f1 in
breast cancer cells. Furthermore, we showed that the inhibition of a2pB1 leads to a significant
decrease both in breast cancer cell migration and invasion. We therefore suggest that a231-
dependent ECM endocytosis contributes to the migration and invasion of breast cancer cells.
Additionally, we found that the internalization of laminin is upregulated in G1 phase in breast
cancer cells. This cell cycle-dependent ECM internalization might be mediated by B1 integrin,
contributing to the activation of mTORC1 in G1. Taken together, our findings highlight the
contribution of integrin-dependent ECM internalization in the development of breast cancer,
suggesting that ECM intracellular degradation might be one of the novel therapeutic targets

in breast cancer treatment in the future.
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Chapter 1: Introduction

1.1 Breast Cancer

1.1.1 Epidemiology

Breast cancer is one of the three most common cancers, along with lung and colon cancers.
In 2019, approximately 2.1 million new breast cancer cases were diagnosed worldwide, about
one new case diagnosed each 18 seconds (Harbeck et al., 2019). Breast cancer rates are higher
among women in more developed countries, but rates are increasing almost in all countries.
Breast cancer survival rates are significantly higher in developed countries, with an estimated
5-year survival of 80% for high-income regions compared to below 40% in low-income regions
(Akram et al., 2017). These data reflect both the risk factors of breast cancer and the standard
of care for disease diagnosis and treatment. In North America and European countries, breast
cancer is usually diagnosed at an early stage. Over the past 5 years, mortality in European
countries has dropped by 5% for patients with an early-stage diagnosis. Nevertheless, breast
cancer is one of the most common causes of cancer-related death among women in countries
with advanced care. In contrast, breast cancer is generally diagnosed at a later stage in Africa
and developing Asian countries, which is accompanied by poorer survival. Consequently,
breast cancer is still the first leading cause of cancer-related death among women in less

developed regions (Harbeck and Gnant, 2017).

1.1.2 Progression

The mammary gland is the functional unit of the breast, surrounded by adipose tissue. Female
mammary gland has 12-20 lobes located beneath the nipple-areola complex which are further
divided into smaller lobules. These lobes and lobules are connected by ducts. The ducts and
lobules are composed of two cell types: an inner layer of luminal epithelial cells and an outer
layer of myoepithelial cells. These cells are surrounded by a laminin-rich basement membrane
(BM) (Figure 1.1) (Akram et al., 2017). As a specialized sheet-like extracellular matrix (ECM),
the BM not only serves as physical barrier to the potential pathogenic cell migration, but also
provides signals to the epithelium to regulate its morphogenesis and proliferation. Luminal

epithelial cells are typically characterized by apical-basal polarity. The apical membrane lines
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the lumen whereas basal surface interacts with ECM through plasma membrane receptors,
including members of the integrin family (see below 1.2.2.1). Luminal cells are bound laterally
to neighbours by tight and adherens junctions. Epithelial cell polarity is fundamental for tissue

architecture and function (Roignot et al., 2013).

Lobus

Basement membrane

Extracellular matrix

Adipose tissue

Fibroblast

Figure 1.1 Anatomy of breast. The ducts and lobules consist of epithelial cells and myoepithelial
cells. These cells are separated from surrounding stroma by basement membrane. Figure is
adapted from (Harbeck et al., 2019).

Approximately 90-95% of breast cancers appear to evolve from the luminal epithelial cells,
with the ductal subtype accounting for 60-85% of all diagnosed cases. Less commonly, breast
cancer can arise from the stromal cells, such as myofibroblasts and blood vessel cells (Feng et
al., 2018). In the model of ductal subtype progression, breast carcinomas originate as begin
lesions including flat epithelial atypia (FEA) and atypical ductal hyperplasia (ADH), evolve to
ductal carcinoma in situ (DCIS) and culminate as invasive ductal carcinoma (IDC) (Figure 1.2).
FEA lesion is characterized by variably dilated ducts lined with one or more epithelial cell
layers while ADH exhibits disorganized multi-layered ducts. The progression from ADH to DCIS
involves the loss of ductal lumen and the proliferation of non-polarized malignant cells. The
transition from localized DCIS to IDC is the first step for metastasis formation, which involves
the detachment of cancer cells from the primary tumour mass, invasion and migration of the
cells through the ECM surrounding the tumour epithelium, and subsequent breaking down

the BM of local blood vessels, allowing stroma invasion and intravasation. The following steps
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of metastasis are the survival transport through the circulation and arresting at the luminal
side of the normal blood vessel endothelium in a distant organ such as the liver, brain, bone
and lung. After transmigration of the endothelial barrier (extravasation), breast cancer cells
need to adapt to the new microenvironment and re-initiate their proliferative programs at

metastatic sites (Sokeland and Schumacher, 2019).

Normal epithelium FAE ADH DCIS IDC Metastasis

Figure 1.2 Progression of ductal breast cancer. The model of ductal subtype contains a multi-step
progression from normal epithelium to FEA, ADH, DCIS and IDC (Rejon et al., 2016).

Lobular carcinoma is the second most common breast cancer. The progression of lobular
carcinoma recognizes atypical lobular hyperplasia (ALH) and lobular carcinoma in situ (LCIS)
as the non-obligate precursors to invasive lobular carcinoma (ILC) (Bombonati and Sgroi,
2011). CDH1 gene encodes for the E-cadherin protein, which is a principal protein of adherens
junctions, maintaining epithelial cells polarity. Approximately 90% of ILCs are associated with
mutations in CDH1 gene. Thus, compared with IDC, ILC is normally diagnosed as small, non-

cohesive cells growing in a single-file pattern (Barroso-Sousa and Metzger-Filho, 2016).

The TNM is one of the most commonly used systems for staging breast cancer. This system
provides information about the tumour size (T), involvement of nodes (N) and metastasis of
tumour (M) (Table.1.1). DCIS is an example of stage 0 cancer. LCIS is generally considered as
a benign condition associated with an enhanced risk of tumour thus removed from the TNM

breast cancer staging system (Amin et al., 2017).
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Table 1.1. TNM breast cancer staging system

Stage Definition
Stage 0 Non-invasive stage of breast cancer (e.g. DCIS)
Stage | IA = tumor < 2cm, has not spread outside of breast

IB = tumor < 2cm, has spread to lymph nodes

Stage ll IIA= tumor € 2cm, has spread to no more than 3 axillary lymph nodes;
or 2cm < tumor < 5¢cm, has not spread to axillary lymph nodes
11B = tumor 2cm < tumor < 5¢cm, has spread to no more than 3 axillary lymph nodes;
or tumor > 5cm, has not spread to axillary lymph nodes

Stage Ill IIA=tumor > 5cm, has spread to axillary lymph nodes;
or any size of tumors have been found in 4-9 axillary lymph nodes or in sentinel lymph nodes
111B - tumor has spread into the chest wall or the skin of breast and caused breast swelling
I11IC~tumor has spread to 10 or more than 10 axillary lymph nodes

Stage IV Tumor has spread not only to the nearby axillary lymph nodes but also to distant organs of the body

TNM staging system is published by the American Joint Committee on Cancer (AJCC) (Amin et al., 2017).

1.1.3 Causative factors

Many risk factors have been identified in the development and progression of breast cancer.
However, two certain major risk factors, gender and age, are both beyond individual’s control.
For instance, breast cancer can affect both women and men, but the prevalence in female is
about 100 times than in male (Gucalp et al., 2019). Breast cancer can affect women at the any
age, but more than 50% of all breast cancers are diagnosed in women who are older than the

age of 50 years (Kaminska et al., 2015).

1.1.3.1 Genetic predisposition

It is estimated that about 10% of all breast cancers are hereditary forms, caused by inherited
germ-line mutations in “high-penetrance”, “moderate-penetrance” and “low-penetrance”
breast cancer susceptibility genes. High-penetrance genes account for up to 25% of inherited
forms. Less than 5% of cases are due to mutations in moderate-risk genes. The remaining 70%
of inherited breast cancers might be induced by low-penetrance alleles and other unknown
genetic factors. Most of high- and moderate-penetrance breast carcinoma genes participate
in the repair of DNA damage and cell-cycle regulation. Low-penetrance breast cancer genes
are mainly identified through genome wide association studies (GWAS) (Shiovitz and Korde,
2015). This approach can scan most of the genome for genetic variants without any

requirement of biological location or function. Several breast cancer susceptibility single
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nucleotide polymorphisms (SNPs) have been identified, but their contribution in breast

carcinoma are quite small (Feng et al., 2018).

Efficient double-strand DNA repair mechanisms are important to prevent the accumulation
of genetic mutations and protect against genomic instability, leading to the development of
breast cancer. This reflects the upregulated risk of breast cancer caused by mutations in
breast cancer susceptibility gene 1 and 2 (BRCA1 and BRCA2). BRCA1&2 are the most
important genes associated with hereditary breast carcinomas. Among women with a family
history of breast cancer, up to 30% of them have a mutation in either BRCA1 or BRCA2.
Moreover, BRCA1&2 mutations are reported to be responsible for 3-8% of all breast cancer
cases (Shiovitz and Korde, 2015). BRCA1 and BRCA2 are located on human chromosome
17921 and 13qg12, respectively. BRCA1 and BRCA2 serve as tumour suppressors by promoting
DNA double-stranded breaks repair by homologous recombination. In addition, BRCA1 is a
multi-functional protein and thereby repairs DNA damage through various pathways
(particularly single-strand annealing and non-homologous end-joining) and checkpoint
regulation (Orr and Savage, 2015). In the UK, about one in eight women will suffer breast
cancer in her lifetime. The lifetime risks of developing breast cancer in women who carried
BRCA1 and BRCA2 mutations increase from 12% to 60% and 45%, respectively. Furthermore,
females with one of these two mutations have nearly 75% chance of developing breast cancer
by the age of 70 years, compared to a 33% chance in the absence of these mutations (Harbeck
et al., 2019). The prevalence of breast cancer in male is less than 1% worldwide. Men who are

BRCAZ2 mutation carriers have around 6-8% lifetime risk of breast cancer (Gucalp et al., 2019).

Phosphatase and tensin homolog (PTEN) is another well characterized high-penetrance
breast cancer susceptibility gene. The phosphatidylinositol 3-kinase (PI3K)/AKT/mTOR
pathway is known to be one of the most frequently enhanced oncogenic pathways in breast
cancer (Elizalde et al., 2016). The PI3K family is a group of lipid kinases divided into three
classes based on their structure. PI3K is generally activated by extracellular stimuli including
insulin, cytokines and growth factors. Upon activation, PI3K phosphorylates the
phosphatidylinositol 4,5-bisphosphate (PIP2) to the phosphatidylinositol 3,4,5-triphosphate
(PIP3), resulting in the activation of AKT (Carbognin et al., 2019). PTEN acts as a tumour

suppressor gene that is known to inhibit AKT activation through dephosphorylating the 3’-
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group of PIP3 to PIP2 (Yang et al., 2019). At the same time, germ-line mutations in PTEN can
lead to Cowden syndrome, an autosomal dominant disorder in which patients have an
increased risk of both benign and malignant breast cancers. PTEN germ-line mutations are
found in around 80% of patients reported with Cowden syndrome. In the UK, women patients
with Cowden syndrome have a higher risk (25-50%) of developing breast cancer than the

average incidence rate for women (12%) (Kimura et al., 2017).

Checkpoint kinase 2 (CHEK2) is an example of moderate-penetrance susceptibility gene.
CHEK2 germ-line mutation has been linked to a twofold increase in female breast cancer
(Feng et al., 2018). Furthermore, CHEK2 germ-line mutation causes a tenfold increase in male
breast cancer. DNA damage leads to the activation of intracellular ATM kinase. CHK2
(encoded by CHEK2 gene) is activated by ATM through a series of phosphorylation reaction.
Activated CHK2 is involved in a number of pathways such as DNA repair, cell cycle regulation
and apoptosis in response to the initial damage (Shiovitz and Korde, 2015). Moreover, CHK2
protein is known to function in BRCA1 or BRCA2 pathways. However, no additional increase
risk of breast cancer is observed among co-carriers of CHEK2 and BRCA1 or BRCA2 mutations

(Apostolou and Papasotiriou, 2017).
In addition to the genes above, germ-line mutations in the high-penetrance and moderate-

penetrance genes illustrated in table 1.2 can increase risk of developing breast cancer as well

(Harbeck et al., 2019; Shiovitz and Korde, 2015).
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Table 1.2. Breast cancer susceptibility genes

High-penetrance gene Functions Syndrome Lifetime risk of breast cancer
STK11 Tumor suppressor genes, Peutz-Jeghers 30-50% by age 70
regulates cell growth
TP53 Tumor suppressor genes, Li Fraumeni 25-50% by age 70
controls cell-cycle and
DNA repair
CDH1 Encodes for E-cadherin, Hereditary diffuse ~ 35-55% risk of getting ILC by
maintains cell-cell gastric cancer age 70
adhesion
Moderate-penetrance gene Functions Syndrome Lifetime risk of breast cancer
ATM Help DNA damage through Ataxia Lower than 20% by age 70
p53, BRCA 1 and CHEK2 telangiectasia
pathways
PALB2 Works with BRCA 2 Fanconi’s anemia 33%-58% by age 70
proteins to repair DNA
damage

1.1.3.2 Acquired alterations

In addition to hereditary form, the development and progression of the majority of breast
cancers is mainly caused by acquired somatic genetic and molecular alterations. These
alterations can result either in the activation of oncogenic pathways or inactivation of tumour

suppressor genes, promoting breast cancer (Ottini et al., 2011).

As mentioned above, the PI3K/AKT/mTOR pathway is a key intracellular signalling pathway
in breast cancer. Class | PI3K is the primary class of PI3K implicated in cancer (Feng et al.,
2018). Class | PI3K is composed of p85 regulatory subunit and p110 catalytic subunit. PIK3CA
encodes for the a-isoform of catalytic subunit (p110a). The interaction between p85 and
pl10a stabilizes and inhibits p110a catalytic activity in the absence of activating signals.
PIK3CA mutations are mainly located in two hot spots: E545K in exon 9 relieves the inhibition
of p110a while H1047 in exon 20 increases the interaction of p110a with lipid membrane,
contributing to p110a activation. PIK3CA mutations occur in about 20-40% of all breast
cancers, leading to the activation of PI3K/AKT/mTOR pathway (Ortega et al., 2020; Shimoi et
al., 2018).
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HER2 (also known as ERBB2) is located on human chromosome 17g12. HER2 amplification is
found in around 15-20% of all breast cancers, leading to an activation of the HER2 signalling
pathways (Fallahpour et al., 2017). HER2 belongs to the human epidermal growth factor
receptor (HER) family. HERs are composed of an extracellular ligand-binding domain, a
transmembrane domain and an intracellular catalytic domain. HERs exist as monomers on the
cell surface. They undergo dimerization and transphosphorylation of their intracellular
domains upon ligand binding. However, HER2 does not have direct activating ligand and exists
in a constitutively active conformation. Its signalling functions are triggered by the
heterodimerisations with other family members like HER1 and HER3 (Igbal and Igbal, 2014).
HER2 signalling can promote tumour cell survival and proliferation through PI3K/AKT/mTOR
and RAS/MAPK pathways (Figure 1.3A) (Elizalde et al., 2016).

Estrogen and estrogen receptor a (ERa) play key roles in the development and progression
of breast cancer (Wagner and Gil, 2020). Almost 75% of breast cancers are driven by ERa-
mediated transcriptional activity. As a ligand-binding-dependent transcriptional factor,
estrogen-activated ERa translocates into the nucleus and regulates genes expression through
interacting with estrogen response elements (EREs) located in the promoter region of target
genes. ERa can also regulate genes expression without the involvement of EREs through
tethering to other transcription factors such as AP-1 and RUNX1 (Williams and Lin, 2013).
Deregulated cell cycle progression is a hallmark of cancer that enables limitless cell division.
CCND1 (encodes Cyclin D1) is an ERa targeted gene that plays a key role in regulating G1to S
phase transition. Cyclin D1 protein promotes the formation of cyclin D-CDK4/6 complex that
partly phosphorylates retinoblastoma (Rb), releasing its inhibition of E2F transcription factors.
E2F-mediated transcription drives the expression of cyclin E. Cyclin E-CDK2 complex in turn
hyper-phosphorylates and completely inactivates Rb, promoting G1 to S phase transition
(Figure 1.3B). ER positive (ER*) breast cancers exhibit enhanced ESR1 expression (encodes
ERa), contributing to breast cancer cell proliferation and tumour growth (Thu et al., 2018).
PIK3CA mutations are frequently observed in ER* breast cancers, indicating that both
pathways can co-ordinately facilitate breast cancer development. On the one hand, studies

illustrated that AKT can activate ERa signalling via phosphorylating ERa in the absence of
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estrogen. On the other hand, estrogen-bound ERa can activates PI3K/AKT/mTOR signalling

directly through binding to p85 subunit of PI3K in the extranuclear area (Ciruelos Gil, 2014).
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Figure 1.3 HER2 signaling and ER signaling pathways in breast cancer. (A) HER2 locates at the cell
membrane and responds to a wide variety of ligands. Phosphorylation of the tyrosine kinase initiates
PIBK/AKT and RAS pathways, promoting breast cancer cells proliferation. Figure is adapted from (Feng et al.,
2018). (B) ER promotes cell proliferation through CDK4/6/Rb/E2F/CKD2 pathway. At the same time, this
pathway can work coordinately with PI3BK/AKT/mTOR pathway in breast cancer development. Figure is
adapted from (Wagner and Gil, 2020).

The progesterone receptor (PR) is another key transcription factor involved in breast cancer
development. PR exists in 2 isoforms: PRa and PRB. PRa is located in the nucleus whereas PR3
shuttles between nuclear and cytoplasmic compartments continuously. PR can promote
breast carcinoma through both genomic and non-genomic pathways (e.g., it can activate
protein kinases like PI3K). Furthermore, PR is an upregulated target gene of ER signalling, and
the high expression of PR is strongly dependent on estrogen. Therefore, it is rare to see the

PR-positive (PR*) and ER-negative (ER’) cancer cells (Obr and Edwards, 2012).

1.1.3.3 Lifestyle risk factors
A number of lifestyle risk factors, including alcohol consumption and physical inactivity, have
been described to promote the development and progression of breast cancer, indicating the

contribution of a healthy lifestyle in inhibiting breast cancer.

Current researches show that women who have one alcoholic drink each day have about 7-

10% higher prevalence of breast cancer compared to women who do not drink at all (Feng et
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al., 2018). A possible association between alcohol consumption and breast cancer has been
related to the concentration of estrogen. Firstly, studies showed that chronic alcohol
consumption increases aromatase activity and that promotes conversion of testosterone to
estrogen, increasing the levels of estrogen (Castro and Castro, 2014). In addition, a shorter
menstrual cycle is observed in women with moderate alcohol consumption than women who

do no consume alcohol, indicating high levels of estrogen exposure (Liu et al., 2015).

Obesity is another recognized risk factor for breast cancer. Recent studies demonstrated

that obese women, defined as body mass index (BMI) = 25 kg/m?, were more likely to develop

breast cancer compared to normal-weight women. Obesity has been proved to cause chronic
hyperinsulinemia. Hyperinsulinemia inhibits the synthesis of sex hormone-binding globulin
leading to an enhanced estrogen level, increasing breast cancer risk (Li et al., 2018). Therefore,
there is increasing evidence that regular physical activity may reduce breast cancer risk

through its influence on weight loss and decreased level of body fat (Niehoff et al., 2019).

Women who have early menarche (before age 12) or late-onset menopause (after age 55)
have a longer lifetime of hormonal exposure, leading to an enhanced risk of developing breast
cancer. Similarly, breast feeding might decrease the risk of developing breast cancer due to a

reduction in the total number of menstrual cycles (Feng et al., 2018).

1.1.4 Types of breast cancer

The histological and molecular characteristics of breast cancer strongly influence treatment
decisions. Breast cancers are categorized into four intrinsic subtypes based on the expression
of ER and/or PR (the luminal cluster), nuclear marker of proliferation Ki67 and HER2 (Tang

and Tse, 2016).

Luminal A breast cancers are the most common subtype and account for 50-60% of all breast
cancers. Luminal A breast cancers are defined as ER* and PR*, HER2  and have low levels of
the protein Ki67. These cancers have a good prognosis, and the relapse rate is significantly
lower than other subtypes. Recurrence is normally observed in bone (Yersal and Barutca,

2014).
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Luminal B breast cancers make up about 10-20% of all breast cancers. These cancers have
lower expression of ER and higher expression of Ki67 than luminal A subtype. Additionally,
luminal B breast cancers can be either HER2* or HER2". Compared to luminal A subtype, they

have a more aggressive characteristic and a worse prognosis (Dai et al., 2015).

HER2-enriched (non-luminal) breast cancers are defined by the lack of expression for ER and
PR, high expression of HER2 and high Ki67 index. HER2-enriched tumours account for 15-20%
of all breast cancers. HER2-enriched breast cancers are more aggressive and characterized by

a poorer prognosis than luminal-type tumours (Dai et al., 2015).

Triple negative breast cancers (TNBCs) account for around 8-35% of all cases. TNBCs are
characterized by lacking the expression of ER, PR and HER2. TNBCs are considered to be more
aggressive and have the worst prognosis than the other subtypes. TNBCs have a high rate of
metastasis to the lung and brain. Most of BRCA1 mutation tumours are TNBCs. In addition,
TNBCs are normally diagnosed among females younger than the age of 50 years (Dai et al.,

2015).

A recent research extracted around 30000 breast cancer cases diagnosed between 2010 and
2012 in Canada and tested survival rates among the different subtypes (Figure 1.4). Luminal
A breast carcinoma accounted for 59% of all cases, followed by TNBC (16%), luminal B breast
cancer (13%) and HER2-enriched subtype (12%). Although some factors are known to affect
survival such as age and stage at diagnose, patients with luminal A breast cancer exhibit the
longest survival overall. The worst survival rate was observed among patients with TNBC

(Fallahpour et al., 2017).
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Figure 1.4 Kaplan-Meier plot of breast cancer survival rates among different intrinsic subtypes from
2010-2012 in Canada (Fallahpour et al., 2017).

1.1.5 Treatment of breast cancer

1.1.5.1 Treatment for non-invasive breast cancer

The primary goals of non-invasive breast cancer treatment are removing the tumour from the
breast and preventing metastasis. Breast-conserving surgery is the most common treatment
for non-invasive breast cancer, which is normally followed by postoperative radiotherapy to
kill the remaining cancer cells. Mastectomy (removal of entire breast) may be required if there
are several sites of DCIS. In addition, systemic therapy, including preoperative (neoadjuvant)
and postoperative (adjuvant), might be required, which mainly depends on the expression of
predictive biomarkers of breast cancer such as ER, PR, HER2, Ki67, PIK3CA mutations and
germ-line BRCA1/2 mutations. For example, patients who have ER* breast cancer normally
receive a 10-12 weeks endocrine therapy after surgery to block the ER activity. The overall
survival rates of DCIS in developed countries have reached to approximately 100% (Waks and

Winer, 2019).

1.1.5.2 Treatment for invasive breast cancer
For invasive breast cancer, the main therapeutic goals are symptom palliation and prolonging
guality-adjusted life expectancy. As illustrated in figure 1.5, the most common treatment for

stage I/Il is still breast-conserving surgery (BCS), followed by radiation therapy (RT) as the
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standard procedure (Harbeck and Gnant, 2017). For stage lll, the combination of mastectomy
and chemotherapy (including targeted therapy and immunotherapy) has been commonly
used in the last decade. For instance, trastuzumab is a monoclonal antibody targeting the
extracellular domain of HER2. Mastectomy is generally followed by 12 months trastuzumab
(Herceptin) treatment for patients who have HER2* breast cancer (Waks and Winer, 2019).
Systemic therapy is preferentially used for advanced stages, and depends on the specific
intrinsic subtype, rate of tumour progression and patients’ choices. Chemotherapy is the
major treatment for stage 1V, in association with targeted therapy, contributing to slow down
the growth of cancer. Additionally, surgery could be used to treat pain and other symptoms
caused by metastasis, such as broken bones and spinal cord compression (DeSantis et al.,
2019). Compared with other subtypes, TNBC patients normally have a poorer outcome due
to the lack of effective targeted therapies (Maughan et al., 2010; Waks and Winer, 2019).
Cytotoxic chemotherapy is currently the major care therapy for patients with TNBC (Lebert et
al., 2018). However, approximately one-third of TNBC patients are known to develop distant
metastases, and there is no standard of treatment for patients with metastatic TNBC (Li et al.,
2019). Itis illustrated that around 25-35% of TNBC patients have a proven BRCA1/2 mutations.
Moreover, about 70% of BRCA1-mutated breast cancers display a triple-negative phenotype
(Liuetal., 2021). Hence, poly (ADP-ribose) polymerase (PARP) inhibitors have been developed
for TNBC treatment by disrupting DNA damage repair (Han et al., 2020), significantly

enhancing therapeutic effectiveness in TNBC.
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Figure 1.5 Breast cancer treatment pattern among US female with invasive breast cancer by
2016. Most of female with early-stage breast cancer (stage I-lll) will have different types of surgery,
which is often followed by other treatments, including chemotherapy, radiation therapy and targeted
therapies. Women with metastatic breast cancer are mainly treated with systemic therapies such as
chemotherapy, targeted therapies, radiation therapy (DeSantis et al., 2019).
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Compared with non-invasive breast cancers, invasive breast cancers are still considered as
incurable based on current treatments (Table 1.3). Thanks to rapid progression in molecular
biology and genome science, the therapeutic effectiveness of invasive breast cancers has
significantly increased in the past two decades (Feng et al., 2018). For example, dysregulated
cellular proliferation is heralded as a ‘hallmark of cancer’. The cyclin D and its partner kinases,
cyclin-dependent kinase 4/6 (CDK4/6) are known to play a key role in regulating the
proliferation of breast cancer cells. Three CDK4/6 inhibitors have been used for the treatment
of patients with ER-positive metastatic breast cancer, resulting in an increasing tendency in
both overall survival and progression-free survival (PFS) in this subtype of breast cancer
(Pernas et al., 2018). However, the median overall survival for patients with metastatic breast
cancer is still only 2-3 years (Swain et al., 2015). Furthermore, long-term survivors since 1996
account for less than 5% for all metastatic breast cancer patients (Harbeck and Gnant, 2017).
Additionally, almost all treatments for invasive breast cancer result in substantial side effects,
impairing quality of patients’ life. For instance, chemotherapy is able to cause both chronic
toxicities (including cardiotoxicity, cognitive dysfunction and infertility) and acute toxicities
(like fatigue and nausea). Radiation therapy can induce a systemic immune response, leading
to swelling, fatigue and lymphedema. Endocrine therapy is often accompanied by hot flushes.
Some of these side effects are difficult to treat (Harbeck et al., 2019; Waks and Winer, 2019).
Thus, although significant progress has been achieved in term of invasive breast cancer
outcomes, more and better therapies are still required. In the past several decades, there is
increasing evidence showing that the ECM promotes the development and progression of
breast cancer, suggesting that targeting cell-ECM interaction could represent a novel strategy

for therapeutic intervention.

Table 1.3. Major therapy of metastatic breast cancer

Breast cancer subtype Major therapeutic approach Median overall survival rate

Hormone receptor positive (HR*) Endocrine therapy until disease is endocrine resistant, then followed 24.8 months
by single-agent chemotherapy
e.g. Aromatase inhibitor + CDK4/6 inhibitor; Fulvestrant + everolimus

HER2* HER2-targeted agent combined with mastectomy, chemotherapy or 9.6-18.5 months
endocrine therapy if HR*
e.g. Mastectomy + Trastuzumab; Trastuzumab + endocrine therapy

TNBC Single-agent chemotherapy 3.1-4.5 months
e.g. Platinum; Taxane

Data is from (Waks and Winer, 2019)
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1.2 Extracellular matrix

1.2.1 Primary components in ECM

The ECM is a highly specialized three-dimensional macromolecular network. The ECM not
only serves as a physical scaffold to maintain tissue structural integrity, but also provides cells
with proper biomechanical and biochemical signals for regulating cell survival, proliferation,
migration and differentiation (Pickup et al., 2014). The ECM is composed of a highly dynamic
and complex network of secreted proteins whose precise composition and specific structure
vary with tissues. At the same time, the ECM is constantly remodelled during physiological
conditions, as a consequence of a fine balance between matrix replacement and degradation
(Rainero, 2016). Following the ECM composition classification described in the mammalian
matrisome project, almost 300 components are identified as the ‘core matrisome’ elements,
which consist of 43 collagen subunits, proteoglycans and glycoproteins (Naba et al., 2012).
Collagens are the most abundant proteins which provide structural strength to all forms of
the extracellular matrices (Mouw et al., 2014). Proteoglycans are characterized as proteins
that have one or more glycosaminoglycans (GAGs) covalently bonded to them. Proteoglycans
can interact with a number of ECM molecules, cell surface receptors and growth factors either
through their core proteins or via their GAGs side chains, contributing to the formation of
ECM scaffold and cell embedding within it (Theocharis et al., 2016). Glycoproteins are found
on the surface of cell membrane that not only link structural molecules between each other,
but also link cells and structural molecules (e.g., collagen) to add strength and stability to a
tissue. Fibronectins and laminins are two most important components of glycoproteins
(Hynes and Naba, 2012). In addition, the ECM is classified into two groups that vary in
structure and composition: the interstitial matrix and BM. The interstitial matrix fills in the
interstitial space between cells, whereas the BM is a specific thin layer of ECM that can
physically separate the epithelial cells from surrounding stroma (Horejs, 2016). Here | discuss
the roles of three most abundant ECM components, collagens, fibronectin and laminins, in

maintaining the structural and functional integrity of the ECM.

1.2.1.1 Collagens
Collagens are the most abundant component in the interstitial ECM but are found in the BM

as well, accounting for almost 30% of total proteins in human. There are 28 different subtypes
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of collagen, and each subtype is composed of three a chains that form a triple helical structure.
Collagens are categorized into fibrillar collagens (e.g. collagen type | and Il), network-forming
collagen (e.g. collagen type 1V) and fibril-associated collagens with interruptions in their triple
helices (FACITs) (e.g. collagen type IX and XIl) (Theocharis et al., 2016). The fibrillar collagen
molecule is characterized by the repeating triplets of amino acids Gly-X-Y in central region of
a chains, where X and Y are generally occupied by proline and hydroxyproline, respectively.
This region is flanked by amino- and carboxyl-terminal non-collagenous domains. The FACITs

do not assemble into fibrils but associate with other collagen fibrils (Yue, 2014).

Collagen type | is the most common fibrillar collagen that is primarily produced by fibroblasts.
The a chains are assembled into the triple helical structure in the endoplasmic reticulum (ER).
Following the hydroxylation of proline and lysine, the molecule is glycosylated to initiate the
formation of procollagen triple helix. The procollagen is transported to the Golgi apparatus
where it is modified and packaged for cellular export. During or following exocytosis, the C-
and N-terminal propeptides are cleaved off by specific matrix metalloproteinases (MMPs);
excision of both propeptides allows the following formation of collagen microfibrils in the
extracellular space. Next, short microfibrils grow into large fibrils with the help of other ECM
components such as FACITs and small leucine-rich repeat proteoglycans (SLRPs). Lysyl oxidase
(LOX) can induce the crosslinking between triple-helical molecules during collagen assembly,
providing collagen fibres with stability and enhanced mechanical properties (Figure 1.6)
(Mouw et al., 2014; Riso et al., 2016). As the major structural element of ECM, collagen type
| not only provides tissues with tensile strength, but also regulates cell migration, adhesion

and wound healing (Xu et al., 2019).
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Figure 1.6 The process of collagen type | synthesis. (A) The a chains assemble to form
procollagen. (B) and (C) Procollagen peptidase removes loose termini and self-assemble to form a
growing collagen fibril. (D) Self-assembly of collagen fibrils forms collagen type | fiber. Figure is
adapted from (Riso et al., 2016).

1.2.1.2 Fibronectin

Fibronectin is a ubiquitous glycoprotein in the ECM that assembles into fibrillar structures via
a cell-mediated process. Secreted fibronectin molecule exists as a dimer that is covalently
connected by a pair of disulfide bonds at the C-terminus of each subunit. Fibronectin subunit
is composed of type |, Il and Ill repeating units. The folded fibronectin is formed through ionic
interactions between type lll repeats of neighbouring molecules. Type Il repeats have the
binding domains for collagens while type Ill repeats contain the amino acid sequence

responsible for integrin-binding and heparin-binding sites (Figure 1.7) (Mouw et al., 2014).

Fibronectin assembly is primarily initiated by binding its RGD (Arg-Gly-Asp) domain to a5B1
integrins. Fibronectin binding leads to integrin clustering and activation, promoting continued
deposition of fibronectin at the cell surface. Contractile force from actin cytoskeleton in turn
stimulates the self-association of fibronectin that mediated by N-terminal assembly domain.
Fibronectin conformational change reveals cryptic binding sites that promote fibril formation
and in conversion of soluble plasma fibronectin into insoluble fibronectin molecules (Singh et

al.,, 2010). In addition, syndecan-4 is transmembrane proteoglycan that is involved in the
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assembly of fibronectin as well via binding to heparin-binding domain at the C-terminal of
fibronectin. The interaction between syndecan-4 and fibronectin regulates a5B1 integrin
recycling and enhances integrin-mediated cell migration, indicating that syndecan-4 acts as
co-receptor in fibronectin fibril formation (Bass et al., 2011; Morgan et al., 2007). Once
assembled, fibronectin contributes to tissue organization through regulating the assembly of
other ECM components. For instance, fibronectin-null embryonic fibroblasts were cultured in
the absence and presence of exogenous fibronectin, and the deposition of collagen fibrils was
assessed by indirect immunofluorescence microscopy. Accumulation of endogenous collagen
type I and Il was not detected in cells cultured in the absence of fibronectin, suggesting that
fibronectin serves as a key regulator in collagen assembly and deposition (Sottile et al., 2007).
Moreover, fibronectin-treated wounds had an increased fascicular and horizontal collagen
deposition compared to control wounds (without fibronectin treatment), indicating that
fibronectin might act as a scaffold that aids in alignment of collagen fibrils, facilitating wound

healing (Johnson et al., 2017).
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Figure 1.7 Structure of fibronectin. Fibronectin subunit is composed of type I, Il and Ill repeats.
These repeats contain the binding sites for other ECM components and cell surface receptors.
Fibronectin molecule is stabilized through disulphide bonds between each type | and type Il
repeat. Type lll repeats lack disulfide bonds and thus can undergo conformational change
(Mouw et al., 2014).
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1.2.1.3 Basement membrane

The BM is mainly composed of laminin, collagen type IV and nidogen. Laminins are trimeric
glycoproteins consisting of a, B and y chains that are located in the basal lamina. The 12
different mammalian laminin chains can form 16 distinct isoforms with differences in chain
length and domain architecture (Theocharis et al., 2016). These chains form a characteristic
cross structure, which contains three short arms and one long arm. Laminin deposits on the
cell surfaces and assembles into sheet through interactions among the N-terminus of short
arms (LN). Laminin sheet is linked to cells through interactions between the 5 laminin G-like
(LG) domains at the distal end of the long arm and cell surface molecules including integrins,
sulphated glycolipids and a-dystroglycan (Figure 1.8A) (Hohenester and Yurchenco, 2013).
Secreted collagen type IV heterotrimers form triple helical via disulfide bonds at the N-
terminal 7S domains and further oligomerize into cross-linked tetramers. The interactions
between the two trimeric C-terminal NC1 domains lead to polymeric collagen type IV

formation (Mak and Mei, 2017).

Laminin network and collagen type IV is mainly connected via nidogen. Nidogen is composed
of two N-terminal globules (G1 and G2) and one C-terminal globules (G3) that are connected
by a rod-like domain made of epidermal growth factor (EGF)-like repeats. Nidogen C-terminus
G3 globule binds to the y chain of laminin molecule, while its G2 domain can bind to the triple
helical religion of collagen type IV (Mak and Mei, 2017). Heparan sulfate proteoglycans (HSPG)
is a member of proteoglycans with multiple heparan sulfate (HS) side chains covalently
coupled to the core protein. HSPGs present in the matrix such as perlecan, agrin and glypicans.
It has been shown that the G2 domain of nidogen can bind to perlecan and agrin. At the same
time, HSPG domain on perlecan and agrin can bind to the 7S and NC1 domains of collagen
type IV as well as to the a chain of laminin. Thus, perlecan and agrin can provide additional
connection between laminin and collagen type IV networks via multiple binding interactions

(Figure 1.8B) (Walker et al., 2018).
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Figure 1.8 Structure of laminin and the BM. (A) Laminin is composed of a, B and y chains.
Laminins link to each others through their N-terminal domains (LN). Laminin binds to cells via
interactions among the 5 laminin G-like (LG) domain and cell surface receptors. Figure is adapted
from (Hohenester and Yurchenco, 2013). (B) The laminin and collagen networks are mainly linked
by nidogen. Perlecan and agrin can provide additional linkage between two networks (Hohenester
and Yurchenco, 2013).

1.2.2 Receptors of ECM components

1.2.2.1 Integrins

Cells are known to bind to the ECM via specialized receptors. Integrins are the principal
adhesion receptors for the ECM. Integrin-ECM engagement not only links the ECM to the cell
cytoskeleton but is also involved in the regulation of a number of cellular processes, such as
cell migration, growth, proliferation and differentiation. In mammals, the combinations of the
18 a- and eight B-subunits generate 24 distinct heterodimeric receptors, the majority of which
contain the B1-subunit (Figure 1.9A) (Barczyk et al., 2010). The a- and B-subunits are both
type | transmembrane proteins that have a large extracellular domain, a single-pass
transmembrane helix and a short cytoplasmic tail (Bridgewater et al., 2012). Integrin
heterodimers can exist in a non-clustered (inactive) conformation that exhibits a low affinity
for ligands or a clustered (active) conformation that exhibits a high affinity for ECM
components. Integrins can transmit signals bidirectionally. Intracellular signals initiate by
recruiting talin to the cytoplasmic tail of B-subunits. This interaction induces separation of the
cytoplasmic domains of a- and B-subunits, leading to a conformational change of the integrin

and increased ligand binding affinity in the extracellular domain (inside-out signalling).
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Alternately, the interactions between integrins and ECM ligands trigger the recruitment of
additional scaffolding proteins, kinases and phosphatases, such as focal adhesion kinase (FAK),
vinculin and paxillin, promoting the maturation of nascent adhesions to fully activated focal
adhesions (FAs) which can transmit the signals (outside-in signalling) (Figure 1.9B) (Kinbara et

al., 2003; Moreno-Layseca et al., 2019).
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Figure 1.9 Integrin heterodimers and interaction with ECM. (A) In vertebrates, the integrin family
consists of 24 heterodimers (Barczyk et al., 2010). (B) Integrins contain a and B subunits that span
the cell membrane and reach into the extracellular space. Non-covalent interactions between their
extracellular and membrane-proximal regions bring a and 8 subunits together in a heterodimer. The
short cytoplasmic tails of both a and B subunits interact with different intracellular proteins. These
intracellular integrin-binding proteins link to the cytoskeleton (Kinbara et al., 2003).

Cell surface integrins are constantly trafficked in cells and undergo endosomal sorting that
determines recycling or degradation of the receptors. Integrins can be endocytosed via either
clathrin-mediated endocytosis (CME) or clathrin-independent endocytosis (CIE), whereby CIE
contains several distinct integrin endocytic routes, including internalization through clathrin-
independent carriers, caveolae and macropinocytosis from circular dorsal ruffles in response
to growth factor stimulation (Moreno-Layseca et al., 2019). After endocytosis, the Rab and
Arf family of GTPases play important roles in integrin trafficking through the endolysosomal
system and are regulated by a cycle of GTP binding and GTP hydrolysis, which is catalysed by
guanine nucleotide exchange factors (GEFs) and GTPases activating-proteins (GAPs),
respectively (Donaldson et al., 2016). Integrins are firstly endocytosed and delivered to Rab5-

positive early endosomes (EEs) to be sorted for recycling or degradation. A large proportion

35



of integrins are recycled back to the plasma membrane via either a Rab4-dependent short-
loop or a Rab1l and Arfé-mediated long-loop pathway through the perinuclear recycling
compartment (PNRC) (Bridgewater et al., 2012). EEs undergo maturation to late endosomes,
where integrins sorted for degradation are retained and compartmentalized into low pH
intralumenal vesicles (ILVs). Integrins sorted to ILVs are finally degraded via the fusion of
multivesicular bodies (MVBs) with lysosomes (Rainero and Norman, 2013). Besides being
degraded, late endosomes and MVBs can be re-secreted to the cell surface by fusing with the
plasma membrane. The retrieval of integrins is an emerging mechanism regulating receptor
recycling that is linked to the migration of cancer cells (Figure 1.10) (Wilson et al., 2018). In
addition, inactive B1 integrin on the plasma membrane could be internalized as well. After
internalization, inactive B1 is rapidly recycled back to the plasma membrane in a Rab4- and
Arf6-dependent pathway (De Franceschi et al., 2015). However, the internalization rate of the
active B1 is much higher than the inactive conformation. Thus, the active 1 is predominantly
cytoplasmic, whereas the inactive conformation is primarily found on the plasma membrane

(Arjonen et al., 2012).
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Figure 1.10 Integrin endocytosis and trafficking pathways. Integrins could be endocytosed
through clathrin-mediated or clathrin-independent pathway. Most internalized integrins are recycled
back to cell surface via either short-loop or long-loop pathway. A small proportion of integrins are
degraded in lysosomes. In addition, integrins can also be recycled from lysosomes. Figure is adapted
from (De Franceschi et al., 2015).

1.2.2.2 Other receptors
In addition to integrins, cells can also bind to the ECM via other receptors including syndecans,
discoidin domain receptors (DDRs), uPARAP/Endo180 and CD44. The syndecan family is a
class of transmembrane proteoglycans containing four members (syndecan 1-4). Syndecan 1-
3 are mainly expressed in the brain while syndecan 4 is expressed ubiquitously. Syndecan-4
normally acts as co-receptor with a5B1 integrins for fibronectin (Kerrisk et al., 2014). DDRs
are receptor tyrosine kinases that are activated via interaction with collagens. There are two
forms of DDRs. DDR1 is primarily expressed in epithelial cells and immune cells and is
activated by collagen type | and IV, whereas DDR2 is mainly found in mesenchymal cells and
binds to collagen type I-lll, but not to collagen type IV. Upon collagen binding via their

extracellular domain, the cytoplasmic regions of the DDRs undergo autophosphorylation and
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provide docking sites for various signalling molecules, including PI3K and Erk, that regulate
distinct cellular behaviours such as migration and proliferation (Itoh, 2018). uPARAP/Endo180
is a member of the mannose receptor family that serves as endocytic receptor for collagen
type I, Il and IV. uPARAP/Endo180 not only plays key roles in tissue homeostasis but is also
involved in pathological disruptions of the ECM structure during cancer progression (see
below 1.3.1). CD44 is transmembrane glycoprotein that binds to different ECM components
including osteopontin (OPN), collagens and especially hyaluronic acid (HA) (Senbanjo and
Chellaiah, 2017). HA-induced CD44 signalling increases the expression of MMPs that promote

breast cancer cells invasion (Montgomery et al., 2012).

1.2.3 Functions of the ECM

The ECM serves distinct functions that can affect physical, biochemical and biomechanical
processes, regulating a wide range of cellular behaviours. The ECM is best characterized as
inert scaffold that provides physical support for tissue architecture and integrity (Figure
1.11A). In addition, the ECM can play either negative or positive roles in regulating cell
migration. On the one hand, the ECM acts as a physical barrier and anchorage site that not
only maintains cell polarity but also blocks pathological cell migration (Figure 1.11B and C).
On the other hand, the ECM can function as a movement track for migration through changing
its physical properties including topography, density and rigidity (Figure 1.11D). For example,
collagen forms cross-links to align in a single direction parallel to the skin in scars rather than
a random formation in normal tissue, indicating that collagen contributes to direct cell
migration to promote wound healing (Sharma et al.,, 2017). At the same time, the ECM
components can also promote cell migration through regulating turnover of FAs (Kai et al.,
2019). As a highly charged protein network, the ECM also provides binding sites for a myriad
of growth factors, including fibroblast growth factors (FGFs), epidermal growth factors (EGFs)
and hedgehogs, inhibiting their free diffusion and controlling their release in certain situations
(Figure 1.11E). For example, researches illustrated that proteoglycans can bind to FGFs and
serve as their reservoir (Lu et al., 2012). At the same time, some ECM components not only
bind to certain growth factors but also serve as low-affinity co-receptors, enhancing the
binding affinity between these growth factors and their receptors (Figure 1.11F) (Lu et al.,

2011). Additionally, the ECM can act as signal presenters to target cells (Figure 1.12G). For
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example, the NC1, a fragment of collagen type IV which is processed by membrane type 2
(MT2)-MMP, has been demonstrated to promote epithelial proliferation and branching
morphogenesis through binding to B1-integrin and activating intracellular PI3K/AKT signalling
pathway (Rebustini et al., 2009). Furthermore, the ECM regulates genome organization and
gene expression through utilizing its biomechanical properties. These mechanical signals are
sensed by integrins and transduced to the nucleus through the cytoskeleton networks (Figure
1.11H) (Uhler and Shivashankar, 2017). Finally, extracellular degradation of ECM components
by MMPs is known to be a principal mechanism in the turnover of the ECM. Additionally, a
number of ECM components can be internalized and degraded in the lysosomes as well (see
below 1.3) (Rainero, 2016). These two mechanisms are considered to be collaborative rather
than mutually exclusive during ECM remodelling (Figure 1.111) (Shi and Sottile, 2008a). A
balanced ECM remodelling plays an important role in maintaining epithelial morphogenesis
and tissue homeostasis, and deregulated ECM remodelling is often associated with tumour

progression (Quail and Joyce, 2013).
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Figure 1.11 Functions of the ECM. (A) The ECM provides physical support for tissue. (B) and (C)
The ECM serves as binding site for cells that inhibits cell migration. (D) The ECM acts as migration
track in certain conditions. (E) The ECM can provide binding sites for growth factors, as well as act
as low-affinity co-receptor (F). (G) The ECM serves as signal presenter to activate intracellular
signals. (H) The physical properties of the ECM could be sensed by integrins, which control gene
expression. (I) ECM internalization and lysosome degradation involves in ECM turnover. Image is
‘Created with BioRender.com’.
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1.2.4 ECM remodelling in breast cancer

The continuous remodelling of ECM during physiological conditions is regulated by a fine
balance between matrix synthesis, deposition and degradation. This tight regulation of the
ECM remodelling process is disrupted in cancer. Increasing evidence demonstrates that the
deregulated ECM remodelling has been implicated in almost every step of cancer
development and progression (Lu et al., 2012). Here | will focus on the remodelling of primary

ECM components and their contribution in breast cancer progression.

Breast cancer is characterized by a dense and desmoplastic tumour microenvironment (TME)
owing to the excessed deposition and altered organization of ECM proteins. The desmoplastic
reaction is generally associated with therapy resistance and tumorigenesis (Willumsen et al.,
2019). As the most abundant ECM component, elevated deposition of collagen | is frequently
observed in breast cancer (Insua-Rodriguez and Oskarsson, 2016). Additionally, the structural
and physical properties of the ECM are continually changing in breast cancer as well. Collagen
| surrounding normal epithelial structures is generally tangled and disorganized, whereas
collagen | within breast carcinoma is stiffened, thickened and aligned perpendicularly to the
tumour boundary (Figure 1.12) (Walker et al., 2018). Breast cancer cells are demonstrated to
migrate faster on stiffer substrates and their persistent migration is directed up a stiffness
gradient (Kai et al., 2016). Hence, collagen could be served as a scaffold to facilitate breast
cancer cell migration. Consistently, local invasion of breast cancer cells has been illustrated
to be oriented along aligned collagen fibres, suggesting the contribution of increased collagen
alignment in tumour invasion (Conklin et al., 2011). These changes are not restricted to breast
cancer. The majority of desmoplastic reaction in pancreatic ductal adenocarcinoma (PDAC) is
attributed to enhanced production and crosslinking of collagen I. Increased levels of collagen
| deposition in PDAC have been associated with poor prognosis and reduced overall survival
(Whatcott et al., 2015). The abnormal collagen remodelling in breast cancer is mainly carried
out by cancer associated fibroblasts (CAFs) (Lu et al., 2011). CAFs are activated forms of
fibroblasts and one of the most abundant cellular components of the TME. Compared to
fibroblasts, CAFs are able to enhance the release of MMPs and LOX proteins, contributing to
the cross-linking and re-alignment of collagen (Pankova et al., 2016). Integrins are major

mechanoreceptors on cells. Increased ECM stiffness has been proved to facilitate the
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proliferation and migration of breast cancer cells via integrin-dependent mechanisms.
Increased stiffness encourages B1 integrins clustering, resulting in the elevated activated
form of FAK (pY397 FAK). Subsequently, enhanced levels of pY397 FAK could result in a higher
intracellular contractility through a RHO-associated protein kinase (ROCK)-dependent
pathway, allowing cancer cells to pull on the matrix during invasion (Kaushik et al., 2016).
Moreover, increased FAK activates mitogen-activated protein kinase (MAPK) pathway,
contributing to the proliferation of breast cancer cells (Provenzano et al., 2009). Furthermore,
nuclear yes-associated protein (YAP) and its transcriptional co-activator with PDZ-binding
motif (TAZ) are key regulators of multiple cellular behaviours such as survival and proliferation.
The YAP/TAZ proteins actively shuttle between the nucleus and the cytoplasm. In mammals,
the core Hippo pathway can induce the phosphorylation of YAP in the cytoplasm, stimulating
cytoplasmic retention or proteolytic degradation (Boopathy and Hong, 2019).
Mechanosensing transmitted by the integrins and cytoskeleton inhibits YAP phosphorylation
and thus promotes YAP nuclear translocation and transcriptional activation, facilitating breast
cancer proliferation (Dobrokhotov et al., 2018). Increased ECM stiffness has been strongly
linked to a poor prognosis for breast carcinoma patients, regardless of tumour stage, size and

subtype (Xu et al., 2019).
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Figure 1.12 ECM remodeling in cancer development. (A) In normal tissue, collagen is generally
tangled and disorganized. BM physically separates the epithelial cells and surrounding stroma. (B)
and (C) During breast cancer development, collagen deposition is increased. Upregulated LOX aligns
collagen. Cancer cells breach the BM with help of MMPs and migrate along aligned collagen. Figure is
adapted from (Walker et al., 2018).

In addition to collagen |, deposition of fibronectin is strongly increased during desmoplasia.
Upregulated fibronectin has been shown to facilitate breast cancer via distinct mechanisms
(Oskarsson, 2013). At the primary tumour site, upregulated fibronectin deposition is required
for the enhanced incorporation of collagens into the ECM, contributing to the formation of
an organized fibrillar matrix architecture (Oskarsson, 2013). Epithelial-mesenchymal
transition (EMT) is an important process in breast cancer development in which epithelial
cells lose apical-basal polarity and cell-cell contacts and gain a migratory mesenchymal
phenotype (Horejs, 2016). Fibronectin is a well-known mesenchymal marker that contributes
to transforming growth factor B (TGFB)-mediated EMT via binding to B1 integrins (Park and
Schwarzbauer, 2014). Additionally, zonula occludens-1 (ZO-1) is a tight junction adaptor that
preferentially binds to the cytoplasmic tail of a5 integrin subunits. a5B81/Z0-1 complexes have

been proved to increase the recruitment of fibronectin-a5f1 complexes at the leading edge
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of migrating cells, promoting breast cancer cells migration (Gonzalez-Tarragé et al., 2017).
Besides binding to integrins, increased fibronectin can bind to EGFRs as well to activate signal
transducer and activator of transcription 3 (STAT3) signalling pathway, contributing to the
proliferation and migration of breast tumour cells (Balanis et al., 2013). Moreover, fibronectin
plays important roles in extravasation. The attachment of circulating tumour cells (CTCs) to
the blood vessels of secondary sites is a key step in metastasis. Researchers illustrated that
plasma fibronectin complexed with fibrin activates avB3 on the CTCs, promoting breast
cancer cell adhesion to the endothelium to foster extravasation in a talinl-dependent
pathway (Malik et al., 2010). Furthermore, increased deposition of fibronectin is frequently
observed in the premetastatic niche as well. Primary melanoma tumour cells stimulate
fibronectin generation in resident pulmonary fibroblasts that promotes the recruitment of
both vascular endothelial growth factor receptor 1 (VEGFR1)* bone-marrow-derived
hematopoietic cells and tumour cells to the premetastatic lung, promoting the metastasis of
cancer cells (Kaplan et al., 2005). Lastly, metastatic breast cancer cells can remain in a
dormant state at disseminated sites due to the lack of key growth-promoting signals.
Fibronectin has been illustrated to induce the switch of breast cancer cells from quiescence
to proliferation by promoting the phosphorylation of myosin light chain (Barkan et al., 2008),

suggesting a role for fibronectin in the recurrence of breast cancer.

In non-malignant tissue, epithelial BM acts as a physical barrier to the potential pathogenic
local invasion of cells, while endothelial BM inhibits intravasation and extravasation during
metastasis. Laminins and collagen type IV are two important components in the BM (Mak and
Mei, 2017). In early stage of breast carcinoma, expression of laminins and collagen type IV is
significantly decreased because of increased BM degradation. MMPs are the most dominant
proteases in the degradation of BM. Overexpressed MMP2 and MMP9 are mainly secreted
by the CAFs for collagen type IV degradation, contributing to the formation of ‘micro-tracks’
during mesenchymal invasion (Chang and Chaudhuri, 2019). The degradation of BM not only
weakens its barrier function but also contributes to cancer cell migration through signals
induced by the cleaved products. For example, laminin-332 has previously been illustrated to
be processed by MMP2 via cleaving the y-2 chain of laminin-332, releasing an 80kDa fragment
(y2x). This y2x-fragment has been proved to promote migration of breast cancer cells (Duffy

et al., 2000).
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1.3 ECM internalization in cancer progression

Currently, two major mechanisms are described to be participated in the turnover of the ECM.
One is extracellular degradation, which is mainly mediated by MMPs and proteases. The other
pathway is lysosomal degradation after receptor-dependent ECM endocytosis (Rainero,
2016). These two pathways are considered not mutually exclusive but to work collaboratively
in the turnover of the ECM (Shi and Sottile, 2008a). Compared to proteolytic degradation, the
role of ECM internalization and intracellular degradation in breast cancer is still poorly
understood. In this part, | will introduce the pathways regulating main ECM component
internalization and their contribution in the development and progression of different

cancers (Figure 1.13).
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Figure 1.13 The internalization pathways of main ECM components. Collagen | can be
internalized by (A) Endo180 and (B) a2B1. (C) a5B1 is responsible to fibronectin endocytosis.
Internalized fibronectin could be either degraded or re-secreted back to the plasma membrane. (D)
Laminin is suggested to be internalized via a31- or a6B4-dependent pathway for degradation. Figure
is adapted from (Rainero, 2016).

1.3.1 Collagenl|

Collagen | internalization is mainly regulated by two endocytic receptors: uPARAP/Endo180
and a2B1 integrin (Melander et al., 2015). uPARAP/Endo180 is composed of an N-terminal
cysteine-rich domain, a fibronectin type Il domain and 8 C-type lectin-like domains, and a

transmembrane domain followed by a small cytoplasmic region (Wienke et al., 2003). Upon
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binding to fibronectin type Il domain, collagen is internalized through a clathrin-dependent
endocytosis pathway and is delivered to late endosomes/lysosomes for degradation, while
receptors are rapidly recycled back to the cell surface from early endosomes (Figure 1.13A)
(Kjgller et al., 2004; Wienke et al., 2003). In addition, researchers found that, while both the
soluble (cleaved) and the insoluble (intact) collagen could be endocytosed by
uPARAP/Endo180, the endocytosis of MT1-MMP pre-cleaved collagen is much more efficient
in UPARAP/Endol180 positive fibroblasts, highlighting that MMPs-dependent extracellular
degradation and intracellular degradation after receptor-mediated internalization work
collaboratively in regulating ECM turnover (Madsen et al., 2007). In fibroblasts, collagen can
be internalized through binding to a2p1 integrin as well (Arora et al., 2000). Binding between
topologically complex collagen substrate and a2B1 integrin induces the activation of stretch-
activated Ca?* channels, which can promote the interactions of the non-muscular myosin Il A
(NMMIIA) with the actin-binding protein gelsolin at the adhesion site. This interaction
enhances gelsolin-dependent nucleation of actin-filaments, leading to collagen phagocytosis
and intracellular degradation (Figure 1.13B) (Arora et al., 2013). However, it is less clear how
fibroblasts select between uPARAP/Endo180- and a2B1-dependent mechanisms for collagen
internalization. On the one hand, it has previously been shown that MT1-MMP is required for
the uptake of collagen | through uPARAP/Endo180-dependent pathway (Madsen et al., 2007),
whereas the presence of MMP-1 inhibitor significantly decreases a2B1-dependent collagen |
endocytosis (Arora et al., 2013). Hence, there is the possibility that the pathways of collagen
linternalization are dependent on the expression levels of different MMPs. On the other hand,
a2B1-dependent collagen phagocytosis is strongly dependent on the morphology of collagen
substrate (Arora et al., 2013), suggesting a role for ECM organization in controlling collagen

endocytosis.

uPARAP/Endo180-dependent collagen endocytosis has been illustrated to promote breast
cancer growth. For example, uPARAP/Endo180 is overexpressed on mesenchymal stromal
cells in mammary tumours. Increased stroma collagen accumulation from the invasive front
and diminished tumour burden are observed in vivo due to a targeted deletion in the Endo180

gene. This increased collagen accumulation is not caused by an increase in collagen synthesis,
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indicating that uPARAP/Endo180-dependent intracellular collagen degradation is functionally
important to mammary tumour growth (Curino et al., 2005). Besides fibroblasts, increasing
evidence shows that uPARAP/Endo180 can be expressed in tumour cells as well. For example,
MCF-7 cells are able to be uPARAP/Endo180-positive after TFG-B treatment. Overexpressed
uPARAP/Endo180 in MCF-7 cancer cells is shown to promote tumour growth. In contrast, no
growth advantage is found in tumours containing Endo180 (Ala!#%8/Alal#®%) mutant, which can
be expressed at the cell surface but unable to undergo endocytosis. Consistently, upregulated
accumulation of extracellular collagen is observed in endocytosis-deficient tumours (Wienke
et al., 2007). These findings highlight the contribution of collagen uptake to tumour growth
in vivo. Additionally, recent findings from the Rainero lab demonstrated that under amino
acid starvation, internalized collagen | contributes to the growth of invasive breast cancer
cells in a metabolism-dependent manner, suggesting a role for collagen | internalization in
controlling tumor growth under nutrient starvation (Nazemi et al., 2021). Altogether, the
internalization of collagen | in both stroma and tumour cells plays an important role in the

growth of breast cancer cells.

1.3.2 Fibronectin

Fibronectin turnover has been shown to occur through a caviolin-1-dependent endocytosis
pathway, followed by lysosomal degradation (Sottile and Chandler, 2005). Additionally, it has
been proved that a5B1 integrin, but not avp3 integrin, is responsible to the endocytosis of
both soluble and matrix fibronectin by myofibroblasts (Shi and Sottile, 2008a). Fibronectin
binding induced rapid ubiquitination of a5 integrin at cytoplasmic domain and accelerated
internalization of fibronectin-bound a5B1 integrin. Endosomal acidification contributes to
dissociation of majority a5B1 integrin from fibronectin, as well as USP9x-mediated
deubiquitination of a5B1 integrin, facilitating a5B1 integrin recycling to the cell surface
(Kharitidi et al., 2015). The ubiquitinated fibronectin-bound a5B1 integrin can be delivered to
ILVs of MVBs via an endosomal sorting complex required for transport (ESCRT) machinery,
leading to lysosomal degradation (Figure 1.13C). This degradation is required for the
migration of fibroblasts (Lobert et al., 2010). Moreover, this a5p1-dependent fibronectin
endocytosis has been shown to be regulated by MT1-MMP activity (Shi and Sottile, 2011),

suggesting that extracellular proteolysis and endocytosis can co-ordinately regulate the
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turnover of fibronectin. In addition to being degraded, internalized fibronectin could be re-
secreted from the late endosomes/lysosomes as well. Cortactin is a well-known regulator in
controlling membrane trafficking and exocytosis, focal adhesion assembly and lamellipodia
formation (Kirkbride et al.,, 2011). In fibrosarcoma and breast cancer cells, cortactin is
required for the secretion and the deposition of fibronectin at the basal cell surface through
interactions with branched actin networks (Sung et al., 2011). A potential explanation for this
fibronectin trafficking is that re-secreted fibronectin is insoluble compared to newly
synthesized fibronectin from the Golgi. Therefore, targeted deposition of assembled
fibronectin from late endosomes/lysosomes might be faster to regulate FAs formation at the

leading edge of cells, promoting cell migration (Sung and Weaver, 2011).

1.3.3 Laminin

Laminin-111 is a major component in the BM. Researchers illustrated that dystroglycan is the
dominant receptor in regulating laminin internalization and lysosomal degradation in normal
epithelial cells (Leonoudakis et al., 2014). Both soluble and assembled laminin could be
internalized via a dystroglycan-dependent pathway (Leonoudakis et al., 2014). However,
dystroglycan is known to be functionally compromised in many aggressive tumours, including
MDA-MB-231 breast cancer cells, which leads to the disruption of dystroglycan-dependent
laminin endocytosis (Leonoudakis et al., 2014). This suggests that altered laminin trafficking
is required to facilitate cancer progression. In breast cancers, laminin-bound a3B1 integrin
has been shown to promote the phagocytosis of both Matrigel and gelatin, followed by their
lysosomal degradation, indicating that a3f1-mediated laminin endocytosis might be involved
in breast cancer progression (Figure 1.13D) (Coopman et al., 1996). This result is consistent
with the increased expression of a3B1 integrin in MDA-MB-231 cells, contributing to cancer
cell migration (Morini et al., 2000). A recent study showed that in normal mammary epithelial
cells laminin could be internalized by a6B4 integrin under dietary restriction and nutrient
deprivation conditions (Figure 1.13D). Internalized laminin was delivered to late
endosomes/lysosomes for degradation, resulting in an increase in essential intracellular
amino acid levels and enhanced mammalian target of rapamycin complex 1 (mTORC1)
signalling, thus supporting starved epithelial cell survival (Muranen et al., 2017). These data

suggest that laminin acts as the fuel for anabolism. Although this study did not illustrate if
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breast cancer cells could internalize laminin through a6B4 integrin-dependent mechanism for
cell growth and proliferation under nutrient stress, elevated a6B4 integrin expression has
been found in basal-like breast cancer cells that leads to a decreased 5-year relapse-free
survival in patients with TNBC (Bierie et al., 2017; Lu et al., 2008). Desmoplasia results in
hypoxia and nutrient limitation. In this microenvironment, internalized laminin via a6p4
integrin-dependent manner may be a potential nutrient source in promoting breast cancer

growth.

1.4 The role of integrin endocytosis and trafficking in cell migration

Cell migration is a ubiquitously observed physiological process in mammalian systems which
supports embryogenesis, wound healing, immune responses and the metastatic progression
of cancer (Horwitz and Webb, 2003). Cell migration is thought of as a cyclic process including
four important stages: polarisation to form distinct front and rear edges (Lauffenburger and
Horwitz, 1996); forward protrusion of the front edge (Mogilner and Oster, 1996); adhesion to
the substratum using integrins (Hynes, 1987); and retraction and forward propulsion of the
cell rear (Riento and Ridley, 2003). Increasing evidence demonstrates that integrin trafficking
is an important player in regulating cell migration and invasion, due to its contribution to the
turnover of FAs (Caswell and Norman, 2008; Paul et al., 2015). The classic hypothesis is that
integrins are predominantly internalized from the cell rear and transported to the cell front.
However, this original hypothesis has been disproved by increasing evidence showing that
integrins trafficking in migrating cells could be directed towards the cell rear and endocytosis
and recycling have been shown to occur at the leading edge. For example, kinesin family
member 1C (Kif1C)-dependent a5B1 integrin trafficking from the perinuclear domain along
microtubules to the rear of migrating epithelial cells contributes to adhesions maturation that

stabilizes cell tails, supporting the persistent migration (Theisen et al., 2012).

The role of integrin endocytosis and trafficking in cell migration and invasion depends on the
availability of ECM ligands. Increasing body of evidence has implicated the trafficking of two
fibronectin-binding integrins, avBf3 and a5B1, in driving invasive cell migration. In the absence
of fibronectin, avB3 integrin is internalized and recycled in a Rab4-dependent pathway by

binding to vitronectin. This Rab4-dependent avB3 recycling can inhibit the recycling of a5p1,
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facilitating breast cancer cell invasive migration in a avB3-dependent manner. In the presence
of fibronectin, avB3 inhibition can result in an increased recycling of a5B1, contributing to
cancer cell invasion (Christoforides et al., 2012). The recycling of a5B1 is regulated by several
different pathways, depending on its activation status. Inactive a5B1 integrin has been shown
to be recycled to the leading edge via a Rabl1/Rab coupling protein (RCP)-dependent
pathway. This pathway can be stimulated by the inhibition of avB3 (Caswell et al., 2008) or
by the expression gain-of-function mutants of the tumour suppressor p53 in cancer cells
(Muller et al., 2009). RCP and a5B1 can recruit receptor tyrosine kinases (RTKs), promoting
their trafficking and stimulating their signalling (Muller et al., 2013). Localized RTK signalling
is able to activate AKT that inhibits Rac and subsequently increase RhoA activity, resulting in
the formation of filopodial protrusions (Jacquemet et al., 2013; Rainero et al., 2012). These
protrusions have been shown to drive metastatic cancer cell migration both in vitro (3D matrix)
and in vivo (zebrafish) (Wilson et al., 2018). Additionally, Rab25 is a member of the Rab11
family of small GTPases, which can drive the recycling of ligand-bound a5B1 from chloride
intracellular channel protein 3 (CLIC3)-positive late endosomes/lysosomes to the cell surface
at the rear of the cells. This recycling mechanism drives localized Src activity that is required

for ovarian cancer cell invasive migration (Dozynkiewicz et al., 2012).

Tensins 1-3 and Arf4 can coordinate the internalization of fibronectin-bound a5B1 integrin
from adhesions located in the subnuclear area in ovarian cancer cells over-expressing Rab25,
eventually leading to fibronectin lysosomal degradation. This pathway stimulates the
activation of the key nutrient sensing regulator mTORC1 to promote cancer cell migration.
Moreover, when mTOR1 activity is inhibited, a5B1 integrin-dependent fibronectin
endocytosis is significantly increased (Rainero et al., 2015). These data suggest that
internalized fibronectin can fuel cancer cells invasive migration in low nutrient conditions.
Additionally, re-secreted fibronectin is able to facilitate directional migration via stabilizing
protrusions at the leading edge of fibrosarcoma cells. a5B1 Integrin is functionally required
for fibronectin endocytosis in this process (Sung et al., 2015). These findings indicate that

internalized ECM components during integrin trafficking can regulate cell migration as well.

49



1.5 Aims of the thesis

Dysregulated ECM degradation is related to the migration and invasion of breast cancer cells.
Two major ECM degradation pathways have been described: MMPs-dependent pericellular
degradation and lysosomal degradation after integrin-mediated endocytosis. Currently, the
role of extracellular ECM degradation in breast cancer is widely recognized. For example,
enhanced MMP-13 expression by a2B1-mediated activation of p38 mitogen-activated protein
kinase (MAPK) promotes MDA-MB-231 cell migration (lbaragi et al., 2011). There is increasing
evidence showing that integrin-dependent ECM endocytosis is also a key regulator in cancer
cell migration and invasion. For example, a5B1-dependent fibronectin uptake is shown to be
required for the migration of invasive ovarian cancer cells (Rainero et al., 2015). However, the
contribution of ECM endocytosis in breast cancer is still overlooked, compared with
extracellular degradation. Hence, this project aims to characterize the contribution of ECM
internalization in breast cancer cell migration and invasion. In addition, the Gligorijevic lab
recently demonstrated the coordination of cell cycle progression with the extracellular
degradation of ECM (Bayarmagnai et al., 2019b). The Humphries lab revealed that cell
adhesion complexes were regulated during cell cycle progression (Jones et al., 2018). These
findings suggest the potential role of cell cycle in ECM internalization, but the molecular basis
of the connection is unknown. Therefore, this project will identify whether ECM components

endocytosis in breast cancer cells is controlled by the cell cycle as well.

The aims of this study are as follow:

e Tocompare the endocytosis of different types of ECM (cell-derived matrices, collagen
I, Matrigel and laminin) between normal mammary epithelial and breast cancer cells.

e Tocharacterize which integrins are required for ECM endocytosis in breast cancer cells.

e To further investigate internalized ECM components and their receptors through an
unbiased mass spectrometry screen.

e To examine the role of integrin-mediated ECM internalization in breast cancer cell
migration and invasion.

e To explore the possible connection between ECM uptake and cell cycle progression.
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2 Materials and methods

2.1 Materials

2.1.1 Reagents

Table 2.1 Reagents and suppliers
Reagents Supplier
0.45um syringe filter Gilson

10cm? petri dishes

Greiner bio-one

12-well tissue culture plates

Greiner bio-one

24-well glass bottom tissue culture plates

Greiner bio-one

3.5cm?glass-bottom dishes

SPL Life Science

6-well tissue culture plates

Greiner bio-one

Alexa Fluor™ 488 Phalloidin Invitrogen
Alexa Fluor™ 555 Phalloidin Invitrogen
Alexa Fluor™ 647 NHS Ester Invitrogen
Ammonium hydroxide (NH,OH) Sigma-Aldrich
Bovine serum albumin (BSA) Sigma-Aldrich

Cell tracker™ Green CMFDA

Thermo Scientific

Cell tracker™ Red CMTPX

Thermo Scientific

Collagen type | (Rat tail high concentration)

Corning

Dimethyl sulfoxide (DMSO)

Fisher Scientific

DMEM, high glucose, pyruvate

Gibco

DN25 (DNase)

Sigma

DQ™-collagen, type IV from human placenta

Thermo Fisher Scientific

Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12

Gibco

E64d (Aloxistatin)

AdooQ Bioscience
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Reagents Supplier
Epidermal growth factor (EGF) Sigma
Ethylenediaminetetraacetic acid (EDTA) Sigma

EZ-Link™ Sulfo-NHS-SS-Biotin

Thermo Scientific

Fetal Bovine Serum (FBS) Gibco
Gelatin Sigma
Glutaraldehyde solution Sigma Aldrich
Glycine Sigma
GM6001 Millipore
Horse Serum (HS) Gibco
Hydrocortisone Sigma
Insulin solution human Sigma
lodoacetamide (IAA) Sigma Aldrich
L-Ascorbic acid Sigma
Laminin/entactin complex Corning
Lipofectamine™ 2000 (LF 2000) transfection reagent Invitrogen
Matrigel Corning
Methylcellulose Sigma

NHS-Fluorescein

Thermo Fisher

NuPAGE™ LDS Sample Buffer

Thermo Fisher

Opti-MEME® | (1X), reduce serum medium

Gibco

Palbociclib

Cayman Chemical

Paraformaldehyde (PFA)

Fluka Chemika

PBS containing calcium and magnesium

Sigma

Penicillin/Streptomycin (P/S)

Life Technologies
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Reagents

Supplier

Pierce™ C18 spin columns

Thermo Fisher

Propidium lodide (P1)

Merck

Protease inhibitor cocktail

Cell signaling

PVDF membrane IMMOBILON-FL
Qia-shredder columns QIAGEN
Rhodamine-dextran Life Tech

Ribonuclease

Thermo Scientific

RNase free water

Cleaver Scientific

Sodium 2-mercaptoethanesulfonate (MesNa)

Sigma Aldrich

Sodium hydroxide (NaOH)

Fisher Chemical

Soluble collagen |

Bio Engineering

Streptavidin, agarose conjugate beads

Merck

Streptavidin, Alexa Fluor™ 488

Thermo Scientific

Thymidine

Sigma

Triton-X100

Sigma

Trypan blue stain 0.4%

Gibco by life technologies

Trypsin EDTA solution 1x Sigma

Tween-20 Sigma
Vectashield mounting reagent containing DAPI VECTOR
Wizard® Minicolumns Promega
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2.1.2 Solutions

Table 2.2 Recipes of solutions
Solutions Recipe
Ammonium bicarbonate 50mM Ammonium bicarbonate prepared in HPLC-grade dH,0
solution
Cell extraction buffer 20mM NH,OH, 0.5% Triton X-100 (v/v) in PBS with calcium and
magnesium
Sample running buffer 1% SDS (V/V), 50mM Tris-HCI pH 7.0
TBS 10mM Tris-HCI pH7.4, 150mM NaCl
TBS-T TBS, 0.1% Tween-20 (v/v)
TCEP 0.5M Tris (2-caroxyethyl) phosphine hydrochloride prepared in HPLC-
grade dH,0
TFA 0.1% TFA (Trifluoracetic acid) prepared in HPLC-grade dH,0
TFA/ACN 0.1% TFA, 50% ACN (acetonitrile) prepared in HPLC-grade dH,0
Towbin buffer 10x 1.92M Glycine, 0.25M Tris
Transfer buffer 10% 10X Towbin buffer, 20% methanol
Urea buffer 2M Urea prepared in HPLC-grade dH,0

2.2 Methods

2.2.1 Cell culture maintenance

MDA-MB-231 cells, fluorescent ubiquitination-based cell cycle indicator (FUCCI)-MDA-MB-
231 cells and telomerase-immortalised human dermal fibroblasts (TIFs) were thawed and
grown in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% (v/v) foetal
bovine serum (FBS) and 1% (v/v) penicillin/streptomycin (Pen/Strep), here referred to as
complete medium. FUCCI-MDA-MB-231 cells were kindly provided by Dr Gligorijevic lab
(Temple University, US). MCF10A cells were grown in DMEM/F-12 medium containing 5% (v/v)
horse serum (HS), 1% (v/v) Pen/Strep, 20ng/ml epidermal growth factor (EGF), 10ug/ml
insulin and 0.2ug/ml hydrocortisone. The MMTV-PyMT (mammary tumour virus-polyoma
middle T antigen) mouse model is well characterized and widely used for breast cancer study.

In this model, the oncogenesis is induced by expressing the polyoma virus middle T antigen

54



(PyMT) under the control of mouse mammary tumour virus (MMTV) promoter and therefore
is restricted to the mammary epithelium (Lin et al., 2003). PyMT#1 were invasive breast
cancer cells generated from MMTV-PyMT tumours in Dr Norman group (CR-UK Beatson
Institute, Glasgow UK). PyMT#1 cells were grown in complete medium supplemented with
20ng/ml EGF and 10upg/ml insulin. NMuMG cells were cultured in complete medium

containing 10ug/ml insulin. Cells were maintained at 37 °Cin 5% CO,.

The cells were passaged twice a week when they reached 80% confluence. Firstly, cells were
washed once with PBS and 0.25% (w/v) of trypsin was added to detach the cells. Next, cells
were incubated at 37 °C for 3-5 minutes. After visualising cell detachment by light microscopy,
cells were resuspended in full growth medium and plated in new tissue culture dishes at the

required density. Cell lines were routinely tested for the contamination of mycoplasma.

The cells were cryopreserved when they reached 80%-90% confluence in a 10cm? dish. Cells
were detached and collected in a falcon tube as described above. Next, cell suspension was
centrifuged at 1000rpm for 5 minutes. The medium was then aspirated, and the cell pellet
was suspended in 500ul of cryopreserving solution containing 50% (v/v) normal medium and
50% (v/v) FBS/HS. Cell suspension was then dispensed into 1ml cryopreservation vial followed
by adding 500ul solution containing 80% (v/v) FBS/HS and 20% (v/v) DMSO. The vial was kept

at -80 °C for at least 24 hours before transferring to liquid nitrogen.

To recover cells from cryopreservation, the cryo-vial containing cells were immersed into a
water bath until nearly fully thawed. The cell suspension was transferred into a 10cm? dish
containing 10ml of pre-warmed growth medium and allowed to attach overnight. Medium
was removed in the following day, and the cells were washed once with PBS before being

placed in 10ml fresh growth medium.

2.2.2 2D ECM internalization assay

Collagen | (0.5mg/ml), Matrigel (1mg/ml) and laminin/entactin (2mg/ml) solutions were
prepared in ice-cold PBS and coated on 3.5cm? glass-bottom dishes (100ul each dish). The

dishes were kept at 37 °C for 1 hour for polymerisation. Afterwards, 300ul of 10ug/ml NHS-
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fluorescein was added to the matrix-coated dishes for a 1-hour incubation at room
temperature with gentle rocking. NHS-fluorescein is a labelling regent which could react with
primary amino groups in the matrix, forming stable amide bonds. For ECM endocytosis assays
in FUCCI-MDA-MB-231 cells and colocalization assays, the matrix-coated dishes were labelled
with 10ug/ml Alexa Fluor 647 NHS Ester for 1 hour at room temperature. The fluorescently
labelled matrix dishes were washed once with PBS before seeding the cells. For DQ-collagen
IV internalization assays, 25ug/ml of DQ-collagen IV was mixed into 1mg/ml Matrigel and
polymerised at 37 °C for 1 hour. The gel mixture was washed once with PBS before seeding
the cells.

Cells were plated on labelled matrix dishes and incubated at 37 °C to allow the endocytosis
of ECM in the presence of DMSO (Control) or 20uM E64d. E64d is a membrane-permeable
cysteine protease inhibitor which prevents lysosomal protein degradation. For MDA-MB-231
and MCF10A cells, 3 x 10° cells were seeded on fluorescently labelled matrix dishes for 8 hours,
while 2.5 x 10° PyMT#1 and NMuMG cells were plated for 12 hours, before being fixed and
stained by immunofluorescence.

In order to measure the endocytosis of ECM in the presence of inhibitor/functional blocking
antibodies against a-integrin subunits and B1 integrin, 3 x 10° MDA-MB-231 cells were plated
onto 3.5cm?glass-bottomed dishes coated with NHS-fluorescein-labelled matrices and left for
2 hours at 37 °C in 5% COz to fully adhere. Cells were treated with integrin inhibitor/blocking
antibodies and DMSO/control IgG antibodies in the presence of 20uM E64d (Table 2.3). MDA-
MB-231 cells were incubated for 24 hours (1 integrin function blocking antibody) or 6 hours
(o integrin subunits inhibitor/function blocking antibodies), before being fixed and stained by

immunofluorescence.

Table 2.3 List of integrin subunit inhibitor/function blocking antibodies
Integrin Antibody/Inhibitor Concentration Supplier
a2 BTT-3033 10uM Torcis (4724)
DMSO Fisher Scientific
a3 Purified Mouse Anti-Human (IgG1) Integrin a3 Antibody Sug/ml Merck (MAB19522)
Purified Mouse (IgG1) Ctrl Antibody BioLegend (401401)

ab Purified Rat Anti-Human/Mouse (IgG2a) CD49f Antibody 10pg/ml BioLegend (313637)
Purified Rat (1gG2a) Ctrl Antibody BioLegend (400543)

B1 Purified Rat Anti-Human (1gG1) B1 Antibody 3ug/ml Merck (MABT409)
Purified Rat (IgG1) Ctrl Antibody BioLegend (400543)
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2.2.3 Cell-derived matrix generation

The cell-derived matrix (CDM) was generated as described before (Kaukonen et al., 2017a).
Tissue culture dishes were coated with 0.2% (v/v) gelatin for 1 hour at 37 °C. Afterwards, the
dishes were washed twice with PBS and cross-linked with 1% (v/v) sterile glutaraldehyde for
30 minutes at room temperature. Subsequently, the dishes were washed twice with PBS and
quenched with 1M sterile glycine for 20 minutes at room temperature. Following two more
PBS washes, the tissue culture dishes were equilibrated for 30 minutes in complete medium
at 37 °C. TIFs were grown up to 70-80% confluence and seeded onto gelatin coated dishes in
complete medium. The following day, TIFs were fed with complete medium supplemented
with 50ug/ml ascorbic acid, contributing to induce collagen production and render the CDM
adherent to the tissue culture dishes. The medium was refreshed every other day for 8 days.
To denude the matrix from intact cells, cells were washed once with PBS containing CaCl; and
MgCl, (PBS**) followed by a 2-minute incubation in extraction buffer (20mM NH4OH, 0.5%
(v/v) Triton X-100 in PBS**). After visualising all the cells had been removed by light
microscopy, the extraction buffer was aspirated and the CDM was washed twice with PBS**.
The remaining DNA residues were then digested with 15ug/ml DNase | in PBS** for 1 hour at
37 °C. Finally, the CDM was washed two times with PBS*™ and stored in PBS*™ supplemented

with Pen/Strep (1:100 dilution) at 4°C for no more than two weeks.

2.2.4 CDM internalization assay

To measure the endocytosis of CDM, the CDM was incubated with 0.13mg/ml NHS-SS-biotin
in PBS*™ for 30 minutes with gentle rocking at 4°C. NHS-SS-biotin is a cell-impermeable
biotinylating reagent which contains a reducible disulphide bond. NHS-SS-biotin reacts with
the amine groups of CDM proteins. Labelled CDM was washed once in PBS** and 3.5 x 10°
cells/3.5cm? dish were seeded in the presence of 20uM E64d for an 8-hour (MDA-MB-231 and
MCF10A cells) or a 12-hour (PyMT#1 and NMuMG cells) incubation. Following this, cells were
washed once with ice-cold PBS** followed by a 90-minute incubation in a cell-impermeable
reducing agent (15mg/ml MesNa, 15uM NaOH in PBS**) with gentle rocking at 4°C to cleave
the extracellular biotin. This reaction was then quenched by adding 17mg/ml iodoacetamide
(IAA) for a further 10-minute incubation at 4°C. Cells were fixed with 4% (w/v)

paraformaldehyde (PFA) for 15 minutes and permeabilised with 0.25% (v/v) Triton X-100 for
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5 minutes. After two washes with PBS, the cells were incubated with Streptavidin Alexa Fluor
488 (1:1000) at room temperature for 1 hour. Streptavidin can specifically associate with
biotin. Next, cells were washed twice with PBS and incubated with Phalloidin Alexa Fluor 555
(1:400) for 10 minutes at room temperature to label the actin filaments. Following two more
washes with PBS and one wash with sterilized water, vectashield containing DAPI was added

for nucleus staining and sample preservation (Figure 2.1).

MesNa cleavage of Streptavidin Alexa
Biotinylation of CDM extracellular biotinylated Fluor 488 incubation

CDM

[ P i | 2=

CDM Internalization of CDM ! NHS-SS-biotin
CDM

./ Streptavidin Alexa Fluor 488

Figure 2.1. Schematic representation of CDM internalization protocol. CDM was
biotinylated with NHS-SS-Biotin. Cells were plated on CDM for incubation in the presence of
20uM E64d or DMSO. The extracellular biotin was cleaved by treatment with a cell-
impermeable reducing agent (MesNa). The reaction was then quenched by iodoacetamide
(IAA). Cells were fixed and internalized CDM was detected by incubation with Streptavidin
Alexa Fluor 488. Phalloidin Alexa Fluor 555 and DAPI were added for actin filaments and
nucleus staining. Image is ‘Created with BioRender.com’.

2.2.5 siRNA-mediated knockdown of a2 integrin

MDA-MB-231 cells were seeded into 2 wells of a 6-well plate to reach 70%-80% confluence in
24 hours. 10ul of Lipofectamine 2000 (LF 2000) was firstly diluted in 500ul Opti-MEM medium.
At the same time, 5ul of 20uM siRNA-targeting integrin a2 (si-a2) (ON-TARGETplus
SMARTpool Human ITGA2 siRNA, which contains an equal mix of different 4 siRNAs direct
against the same transcript) and 5ul of 20uM non-targeting siRNA (si-nt) (ON-TARGETplus
Non-targeting Control siRNA#4) were diluted into 250ul of Opti-MEM medium (Table 2.4).
Subsequently, 250ul of diluted LF 2000 solution was added to each siRNA solution, referred
to as transfection solution, and incubated for 20 minutes inside the tissue culture hood at
room temperature. Next, cells were washed once with PBS and 500ul of Opti-MEM medium

was added. 500ul of transfection solution was transferred to each well. After a 6-hour
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incubation, the transfection solution was replaced with full growth medium and cells were

incubated at 37 °Cin 5% CO; for 48 hours (Figure 2.2).

Table 2.4 siRNA participating in a2 integrin knockdown
siRNA Sequence Supplier
ON-TARGETplus SMARTpool GAACGGGACUUUCGCAUCA Dharmacon™
Human ITGA2 siRNA GAAACGCCCUUGAUACUAA
(Catalog number: GUUCAGACCUACUAAGCAA
L-004566-00-0005) AAACAAGGCUGAUAAUUUG
ON-TARGETplus Non-targeting UGGUUUACAUGUUUUCCUA Dharmacon™
Control siRNAs
(Catalog number:
D-001810-04)

5ul si-a2
+

250ul Opti-MEM media

sn-u2 transfection
\solutlon

~ 500yl si-a2 transfection
solution
wOptl-MEM medla
\ 3

6-hour incubation

—

500pl si-nt transfection
solution
+

500pu1 Opti-MEM media

10pl LF 2000
+

50041 Opti-MEM media,

-

5ul si-nt si-nt transfection
+ solution

250ul Opti-MEM media

Figure 2.2. Schematic representation of siRNA-mediated a2 knockdown. 10ul of
Lipofectamine 2000 (LF 2000) was diluted in 500ul Opti-MEM media followed by adding
into siRNA-target (si-a2) solution and non-targeting siRNA (si-nt) solution. si-a2
transfection solution and si-nt transfection solution were incubated for 20 minutes at room
temperature. Cells were washed once with PBS and 500ul of Opti-MEM media was added.
500ul of transfection solution was then transferred to each well for a 6-hour incubation.
Cells were then incubated in full growth media for 2 days before using. Image is ‘Created
with BioRender.com’.
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2.2.6 Cell migration assay on CDM

MDA-MB-231 cells were seeded onto CDM at a density of 5 x 10* cells/well in a 12-well plate.
Where indicated, cells were allowed to attach for 4 hours and 10uM BTT-3033 or DMSO
(control) were then added. For a2 knockdown experiments, cells were plated onto CDM for
4 hours to fully adhere before imaging. At the same time, 2.5 x 10° si-a2 and si-nt MDA-MB-
231 cells were seeded onto 3.5cm? glass-bottomed dishes and fixed at the end of migration
assays. a2 integrin was then stained to check the effectiveness of a2 knockdown (section

2.2.16).

2.2.7 3D spheroid invasion assay

MDA-MB-231 and MCF10A spheroids were generated using the hanging-drop method
described previously (Bayarmagnai et al., 2019a). Firstly, cells were washed once with PBS
and stained with green/red cell tracker (2uM) in serum-free medium for 45 minutes at 37°C.
Next, 3x10° cells were harvested and resuspended in 2ml spheroid compaction medium
containing 4.8mg/ml methylcellulose and 20ug/ml soluble collagen I in full growth medium.
Afterwards, 20ul of cell suspension was seeded onto the inner surface of 10cm? culture dish
lid with 3000 cells in each droplet. To prevent the suspended drops from drying out during
the formation of the spheroids, the culture dish was filled with 5ml of PBS to create a humid

environment. Spheroids formed in 48 hours at 37 °Cin 5% CO,.

To avoid breaking the structures, spheroids were gently flushed with 500ul of full growth
medium to concentrate the spheroids in the lower part of the lid. Spheroid suspension was
transferred into a 1.5ml microcentrifuge tube. Growth medium was then removed when all
spheroids settled at the bottom by gravity. The spheroids were washed once with 500ul of
fresh growth medium before being embedded into a 1:1 mixture of 2mg/ml Matrigel and
2mg/ml collagen I. Following this, 2-3 spheroids were aspirated and mixed homogeneously
with 60ul of Matrigel/collagen | mixture, depositing 45ul of gel mixture and spheroids onto
the center of each well of a glass-bottomed 24 well-plate. In order to prevent the embedded
spheroids from reaching the bottom of the wells, the plate was slowly turned upside-down
and incubated for 5 minutes at 37 °C. Next, the plate was slowly inverted right-side-up and

incubated for 1 minute. The last two steps were repeated for 4 times and the plate was then
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incubated for 20 minutes at 37 °C while keeping it upside-down. Lastly, 1ml of fresh growth
medium was added slowly on the surrounding of the well, avoiding the detachment of the gel
droplets. The spheroids were incubated at 37 °Cin 5% CO; and imaged live after 0, 40, 48 and
64 hours (Figure 2.3). For a2 knockdown experiments, 1.5 x 10° si-a2 and si-nt MDA-MB-231
cells were seeded on 3.5cm? glass-bottomed dishes after red cell tracker staining. Cells were
incubated at 37 °Cin 5% CO; and fixed at the end of the invasion assay. a2 integrin was stained

(section 2.2.16) to measure the effectiveness of a2 knockdown.

3000 cells per spheroids collection

20ul drop of spheroid 5ml PBS 48 hours
compaction medium
+ MY, i |
Lesococaol)

45 min ECM
polymerization

VRN /& \ V® :4' <~ Medium Wash
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Figure 2.3. Schematic representation of 3D spheroids invasion assay protocol. Every
20ul spheroid compaction medium contains 3000 cells. The spheroids were formed in 48
hours. The spheroids were collected and embedded into a 1:1 mixture of 2mg/ml Matrigel
and 2mg/ml collagen 1. 45ul of ECM mixture containing 2-3 spheroids were deposited into
each well. After 45 minutes polymerization, 1ml of fresh growth medium was added to each
well. The spheroids were kept in the incubator and imaged live after 0, 40, 48 and 64 hours.
Figure is adapted from (Berens et al., 2015).

2.2.8 Serum starvation

Cells were seeded in 10cm? culture dishes to reach around 60-70% confluency after 24 hours.
The following day, the culture medium was aspirated, the cells were washed once with PBS
and cell culture medium without serum was added. After a 24-hour incubation at 37 °C, the
cells were washed once with PBS and 10ml of standard culture medium with serum was added
into the dishes. This releases the cells from the G1 block and they progress through the cell
cycle. The samples were then harvested at the indicated time points for flow cytometry

analysis (section 2.2.11).
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2.2.9 Double thymidine block

Cells were plated onto 10cm? culture dishes to reach ~50% confluency within 24 hours. The
following day, the culture medium was removed and the cells were washed once with PBS.
Afterwards, 10ml of standard culture medium supplemented with 2mM thymidine was added
to the dishes. Cells were grown at 37 °C for 18 hours. Cells were washed once with PBS
followed by a 9-hour incubation in standard culture medium at 37 °C to release the block.
After this the medium was removed, cells were washed once with PBS and 10ml of standard
culture medium containing 2mM thymidine was added to dishes for a second block, which
was performed at 37 °C for 18 hours. Subsequently, cells were washed once with PBS and
released into standard culture medium. The samples were harvested at the indicated time

points for flow cytometry analysis (section 2.2.11).

2.2.10 CDK4/6 inhibition

Cells were seeded in 10cm? culture dishes to reach ~70% confluency with 24 hours. The cells
were washed once with PBS and incubated in standard culture medium supplemented with
1uM Palbociclib for 24 hours at 37 °C. After this, the cells were washed with PBS and released
into standard culture medium. The samples were harvested at the indicated time points for

flow cytometry analysis (section 2.2.11).

2.2.11 Cell cycle analysis by flow cytometry

The cells were detached in 0.25% (w/v) trypsin and collected in 4.5ml PBS. The trypsin/PBS
solution was centrifuged at 1000*g for 5 minutes. Afterwards, the supernatant was aspirated
and the pellet was re-suspended in 0.5ml of ice-cold PBS supplemented with 2mM EDTA. The
re-suspended cells were added dropwise into 4.5ml ice-cold 70% (v/v) ethanol with shaking
by fingers, to fix the samples and prevent cell clumping. The samples were kept at 4°C for no

more than three months.

To quantify the number of cells in the different stages of the cell cycle, propidium iodide (PlI)
staining was used to quantitatively assess the amount of DNA within cells. The samples were
centrifuged at 1000*g for 10 minutes. The ethanol was then removed and the cells washed

twice with 3ml PBS, vortexed gently and spun at 800*g for 5 minutes. Subsequently, the cell
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pellet was re-suspended and incubated in 500ul of PBS containing 200ug/ml ribonuclease
RNase for 5 minutes on ice to avoid RNA staining. Following this, 5ul 2mg/ml Pl was added to
the samples and left to incubate in the cold room for 3 hours. The levels of fluorescence
emitted by the samples were measured and analysed by Susan Clark (Flow Cytometry Core

Facility of the University of Sheffield, UK).

2.2.12 Matrigel internalization with GM6001

1mg/ml Matrigel was polymerized and labelled with NHS-fluorescein as described in section
2.2.2. Following this, 3 x 10° synchronized and asynchronous MDA-MB-231 cells were seeded
onto NHS-fluorescein-labelled Matrigel dishes either with DMSO (control) or 10uM GM6001,
which is a broad spectrum MMP inhibitor, in the presence of 20uM E64d, for 6 hours. Cells

were fixed and stained by immunofluorescence.

2.2.13 Measurement of macropinocytosis

0.1mg/ml collagen | was polymerized as described in section 2.2.2. Afterwards, 3 x 10°
synchronized and asynchronous MDA-MB-231 cells were seeded onto 0.1mg/ml collagen |
coated dishes for 6 hours to fully adhere. Subsequently, 0.25mg/ml rhodamine-dextran was

added for 1 hour incubation. Cells were fixed and stained by immunofluorescence.

2.2.14 Measurement of B1 integrin internal pool
1mg/ml Matrigel was polymerized as described in section 2.2.2. Next, 3 x 10> synchronized
and asynchronous MDA-MB-231 cells were seeded for a 6-hour incubation in the presence of

20uM E64d. Cells were fixed and stained for B1 integrin (section 2.2.16).

2.2.15 Measurement of mTORC1 activity

3.5cm? glass-bottomed dishes were coated with 1mg/ml of Matrigel, 0.1mg/ml of Matrigel
and 0.1mg/ml of collagen | as described in section 2.2.2. Following this, 3 x 10° synchronized
and asynchronous MDA-MB-231 cells were seeded in full growth medium. Cells were
incubated at 37 °C and 5% CO; for 6 hours before being fixed and stained for p-S6 (section of
2.2.16).
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2.2.16 Immunofluorescence

Cells were fixed using 4% (w/v) PFA in PBS for 15 minutes and permeabilized with 0.25% (v/v)
Triton X-100 in PBS for 5 minutes at room temperature. Next, cells were washed two times
with PBS.

For 2D ECM internalization assay, cells were incubated with Phalloidin Alexa Fluor 555 (1:400
dilution) or Phalloidin Alexa Fluor 488 (1:500 dilution; ECM internalization in FUCCI-MDA-MB-
231 cells) for 10 minutes at room temperature to label the actin filaments.

For integrin staining, cells were blocked in 1% (w/v) BSA for 1 hour at room temperature
followed by one wash in PBS. The cells were then incubated in Alexa Fluor 488 anti-human 1
integrin antibody (1:300 dilution) or FITC anti-human CD49b antibody (1:200 dilution) in 1%
(w/v) BSA for 1 hour at room temperature. For EEA1, LAMP2 and p-S6 staining, cells were
firstly incubated in primary antibodies in 1% (w/v) BSA for 1 hour (EEA1 and LAMP2) or 90
minutes (p-S6) at room temperature after BSA blocking. The cells were then washed three
times with PBS and incubated with secondary antibodies in 1% (w/v) BSA (1:1000 dilution) for
45 minutes at room temperature (Table 2.5). Afterwards, cells were washed two times with
PBS and incubated with Phalloidin Alexa Fluor 555 for 10 minutes as described above.

Following twice washes with PBS and one wash with sterilized water, vectashield containing
DAPI was added for nucleus staining and sample preservation. The sample dishes were sealed

with parafilm and kept at 4 °C for no more than two weeks.

Table 2.5 List of antibodies in immunofluorescence
Integrin Antibody Dilution ratio Supplier
Alexa Fluor® 488 Anti-Human (IgG1) CD29 Antibody 1:300 BioLegend (303015)
FITC-Anti Human CD49b Antibody 1:200 BioLegend (359306)
Primary Antibody Dilution ratio Supplier
Purified Mouse Anti-EEA1 (IgG1) Antibody 1:100 BD Bioscience (610457)
Purified Mouse Anti-Human LAMP-2 (IgG1) Antibody 1:100 BioLegend (354303)
Rabbit Phospho-S6 Ribosomal Protein (Ser235/236) 1:100 Cell Signaling (2211)
Antibody
Secondary Antibody Dilution ratio Supplier
Alexa Fluor® 488 Donkey-Anti Mouse (IgG H+L) 1:1000 Fisher Scientific (A-
Antibody 21202)
Alexa Fluor® 488 Donkey-Anti Rabbit (I1gG H+L) 1:1000 Fisher Scientific (A-
Antibody 21206)

64



2.2.17 Mass spectrometry analysis

2.2.17.1 Preparation of protein samples

As described in the section of 2.2.3, CDM was generated in 10cm? dish and followed by
biotinylation with 0.13mg/ml NHS-SS-biotin. After biotinylation, 12 x 10° cells were plated on
CDM in the presence of 20uM E64d for 16 hours. Subsequently, cells were washed once with
cold PBS** and the extracellular biotin was then cleaved by treating cells with reducing agent
(15mg/ml MesNa, 15uM NaOH in PBS**) for a 90-minute incubation at 4°C. This reaction was
qguenched by adding 17mg/ml IAA for a further 10-minute incubation at 4°C. Following this,
400ul of ice-cold extraction buffer (20mM NH4OH, 0.5% (v/v) Triton X-100 in PBS**) containing
a protease inhibitor cocktail (1:100 dilution) was added into each dish. Cells were then lysed
on ice for 10-15 minutes until most of cells were not visualised by light microscopy. Next, cell
lysates were transferred into Qia-shredder columns (Qiagen) and spun in a small desk
centrifuge at full speed for two minutes. Homogenized cell lysates were then spun at
13000rpm for 10 minutes at 10°C. The supernatant containing the total protein was collected
while the cell debris remaining in the pellet were discarded. Subsequently, cell lysates were
mixed with sample buffer, heated at 70°C for 10 minutes and then stored at -20°C for western
blotting, whereas the remaining of the lysates were used for Streptavidin-agarose beads pull-

down assay (Figure 2.4).
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Figure 2.4. Schematic representation of mass spectrometry proteomics protocol. Biotinylated
CDM was internalized by cells. After the cleavage of extracellular biotin, cell lysates were collected.
50ul of cell lysates were used for western blotting, The left cell lysates were used for streptavidin-
agarose beads pull-down and following mass spectrometry assay. Image is ‘Created with
BioRender.com’.

2.2.17.2 Western blotting

The cell lysates/sample buffer mixture was fully thawed, 30ul of each sample and 4ul of
protein ladder were then loaded into a Bio-Rad 4-15% Mini-PROTEAN precast polyacrylamide
gel (separates polypeptides from 5kDa-200kDa) in running buffer (3g Tris base, 14.4g glycine
and 1g SDS in 1L H,0). The gel was run at 100 volts constant voltage for 2 hours until the dye
reached the bottom of the gel. Following this, the proteins were transferred from gel onto a
FL-PVDF membrane (IMMOBILON-FL) assembled into a cassette (Figure 2.5). The membrane
was pre-wet with 100% methanol to activate the chemical groups in the membrane, allowing

the interactions between membrane and proteins and contributing to transfer efficiency. The
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transferring process was performed in Towbin transferring buffer (25mM Tris, 192mM glycine,
20% methanol (v/v) pH 8.3) for 75 minutes at 100 volts. The membrane was then blocked in
5% (w/v) BSA in TBS-T (50mM Tris, pH 7.5, 150mM NaCl and 0.5% (w/v) Tween-20) for 1 hour
at room temperature. Afterwards, the primary antibody against GAPDH (1:1000 dilution) was
applied to the membrane in 5% (w/v) BSA in TBS-T overnight at 4°C. Afterwards, the
membrane was washed three times in TBS-T for 10 minutes with gentle rocking before the
secondary LiCor IR Dye 800 antibody (anti mouse IgG; 1:30000 dilution) and IR Dye 680LT
streptavidin (1:20000 dilution) (Table 2.6) supplemented with 0.01% (w/v) SDS were applied
for a 1-hour incubation at room temperature. Lastly, three more TBS-T washes were carried
out followed by three washes in distilled water. A LiCor Odyssey Sa system was used for
imaging. The intensity of bands was quantified using ImageStudioLite by normalizing the

intensity of Streptavidin bands to the intensity of GAPDH band.
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Figure 2.5. Schematic representation of transfer stack structure. The protein
transfer is organized in the direction that allows negatively charged protein move out of
gel and toward membrane in the positively charged electrode. Figure is adapted from
https://www.antibody-creativebiolabs.com/protein-transfer-from-gel-to-membrane-in-
western-blot-assay.htm.
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Table 2.6 List of antibodies in western blotting
Primary Antibody Dilution ratio Supplier
GAPDH 1:1000 Cell signaling
Secondary Antibody Dilution ratio Supplier
IR Dye®680LT Streptavidin 1:20000 LI-COR
IR Dye®800 anti-Mouse Antibody 1:30000 LI-COR

2.2.17.3 Streptavidin-agarose beads pulldown and washing procedure

Streptavidin-agarose beads were firstly washed three times with 1ml of PBS** at 14000rpm
for 15 seconds (cell lysates volume : beads volume = 10 : 1). The supernatant was removed
after the last wash (to not disrupt the beads pellet). Subsequently, cell lysates were incubated
with the equilibrated beads at 4°C overnight under constant rotation. Following this, the
mixture of lysates and beads was transferred to a Wizard minicolumn, which has a filter that
allows the lysis buffer to flow through, whereas the agarose beads remain in the column. The
beads were washed with 10ml of 2% (w/v) SDS, 10ml of 2M urea+50mM ammonium
bicarbonate and 10ml of 50mM ammonium bicarbonate in turn, removing non-specific bound

proteins. All flow-through solution was discarded.

2.2.17.4 On-beads digestion

The proteins bound to streptavidin-agarose beads were then digested with trypsin. Firstly,
proteins bound beads were collected in 100ul of ammonium bicarbonate. 1ul of 0.5M TCEP
(Tris(2-carboxyethyl) phosphine hydrochloride) was then added to denature the disulphide
bonds. The tube was incubated at 800 rpm for 15 mins at 37°Cin a Thermomixer. Afterwards,
2 pl of 0.5M freshly made IAA was added to the sample followed by a 15-minute incubation
in a Thermomixer at 800 rpm at 37°C, covered with aluminium foil to protect from light. Lastly,
2 ul 1pg/ml trypsin was added and incubated at 800 rpm for 3 hours at 37°C. The supernatant

was collected. At this step, the sample can be stored at -20°C.
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2.2.17.5 Desalting and drying of digested peptides

Because salt and urea traces from the digestion solution might affect the following analysis,
peptides were desalted before Orbitrap injection. Firstly, the Pierce™ C18 spin columns were
equilibrated and washed as the following order: 200ul of 100% acetonitrile (ACN), 200ul of
50% ACN/0.1% (v/v) trifluoroacetic acid (TFA), 200ul of TFA, acidifying the pH for better
peptide binding. Next, the digested samples collected as described above were acidified by
adding 4pl of neat TFA. Afterwards, the acidified samples were added to the acidified columns.
The flow-through was collected for repeating the same procedure three times. Following this,
the stage tips were washed three times with 100ul of 0.1% (v/v) TFA. The peptides were then
eluted with 100ul of 50% ACN/0.1% (v/v) TFA into a clean Eppendorf. The desalted peptides
were spun in SpeedVac (Eppendorf) for 90 mins at 45°C. The Eppendorf tube lid was opened
to evaporate the solution and dry the sample. The dried peptides were reconstituted in 0.5%
(v/v) formic acid and vortexed gently at the lowest speed for 10 mins followed by Orbitrap

injection.

2.2.17.6 Data analysis

The peptide samples were analysed using Orbitrap Elite Hybrid Mass Spectrometer (Thermo
Fisher). This procedure was operated by Dr Mark Collins (Senior Lecturer in the School of
Biosciences and Deputy Director of the Biological Mass Spectrometry Facility, University of
Sheffield). The mass spectrometry data were analysed using Perseus software version 2.0.3.0.
In this study, we had two groups that each contained two technical repeats. Firstly, the data
was transformed to a logarithmic scale by going to ‘Basic-Transform’ and specifying the log2(x)
transformation function. Next, the ‘Annot.rows-Categorical annotation rows’ tool was used,
making sure that the replicates belonging to the same condition received the same name in
the following data frame. Afterwards, we moved to ‘Filter rows-Filter rows based on valid
values’. In this step, the minimum percentage of valid values in the expression columns that
in at least one group needed to have to survive the filtering process was defined, which was
70% in this study. Subsequently, in ‘Normalization-Subtract’, the intensity of each condition
was normalized by the median intensity of all the conditions in each sample/column. The
missing values were then replaced from normal distribution. Lastly, T-test was performed

between two groups of samples, comparing the differences between their internalized
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contents. In the t-test, SO, which defines the artificial within groups variance, was set to 0.1
and false discovery rate (FDR) was set to 0.05. Thus, test results below p<0.05 were shown as

significant.

2.2.18 Imaging and analysis

2.2.18.1 2D ECM internalization assay

A Nikon Al confocal microscope (Nikon Instruments Inc, Japan) with Plan-Apochromat 60X
NA 1.4 oil immersion objective was used to image ECM internalization. The following channels
were applied for the imaging of ECM internalization assays: DAPI (Aex=403.5nm), FITC
(Aex=480.0nm) and Alexa Fluor 568 (Aex=562.0nm). Cells were imaged at a resolution of 1024
X 1024 pixels, acquiring Z-stacks with 1um interval through the whole depth of the cells. 80-

120 cells were imaged and quantified in each experiment.

All images were analysed using image J software (Schindelin et al., 2012) as described before
(Commisso et al., 2014). Firstly, the Z-stacks were maximum-projected. The outline of cells
was then identified using the Phalloidin staining and recorded in the region of interest (ROI)
manager. The area of each cell was measured before further processing (Figure 2.6 A). Next,
the thresholds of images were adjusted to specifically select internalized ECM (black box in
Figure 2.6B). Following this, the “Total Area” of internalized ECM in the ROl manager was

measured (blue boxes in Figure 2.6B and C).

ECM uptake index = Total area of internalized ECM / Cell area x 100
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Figure 2.6. Schematic representation of ECM internalization analysis protocol. (A)
Cells were identified individually using the Phalloidin staining in maximum projection images
and recorded in ROl manager. The area of each cell was measured. (B) The black box
illustrated the performance of background subtraction and the adjustment of thresholds on
the images. The blue boxes in (B) and (C) showed the measurement of total area of
internalized ECM in the ROl manager.

71



2.2.18.2 Colocalization assay

The samples were imaged using the Nikon Al confocal microscope as illustrated in section of
2.2.18.1. The following channels were applied for colocalization imaging: DAPI (Aex=403.5nm),
FITC (Aex=480.0nm), Alexa Fluor 568 (Aex=562.0nm) and Alexa Fluor 647 (Aex=620.0nm). More
than 10 cells were imaged and quantified in each experiment. The correlation of pairs of pixels
was then characterised using the plugin of Colocalization Colormap in the Imagel software

(https://sites.google.com/site/colocalizationcolormap). This plugin can calculate normalized

mean deviation product (nMDP) as a measure of correlation between corresponding pairs of
pixels. The result of the algorithm is an image that contains distribution of calculated (nMDP)
in a colour scale ranging from -1 to 1. Cold colours (toward blue) display to no-colocalization
while warm colours (toward red) indicate co-localization, generating a spatial map of
colocalization. Lastly, the method would compute index of correlation (lcorr), indicating the

fraction of positively correlated (colocalized) pixel (Jaskolski et al., 2005).

2.2.18.3 Measure the effectiveness of a2 knockdown

The samples were imaged using the Nikon Al confocal microscope as illustrated in section of
2.2.18.1. The following channels were used for o2 expression imaging: DAPI (Aex=403.5nm),
FITC (Aex=480.0nm) and Alexa Fluor 568 (Aex=562.0nm). For ECM uptake assays, the outline of
cells was identified using the Phalloidin staining and recorded in ROl manager as well. The
mean a2 integrin intensity of each cell was measured in the FITC channel. More than 80 cells
were imaged and quantified in each experiment. For cell invasion assays, cells were too
confluent to quantify the intensity of individual cells at the end of the experiments. Thus, the
mean intensity of a2 of all cells was calculated in the FITC channel. More than five images

were captured in each experiment.

2.2.18.4 B1integrin and a2 integrin internalization assay
The samples were imaged using the Nikon Al confocal microscope as illustrated in section of

2.2.18.1. The following channels were applied for B1 integrin and a2 integrin uptake imaging:

DAPI (Aex=403.5nm), FITC (Aex=480.0nm)/ Alexa Fluor 488 (Aex=480.0nm) and Alexa Fluor 568

(Aex=562.0nm). Because both 31 integrin and a2 integrin are expressed on plasma membrane,

the outline of cells was carefully identified following the inner of the Phalloidin staining and
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recorded in ROl manager. The internalization of integrins was then measured as described in

2.2.18.1. 80-120 cells were imaged and quantified in each experiment.

2.2.18.5 Cell migration assay

The plates were imaged live using Nikon widefield live-cell system with 10x/NA objective at
37 °C and 5% CO,. The images were taken every 10 minutes for 17 hours (more than 30 cells
per well were quantified). Individual cell migration was manually tracked using the MTrack2
Imagel plug-in. The velocity of migration was calculated using the plugin of Chemotaxis tool

in ImagelJ (https://ibidi.com/chemotaxis-analysis/171-chemotaxis-and-migration-tool.html).

The protrusion was quantified by measuring the length between the nucleus and the end of

the protrusive side of the cells (Caswell et al., 2008).

2.2.18.6 3D spheroids invasion assay

A Nikon A1 confocal microscope (Nikon Instruments Inc, Japan) with 10X objective was used
that allowed visualization of the whole spheroids. The FITC (Aex=480.0nm) and Alexa Fluor 568
(Aex=562.0nm) channels were used for green cell tracker and red cell tracker staining imaging,
respectively. The core spheroid area, total area, invasion distance and the number of invading

cell strands were applied to measure the invasion of cells quantitatively (Figure 2.7).

Mean invasion distance (um) = Average of invasion distance (green)

Invading area (um?) = Total area (blue) — core spheroid area (yellow)

(A) (B)

Figure 2.7. Schematic representation of cell invasion analysis protocol. (A) The invasion distance
and the number of invading cell strands were identified (green lines). (B) The size of core area (yellow)
and total area (blue) were measured.
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2.2.19 Statistical analysis

After acquiring quantitative data, graphs and statistical analysis were performed by Graphpad
Prism (V.9.0) software. The method of statistical analysis was based on the dataset and
indicated in each figure legend. Statistical analysis for the mass spectrometry approach was

performed using Perseus software and Student t-test (described in section 2.2.17.6).
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3 a2B1l-dependent ECM uptake promotes breast cancer cell
migration and invasion

3.1 Introduction

The ECM is a highly dynamic and complex three-dimensional meshwork of secreted proteins
surrounding cells within tissues. The ECM is continually undergoing a remodelling process
where ECM components are synthesized, deposited and degraded (Pickup et al., 2014). Two
principal mechanisms have been reported to be involved in the turnover of the ECM. One is
extracellular degradation mediated by matrix metalloproteases (MMPs) and proteases. The
other pathway is lysosomal degradation after receptor-mediated ECM internalization (Shi and
Sottile, 2011). Many studies have demonstrated that abnormal extracellular ECM degradation
reciprocally affects cellular functions to facilitates diverse aspects of tumour progression. For
example, enhanced collagen degradation by MMP-14 promotes the formation of movement
track for cancer cell migration (Friedl and Gilmour, 2009). Overexpressed MMP-9 in various
cancer types not only contributes to BM breakdown at sites of origin (Winkler et al., 2020),
but also facilitates awakening of dormant cancer cells and subsequent proliferation at sites
of metastasis by degrading laminin (Winkler et al., 2020). Additionally, accumulating evidence
is pointing that ECM internalization is important for tumour progression as well. Integrin are
major receptors for ECM proteins. A recent research looking at ovarian cancer cells shows
that the endocytosis of fibronectin-bound a5B1 integrins is required for tumour invasion
(Rainero et al., 2015). Compared to proteolytic degradation, the roles of intracellular

degradation in tumour progression are still poorly understood.

a2B1 integrin is a major receptor for collagen | but can also bind to other types of collagens
(11, IV and XI), laminins and some proteoglycans (Naci, 2015). Accumulating evidence suggests
that a2B1 integrin serves as a crucial regulator in cancer development and progression either
by promoting or inhibiting tumour metastasis. On the one hand, it has been shown that a2p1
integrin-mediated activation of p38 mitogen-activated protein kinase (MAPK) enhances the
production of MMP-13, which contributes to MDA-MB-231 cell migration (Ibaragi et al., 2011).
Moreover, a2B1 integrin can facilitate ovarian cancer cell invasion by increasing the activation

of MMP-2/MMP-9 and through the disaggregation of tumour spheroids (Shield et al., 2007).
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Furthermore, a recent research illustrates that downregulation of a231 integrin in MCF-7 cells
strongly inhibits breast cancer metastasis (Zuo et al., 2019). On the other hand, in the mouse
mammary tumour virus-Neu (MMTV-Neu) model of breast cancer, a2p1 integrin serves as a
suppressor of cancer cell intravasation without altering tumour growth (Ramirez et al., 2011).
However, despite these studies, the potential contribution of a2p1 integrin in breast cancer

metastasis have not been addressed in detail yet.

In this chapter, we investigated the migration of breast cancer cells on cell-derived matrices
(CDM). As the main cell type contributing to the synthesis of ECM in vivo, CDM generated by
fibroblasts can mimic several properties of natural tissue (Kaukonen et al., 2017a). It has been
reported that many cell lines can migrate both significantly quicker and in a more directionally
persistent, less random, meandering manner on CDM compared to on traditional synthetic
or polymerized 3D scaffolds or plastic (Kutys et al., 2013a; Petrie et al., 2009). Additionally,
we established a 3D collagen and Matrigel mixture gel culture model to quantify the invasion
of breast cancer cells. In comparison with 2D cell culture model, 3D spheroids accurately
mimics the in vivo matrix architecture and microenvironment (Costa et al., 2016). The key
differences between 2D system and 3D system are notably reflected in cellular morphology
and migration speed. For example, MCF-7 cells exhibit a flat shape in 2D model, while
maintain a circular and cluster conformation within the gels, similar to those in vivo (Cavo et
al., 2016). Therefore, employing 3D models is a reliable relative and logical way to study

cancer cell invasion.

In this chapter we show that the internalization of Matrigel, but not collagen |, is upregulated
in breast cancer cells compared to normal mammary epithelial cells. Moreover, we point out
that internalized Matrigel is delivered into late endosomes/lysosomes for degradation. At the
same time, we illustrate that a21 integrin is involved in the uptake of ECM in invasive breast
cancer cells. Finally, we reveal that a2B1 integrin is required for breast cancer cell migration
and invasion. Taken together, our findings suggest that a21 integrin might be a promoter of

breast cancer migration and invasion by regulating ECM internalization.
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3.2 Results

3.2.1 CDM internalization is upregulated in invasive breast cancer cells

Extracellular degradation of several ECM components is strongly upregulated in breast cancer
cells compared to normal mammary epithelial cells (Rebustini et al., 2009; Shi and Sottile,
2011). To assess whether invasive breast cancer cells can also uptake more ECM components
compared to normal mammary epithelial cells, we firstly measured the internalization of CDM,
generated by normal breast fibroblasts. CDMs are complex 3D matrices that can recapitulate
several in vivo features of native collagen-rich matrices (Kaukonen et al.,, 2017a). The
internalization of CDM was performed in MDA-MB-231 invasive breast cancer cells and
MCF10A non-transformed mammary epithelial cells. There is growing evidence showing that
internalized ECM components could be delivered to lysosomes for degradation (Rainero,
2016). Consequently, the cells were treated with DMSO (control) or 20uM E64d, which is a
membrane-permeable cysteine protease inhibitor to prevent lysosomal protein degradation.
The internalized CDM could be visualized as green signals in the cells. As illustrated in figure
3.1, in MCF10A only a small number of CDM positive vesicles were visualised inside the cells
in the presence of DMSO, while E64d treatment resulted in the accumulation of more vesicles
in some cells. By contrast, most of MDA-MB-231 cells displayed several CDM positive vesicles
in the control group, and this was promoted after E64d treatment. Our analysis revealed that
the internalization of CDM was much higher in MDA-MB-231 cells compared to MCF10A cells
both in the presence and in the absence of E64d, indicating that CDM internalization was
upregulated in invasive breast cancer cells compared to normal mammary epithelial cells. In
addition, statistical results suggested that most of internalized CDM were degraded inside the

lysosomes in both cell lines.
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CDM uptake index

MCF10A+E64d .» | mcF10a+DMsO

Figure 3.1. CDM internalization is upregulated in MDA-MB-231 cells. MDA-MB-231 and
MCF10A cells were plated on biotinylated CDM for an 8-hour incubation in the presence of
DMSO (control) or 20uM E64d. The extracellular biotin was removed by treatment with a cell-
impermeable reducing agent (MesNa). Cells were fixed and stained for Streptavidin (green),
actin (red) and nuclei (blue). Samples were imaged with a Nikon A1 confocal microscope and
CDM uptake index was calculated with Image J. Bar=20um. N=3 independent experiments.
Mean + SEM, Kruskal-wallis with multiple comparisons (the big dots represent the mean of
individual experiments). ****p<0.0001.

To confirm this, we performed CDM internalization assays in cells derived from mouse breast
tumours, driven by the expression of the oncogene polyoma middle T (PyMT) in the mammary
gland under the control of the mammary epithelial MMTV promoter (PyMT#1) and normal
mouse mammary epithelial cells (NMuMG). Both cell lines were seeded on biotinylated CDM
for 12 hours. Firstly, similarly to what we observed in MDA-MB-231 cells, increased
accumulation of internalized CDM in the presence of the lysosomal inhibitor E64d was
observed in PyMT#1 cells. However, E64d treatment did not affect CDM intracellular
accumulation in NMuMG cells. Secondly, we found that, while in the control group we
detected higher levels of internalized CDM in NMuMG cells, the presence of E64d resulted in

a higher accumulation of internalized CDM in PyMT#1 cells, suggesting that CDM were readily
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degraded in PyMT#1 cells (Figure 3.2). Altogether, our data show that the internalization of
CDM is promoted in invasive breast cancer cells compared to normal mammary epithelial

cells.

-

PyMT#1+E64d

PyMT#1+DMSO

CDM uptake index

NMuMG+DMSO

NMuMG+E64d

Figure 3.2. CDM internalization is upregulated in PyMT#1 cells. PyMT#1 and NMuMG
cells were plated on biotin-labelled CDM a 12-hour incubation in the presence of 20uM E64d
or DMSO (control). The extracellular biotin was removed by treatment with MesNa. Cells
were fixed and stained for Streptavidin (green), actin (red) and nuclei (blue). Samples were
imaged with a Nikon A1 confocal microscope and CDM uptake index was calculated with
Image J. Bar=20um. N=3 independent experiments. Mean + SEM, Kruskal-wallis with
multiple comparisons (the big dots represent the mean of individual experiments). ***p<0.001,
****p<0.0001.

3.2.2 Collagen | internalization is not upregulated in invasive breast cancer

cells
Following the ECM composition classification described in the mammalian matrisome project,
almost 300 components are identified as the ‘core matrisome’ components (Hynes and Naba,
2012). To verify the internalisation of which ECM components is specifically upregulated in
invasive breast cancer cells, we compared collagen | uptake between MDA-MB-231 cells and

MCF10A cells. As the most common fibrillar collagen in ECM, increased deposition and cross-
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linking of collagen | are frequently observed in breast cancer serving as a scaffold to facilitate
tumour invasion (Conklin et al., 2011). Here MDA-MB-231 and MCF10A cells were seeded on
fluorescently labelled collagen | for 8 hours of incubation. In the control group, we detected
significantly higher collagen | internalization in MDA-MB-231 cells compared to MCF10A cells.
However, internalized collagen | strongly accumulated in the presence of lysosomal inhibitor

E64d in both cell lines, leading to higher accumulation in MCF10A cells (Figure 3.3).
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Figure 3.3. Collagen | uptake is not upregulated in MDA-MB-231 cells. MDA-MB-231
and MCF10A cells were plated on NHS-fluorescein labelled 0.5mg/ml collagen | dishes for 8
hours in the presence of 20uM E64d or DMSO (control). Cells were fixed and stained for
actin (red) and nuclei (blue). Samples were imaged with a Nikon A1 confocal microscope
and collagen | uptake index was calculated with Image J. Bar=20um. More than 300 cells
per condition in three independent experiments were analyzed. Mean + SEM, Kruskal-wallis
with multiple comparisons (the big dots represent the mean of individual experiments).
**p<0.01, ****p<0.0001.

Similarly, E64d treatment resulted in a strong accumulation of internalized collagen | in both
PyMT#1 and NMuMG cells after a 12-hour incubation. Moreover, the presence of DMSO led
to a small, but statically significant increased collagen | uptake in PyMT#1 cells compared to
NMuMBG cells. Furthermore, there was no significant difference in collagen | uptake between

PyMT#1 and NMuMG cells in the presence of E64d (Figure 3.4). Taken together, these findings
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demonstrate that the internalization of collagen I is not upregulated in invasive breast cancer

cells.

Figure 3.4. Collagen | uptake is not upregulated in PyMT#1 cells. PyMT#1 and NMuMG
cells were plated on NHS-fluorescein labelled 0.5mg/ml collagen | dishes for a 12-hour
incubation in the presence of 20uM E64d or DMSO (control). Cells were fixed and stained for
actin (red) and nuclei (blue). Samples were imaged with a Nikon A1 confocal microscope and
collagen | uptake index was calculated with Image J. Bar=20um. N=3 independent
experiments. Mean + SEM, Kruskal-wallis with multiple comparisons (the big dots represent
the mean of individual experiments). *p<0.05, ****p<0.0001.

3.2.3 Matrigel internalization is upregulated in invasive breast cancer cells

Owing to the fact that increased degradation of BM is frequently observed in breast cancer,
we sought to compare the internalization of Matrigel, a reconstituted BM preparation
extracted from the Engelbreth-Holm-Swarm (EHS) mouse sarcoma, between MDA-MB-231
and MFC10A cells. As shown in figure 3.5, MDA-MB-231 and MFC10A cells were seeded on
fluorescently labelled Matrigel for 8 hours, only a small number of MFC10A cells exhibited
Matrigel positive vesicles in DMSO, while most of MDA-MB-231 cells displayed several
Matrigel vesicles in the control group. As apparent from the quantification, the internalization

of Matrigel was increased in MDA-MB-231 cells compared to MFC10A cells in the presence of
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DMSO. Furthermore, E64d treatment resulted in an up-regulated Matrigel accumulation in
both cell lines, leading to an increased Matrigel internalization in MDA-MB-231 cells (Figure

3.5).
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Figure 3.5. Matrigel uptake is increased in MDA-MB-231 cells. MDA-MB-231 and
MCF10A cells were plated on NHS-fluorescein labelled 1mg/ml Matrigel dishes for an 8-
hour incubation in the presence of 20uM E64d or DMSO (control). Cells were fixed and
stained for actin (red) and nuclei (blue). Samples were imaged with a Nikon A1 confocal
microscope and Matrigel uptake index was calculated with Image J. Bar=20um. N=3
independent experiments. Mean + SEM, Kruskal-wallis with multiple comparisons (the big
dots represent the mean of individual experiments). ****p<0.0001.

Similar results were observed in PyMT#1 cells and NMuMG cells as well. PyMT#1 cells and
NMuMG cells were seeded on fluorescently labelled Matrigel for a 12-hour incubation. As
illustrated in figure 3.6, in the control group, only a small number of internalized Matrigel
vesicles were observed in few NMuMG cells, while most of PyMT#1 cells showed Matrigel-
positive vesicles. Additionally, E64 treatment resulted in a dramatically increased
accumulation of internalized Matrigel in both cell lines. The quantification demonstrated that
Matrigel internalization was much higher in PyMT#1 cells compared to NMuMG cells in both
conditions. In sum, our results suggest that the internalization of Matrigel is significantly

promoted in invasive breast cancer cells compared to normal mammary epithelial cells.

82



L

Matrigel uptake index

NMuMG+E64d_

Figure 3.6. Matrigel uptake is upregulated in PyMT#1 cells. PyMT#1 and NMuMG cells were
plated on NHS-fluorescein labelled 1mg/ml Matrigel dishes for 12 hours in the presence of
20uM E64d or DMSO (control). Cells were fixed and stained for actin (red) and nuclei (blue).
Samples were imaged with a Nikon A1 confocal microscope and Matrigel uptake index was
calculated with Image J. Bar=20um. N=3 independent experiments were analyzed. Mean %
SEM, Kruskal-wallis with multiple comparisons (the big dots represent the mean of individual
experiments).****p<0.0001.

3.2.4 Internalized Matrigel is trafficked through early and late

endosomes/lysosomes
In order to determine the intracellular trafficking pathway of internalized Matrigel in MDA-
MB-231 cells, we measured its colocalization with an early endosomal marker (EEA1) and a
late endosomal/lysosomal marker (LAMP2) at different time points after seeding the cells on
fluorescently labelled Matrigel. As illustrated in figure 3.7, internalized Matrigel exhibited a
strong colocalization with EEA1 at the early time points, as indicated by the dark red spots in
the co-localization map. As the time progressed, the overlap between Matrigel and EEA1 was

progressively reduced, highlighted by the absence of dark red spots in the co-localization map.
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The statistical results showed that the colocalization index between internalized Matrigel and
EEA1 was constantly decreased from 3 hours to 12 hours in MDA-MB-231 cells, indicating the

delivery and exit of internalized Matrigel from the early endosomes.
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Figure 3.7. Internalized Matrigel is delivered and exited of the early endosomes. MDA-
MB-231 cells were seeded on Alexa Fluor 647-labelled 1mg/ml Matrigel coated dishes in the
presence of 20uM E64d. Cells were then fixed at 3, 5, 8 and 12 hours respectively. Samples
were imaged with a Nikon A1 confocal microscope and analyzed by Colocalization Colormap
through ImageJ. Briefly, the pixel-by-pixel colocalization of internalized Matrigel with EEA1
was determined using an algorithm in which areas of high colocalization are depicted by the
red pseudocolor, and pixels in which the Matrigel and marker were present but not
colocalized with one another are represented by the blue pseudocolor. The white arrows
indicate a decrease of colocalization between EEA1 and internalized Matrigel in MDA-MB-
231 cells. Colocalization index is the mean + SEM from five independent experiments,
Kruskal-wallis with multiple comparisons. **p<0.01, ****p<0.0001.
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In contrast, internalized Matrigel illustrated a constant increased colocalization with the late
endosomal/lysosomal marker LAMP2. At the early time points, some Matrigel exhibited little
colocalization with the late endosomes/lysosomes, while most of Matrigel containing vesicles
appeared to colocalize with LAMP2 at later time points. The quantification illustrated that the
colocalization index between internalized Matrigel and LAMP2 was constantly enhanced as
the time progressed (Figure 3.8), suggesting that Matrigel was internalized and delivered to
late endosomes/lysosomes, consistent with what we observed in the Matrigel uptake assays
(Figure 3.5 and 3.6), where inhibition of lysosomal function significantly increased the amount
of intracellular Matrigel. Taken together, our data show that internalized Matrigel is delivered

to the early and late endosomes in MDA-MB-231 cells.
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Figure 3.8. Internalized Matrigel is delivered to the late endosomes/lysosomes. MDA-MB-
231 cells were seeded on Alexa Fluor 647-labelled 1mg/ml Matrigel coated dishes in the
presence of 20uM E64d. Cells were then fixed at 3, 5, 8 and 12 hours respectively. Samples
were imaged with a Nikon A1 confocal microscope and analyzed by Colocalization Colormap
through ImageJ. Briefly, the pixel-by-pixel colocalization of internalized Matrigel with LAMP2 was
determined using an algorithm in which areas of high colocalization are depicted by the red
pseudocolor, and pixels in which the Matrigel and marker were present but not colocalized with
one another are represented by the blue pseudocolor. The white arrows point out an increase of
colocalization between LAMP2 and internalized Matrigel in MDA-MB-231 cells. Colocalization
index is the mean + SEM from five independent experiments, Kruskal-wallis with multiple
comparisons. *p<0.05, **p<0.01, ***p<0.001.
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3.2.5 B1integrin is required for ECM internalization

As the principal adhesion receptors for ECM, integrins have been reported to be involved in
the internalization of different ECM components such as collagens, fibronectin and laminins
(Rainero, 2016). In order to understand whether internalized Matrigel is trafficked together
with integrins, we measured the colocalization between internalized Matrigel and ligand-
bound B1 integrin in MDA-MB-231 cells. In breast epithelium, B1 integrin is able to form
heterodimers with al, a2, a3, a5 and a6 integrins (Nissinen et al., 2012). Importantly,
overexpressed B1 integrin in breast cancer correlates with enhanced metastatic ability, and
in some cases with shortened patient survival (Lahlou and Muller, 2011; Yao et al., 2007). As
demonstrated in figure 3.9, MDA-MB-231 cells were plated on fluorescently labelled Matrigel
and fixed at different time points. To measure colocalization, cells were stained for active 1
integrin. The overlap of Matrigel and B1 integrin channels was observed at all time points, as
illustrated by the dark red spots in the co-localization map. The quantification illustrated that
the colocalization index between internalized Matrigel and B1 integrin persisted throughout
the time course, suggesting that B1 integrin might be trafficked together with Matrigel in
MDA-MB-231 cells.
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Figure 3.9. B1 integrin is trafficked together with internalized Matrigel in breast cancer
cells. MDA-MB-231 cells were seeded on Alexa Fluor 647-labelled 1mg/ml Matrigel coated
dishes in the presence of 20uM E64d. Cells were then fixed at 3, 5, 8 and 12 hours
respectively. Samples were imaged with a Nikon A1 confocal microscope and analyzed by
Colocalization Colormap through Imaged. The pixel-by-pixel colocalization of internalized
Matrigel with B1 integrin was determined using an algorithm in which areas of high
colocalization are depicted by the red pseudocolor, and pixels in which the Matrigel and 1
integrin were present but not colocalized with one another are represented by the blue
pseudocolor. Colocalization index is the mean + SEM from five independent experiments,
Kruskal-wallis with multiple comparisons.
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To test whether B1 integrin was required for the internalization of Matrigel, we measured
Matrigel uptake with and without a functional-blocking antibody against B1 integrin for 24
hours in MAD-MB-231 cells as the cells detached following the treatment with the blocking
antibody. As illustrated in figure 3.10, internalized Matrigel containing vesicles were observed
within the population in the control group. By contrast, in the presence of 1 integrin blocking
antibody only few vesicles were visualised inside the cells. Furthermore, siRNA-mediated B1
integrin knock-down resulted in a significant reduction of Matrigel, collagen | and CDM uptake
(data not shown, Rainero lab, unpublished). Overall, our findings demonstrate that B1 integrin
is trafficked together with internalized Matrigel and is required for Matrigel internalization in

MDA-MB-231 cells.
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Figure 3.10. B1 integrin is required for Matrigel uptake in breast cancer cells. MDA-
MB-231 cells were seeded on NHS-fluorescein labelled 1mg/ml Matrigel coated dishes for
2 hours to fully adhere. 3ug/ml B1 integrin blocking antibody and 3ug/ml rat IgG control
antibody were then added for a 24-hour incubation in the presence of 20uM E64d. Cells
were fixed and stained for actin (red) and nuclei (blue). Samples were imaged with a Nikon
A1 confocal microscope. Matrigel uptake index was calculated with Image J. Bar=20um.
N=3 independent experiments. Mean + SEM, Mann-Whitney test (the big dots represent
the mean of individual experiments). ****p<0.0001.

3.2.6 a2, but not a3 and a6, is required for ECM uptake in invasive breast

cancer cells
To assess which B1-containing integrin heterodimers are responsible for ECM internalization
in MDA-MB-231 cells, we then measured different ECM component uptake in the presence
of inhibitor/functional blocking antibodies against a-integrin subunits. The MDA-MB-231 cells
express high levels of a2, a3, a5 and a6 integrin subunits (Lahlou and Muller, 2011). Among

these heterodimers, a2f1 integrin is a well-characterized receptor of collagens and laminins
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(Humphries et al., 2006a). In addition, a2B1 integrin-dependent collagen | internalization and
intracellular degradation has been described in fibroblasts (Arora et al., 2013, 2000). Integrins
a3B1 and a6B1 are considered as major receptors of laminin. Laminin-bound a3B1 has been
shown to promote the phagocytosis and lysosomal degradation of Matrigel in MDA-MB-231
cells (Coopman et al., 1996). Although there is no evidence showing that a6B1 is involved in
the internalization of ECM, the expression of a6B1 integrin has been linked to the metastatic
and survival potential of human breast carcinoma cells (Mukhopadhyay et al., 1999; Wewer

et al., 1997).

Because of the upregulated CDM internalization in invasive breast cancer cells compared to
normal mammary epithelial cells, we compared CDM uptake with and without a selective
a2B1 inhibitor BTT-3033. MDA-MB-231 cells were plated on biotinylated CDM for 2 hours to
fully adhere, followed by a 6-hour incubation in the presence and in the absence of BTT-3033.
As shown in figure 3.11A, most of MDA-MB-231 cells showed CDM positive vesicles in the
DMSO group, while only a small number of CDM vesicles were visualised in some cells in the
presence BTT-3033. Image analysis quantification demonstrated a significant reduction in the
CDM internalization index in the presence of BTT-3033, suggesting that a2p1 integrin was
required for the internalization of CDM in MDA-MB-231 cells. Notably, CDM are enriched in
collagen |, an a2B1 integrin ligand (Kutys et al., 2013a). Thus, MDA-MB-231 cells were plated
on fluorescently labelled collagen | for 2 hours, then treated with BTT-3033 or DMSO for 6
hours. Internalized collagen | positive vesicles were observed within the cells in the presence
of DMSO, while in the presence of BTT-3033 fewer and smaller vesicles were visualized inside
the cells (Figure 3.11B). The quantification analysis illustrated a statistically significant
reduction in the collagen | internalization index in the presence of BTT-3033, indicating that

a2B1 integrin contributed to collagen | internalization in MDA-MB-231 cells.
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Figure 3.11. The a2pB1 integrin is required for CDM and collagen | internalization in breast
cancer cells. MDA-MB-231 cells were seeded on (A) biotin-labelled CDM and (B) NHS-
fluorescein labelled 0.5mg/ml collagen | coated dishes for 2 hours to fully adhere. 10uM a2
integrin inhibitor (BTT-3033) and DMSO (control) were added for a 6-hour incubation in the
presence of 20uM E64d. For CDM internalization assay, cells were fixed and stained for
Streptavidin (green), actin (red) and nuclei (blue). For collagen | uptake, cells were fixed and
stained for actin (red) and nuclei (blue). Samples were imaged with a Nikon A1 confocal
microscope. CDM and collagen | uptake index were calculated with Image J. Bar=20um. N=3
independent experiments (the big dots represent the mean of individual experiments).
****n<0.0001. Mean + SEM, Mann-Whitney test.

It was previously shown that the internalization of Matrigel was promoted in invasive breast
cancer cells compared to normal mammary epithelial cells. To examine whether a2B1 integrin
contributes to the internalization of Matrigel, MDA-MB-231 cells were plated on fluorescently
labelled Matrigel for 2 hours to fully adhere, followed by a 6-hour incubation with either BTT-
3033 or DMSO. a2 integrin inhibition led to a significant decrease in Matrigel internalization,
fewer Matrigel positive vesicles were observed in the cells treated with BTT-3033 compared
to the cells in the presence of DMSO (Figure 3.12A). To characterise which BM component

uptake is regulated by a2B1 integrin, we compared the internalization of two major Matrigel
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components in the presence and in the absence of BTT-3033: laminin/entactin and collagen
IV. MDA-MB-231 cells were seeded on fluorescently labelled laminin or Matrigel containing
dye-quenched collagen IV (DQ-collagen IV) for 2 hours to fully adhere, followed by a 6-hour
incubation with and without BTT-3033. Consistent with our findings from the Matrigel uptake
assay (Figure 3.12A), a2 inhibition resulted in a significant reduction of laminin internalization;
indeed, laminin containing vesicles were only visualised inside the cells in the control group
but not in the cells in the presence of BTT-3033 (Figure 3.12B). Visualization of internalized
collagen IV depends on the fluorescent characteristics of the DQ-substrates. The proximity of
the dye molecules to each other renders native DQ-collagen IV fluorescently quenched
because of a Fluorescence Resonance Energy Transfer (FRET) effect. The fluorescence is
visualized due to the proteolytic hydrolysis of internalized DQ-collagen IV (Jedeszko et al.,
2013). Here a small, but statically significant reduction in DQ-collagen IV internalization was
observed in the cells in the presence of BTT-3033 compared to the cells in the control group
(Figure 3.12C). However, the reduced collagen IV internalization after a2 inhibition was not
as significant as the difference we observed in the Matrigel and laminin uptake assays (Figure
3.12A and 3.12B). Taken together, our findings indicate that a2p1 integrin is required for the

internalization of collagen | and laminin in the BM (Matrigel) in MDA-MB-231 cells.
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Figure 3.12. The a2B1 integrin is required for Matrigel, laminin and collagen IV
internalization in breast cancer cells. MDA-MB-231 cells were seeded on (A) NHS-
fluorescein labelled 1mg/ml Matrigel, (B) NHS-fluorescein labelled 2mg/ml laminin and (C)
the mixture of 25ug/mL of DQ-collagen IV and 1mg/ml Matrigel coated dishes for 2 hours to
fully adhere. 10uM a2 integrin inhibitor (BTT-3033) and DMSO (control) were added for a 6-
hour incubation in the presence of 20uM E64d. Cells were fixed and stained for actin (red)
and nuclei (blue). Samples were imaged with a Nikon A1 confocal microscope. Matrigel,
laminin and DQ-collagen IV uptake index were calculated with Image J. Bar=20um. N=3
independent experiments (the big dots represent the mean of individual experiments).
*p<0.05 ****p<0.0001. Mean + SEM, Mann-Whitney test.
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We next tested whether a3 integrin contributed to the internalization of ECM in invasive
breast cancer cells. MDA-MB-231 cells were seeded on fluorescently labelled collagen | and
Matrigel for 2 hours to fully adhere, followed by incubation for 6 hours in the presence and
in the absence of an a3 integrin blocking antibody or an IgG antibody control. As illustrated
in figure 3.13A, the number of collagen | containing vesicles inside the cells in the control
group was similar to the cells that received the a3 integrin blocking antibody, and the image
quantification illustrated that a3 inhibition did not affect the collagen | uptake index in MDA-
MB-231 cells. This is expected, as a3B1 does not bind to collagen I. Interestingly, there was
no significant difference in Matrigel uptake with and without a3 integrin blocking antibody
(Figure 3.13B). Altogether, our data reveal that a3 integrin is not required for the endocytosis

of collagen | and Matrigel in MDA-MB-231 cells.

(A)
: 60
x 403_
§ 20 e
= 20T
£ fi', &
8 15-
a 3
= = 3
5 10 _i. ‘X
e ¥
3 %1 & %
(& . ;
0 1 1
O
& &
30— .
20 - i, .
g 10 + e AP N
E 10 3 ".-E
2 8 — _—i—_
2 : T
> 61 ¥ 3
© 2 é
g’ 4 - g £y
‘E » 3
=2 1
. (8 0 f ;
. E . o) 2 o >
Anti-a3 integrin antibody —= © &

Figure 3.13. a3 integrin is not required for collagen | and Matrigel internalization in
breast cancer cells. MDA-MB-231 cells were seeded on NHS-fluorescein labelled (A)
0.5mg/ml collagen | and (B) 1mg/ml Matrigel coated dishes for 2 hours to fully adhere.
5ug/ml a3 integrin blocking antibody and 5ug/ml mouse control IgG antibody were added
for a 6-hour incubation in the presence of 20uM E64d. Cells were fixed and stained for
actin (red) and nuclei (blue). Samples were imaged with a Nikon A1 confocal microscope.
Collagen | and Matrigel uptake index were calculated with Image J. Bar=20um. N=3
independent experiments (the big dots represent the mean of individual experiments).
Mean + SEM, Mann-Whitney test.
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To characterize the role of a6 integrin in the internalization of ECM in invasive breast cancer
cells, MDA-MB-231 cells were plated on fluorescently labelled Matrigel for 2 hours to fully
adhere, followed by incubation for 6 hours with and without a blocking antibody against a6
integrin. Surprisingly, more Matrigel containing vesicles were observed inside the cells in the
presence of a6 blocking antibody compared to the control IgG antibody (Figure 3.14). a6
inhibition led to a small, albeit statistically significant, increase in Matrigel endocytosis. Thus,

our data suggest that a6 integrin is not required for Matrigel uptake in MDA-MB-231 cells.
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Figure 3.14. a6 integrin is not required for Matrigel internalization in breast cancer
cells. MDA-MB-231 cells were seeded on NHS-fluorescein labelled 1mg/ml Matrigel
coated dishes for 2 hours to fully adhere. 10ug/ml a6 integrin blocking antibody and
10ug/ml rat control IgG were added for a 6-hour incubation in the presence of 20uM E64d.
Cells were fixed and stained for actin (red) and nuclei (blue). Samples were imaged with a
Nikon A1 confocal microscope. Matrigel uptake index were calculated with Image J.
Bar=20um. N=3 independent experiments (the big dots represent the mean of individual
experiments). *p<0.05. Mean + SEM, Mann-Whitney test.

3.2.7 a2p1 integrin knock-down reduced ECM uptake in invasive breast

cancer cells
To confirm the contribution of a2pB1 integrin in ECM internalization, MDA-MB-231 cells were
treated with either a non-targeting siRNA control (si-nt) or an siRNA targeting a2 integrin (si-
a2) for 48 hours before seeding the cells on fluorescently labelled ECM for 6 hours. To assess
the efficiency of the knock-down, cells were stained for a2 integrin. We observed a significant
reduction in a2 integrin intensity in the si-a2 treated cells compared to the si-nt ones; indeed,
the expression of a2 integrin on both plasma membrane and intracellular vesicles was only
visualized in a small proportion of cells after siRNA knock-down (Figure 3.15A). Consistent

with our findings with the a2 integrin inhibitor BTT-3033 (Figure 3.11B), a2 integrin knock-
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down decreased the internalization of collagen | in MDA-MB-231 cells (Figure 3.15B). In
addition, fewer Matrigel positive vesicles were observed inside the cells as a result of a2
integrin knock-down, and the image quantification demonstrated a significant reduction in
Matrigel endocytosis index in the presence of the siRNA targeting a2 integrin (Figure 3.15C).
Moreover, we detected the colocalization between a2 integrin and internalized Matrigel. The
cells were plated on fluorescently labelled Matrigel and stained for a2 integrin after a 6-hour
incubation. Here we showed that a big fraction of internalized Matrigel exhibited a strong
colocalization with a2 integrin, as illustrated by the yellow spots in the merge channel (Figure
3.16), suggesting that a2f1 integrin was trafficked together with Matrigel. Taken together,
our results indicate that a2p1 integrin contributes to the endocytosis of ECM in MDA-MB-231

cells.

97



(A)

.
2
[7]
5 ——
E20T ;
8
Q 1.5+
(1]
2 1 0- l
(I H
g »
e 054 %
0.0 T ==
9
50
(B)

60 ' '
el o
2 30
3 30T
X
= Z
8 i
=
c
Q
(=)}

S
S
(3}

(C)

Matrigel uptake index

Figure 3.15. The a2@1 integrin is required for collagen | and Matrigel internalization in
breast cancer cells. (A) MDA-MB-231 cells were transfected with siRNA targeting a2
integrin (si-a2) or nontargeting control (si-nt). Cells were plated onto 0.1mg/ml collagen |
coated dishes for 6 hours. Cells were fixed and stained for a2 integrin (green), nuclei (blue)
and actin (red). The mean a2 fluorescence intensity were measured by ImagedJ. Bar=20um.
N=3 independent experiments (the big dots represent the mean of individual experiments).
****n<0.0001. Mean + SEM, Mann-Whitney test. (B and C) MDA-MB-231 cells were
transfected siRNA targeting a2 integrin (si-a2) or nontargeting control (si-nt), plated on (B)
NHS-fluorescein labelled 0.5mg/ml collagen | and (C) NHS-fluorescein labelled 1mg/ml
Matrigel for 6 hours incubation in the presence of 20uM E64d. Cells were fixed and stained
for actin (red) and nuclei (blue). Bar=20um. N=3 independent experiments (the big dots
represent the mean of individual experiments). ****p<0.0001. Mean + SEM, Mann-Whitney
test.
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Figure 3.16. The a2B1 integrin is trafficked together with Matrigel in breast cancer cells.
MDA-MB-231 cells were plated on Alexa Fluor 647-labelled 1mg/ml Matrigel coated glass
dishes in the presence of 20uM E64d. Cells were fixed at 6 hours and stained for a2 integrin
and actin filament. Samples were imaged with a Nikon A1 confocal microscope. Bar=10um.

3.2.8 Collagen | and Matrigel binding induces a2B1 integrin activation and
endocytosis
Interestingly, a2B1 integrin was detected as a receptor for collagen | and Matrigel endocytosis
in MDA-MB-231 cells, promoting us to investigate whether these physiological ligands
affected the distribution of a2p1 integrin. The MDA-MB-231 cells were plated onto collagen
| (0.5mg/ml), Matrigel and a thin collagen | coating (0.05mg/ml) for 6 hours, and stained for
a2 integrin. As shown in figure 3.17, collagen | and Matrigel resulted in the redistribution of
a2B1 to cytosolic vesicles. On thin collagen | coating, only a small number of MDA-MB-231
cells exhibited a2 integrin-positive vesicles, while the presence of collagen | and Matrigel led
to the accumulation of a2 integrin vesicles in a big proportion of cells. The quantification of
a2 internal pool showed that collagen | and Matrigel promoted the endocytosis of a2 integrin,
as they resulted in a statistically significant increase in the amount of a2 integrin in the
internal pool. Moreover, our results revealed that exposure of cells to collagen | led to more
intracellular a2 integrin vesicles than Matrigel (Figure 3.17), consistent with previous findings
that a2 integrin displays a higher affinity for collagen I than laminin and collagen IV (Shi et al.,

2012).
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Figure 3.17. Collagen | and Matrigel binding can induce a2B1 integrin endocytosis in
breast cancer cells. MDA-MB-231 cells were plated onto 0.5mg/ml collagen I, 1mg/ml
Matrigel and 0.05mg/ml collagen coated confocal dishes for 6 hours. Cells were fixed and
stained for a2 integrin (green), nuclei (blue) and actin (red). The a2 integrin internal pool
was measured by Imaged. Bar=20um. N=2 independent experiments (the big dots
represent the mean of individual experiments). Kruskal-wallis with multiple comparisons.
****n<0.0001.

BTT-3033 is a highly selective a2B1 integrin inhibitor for both active and inactive forms via
binding to the a2l domain of the recombinant a2 subunit (Nissinen et al., 2012). We found
that exposure of cells to ECM facilitated the accumulation of a2 integrin vesicles. Hence, we
hypothesized that preventing ligands binding by BTT-3033 would oppose a2B1 integrin
uptake. Here MDA-MB-231 cells were plated onto collagen | (0.5mg/ml), Matrigel and a thin
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collagen | coating (0.05mg/ml) for 2 hours to fully adhere, followed by a 6-hour incubation
with BTT-3033 or DMSO. The blocking of a2l domain on a2 subunit by BTT-3033, which
prevents the binding to collagens and laminin (lvaska et al.,, 1999a), prevented the
internalization of a2B1 integrin. The quantification illustrated that the presence of BTT-3033
strongly decreased o231 endocytosis inside the cells plated on collagen | and Matrigel (Figure
3.18A and B). In contrast, a2l domain inhibition did not affect a2 uptake in MDA-MB-231 cells
planted onto thin collagen | coating. The localization of a2 integrin was mainly observed on
the plasma membrane, while only a small proportion of cells exhibited intracellular a2
vesicles with and without BTT-3033 (Figure 3.18C). It has been illustrated that active B1
integrin preferentially appears to be accumulated in endosomes, whereas inactive B1 integrin
is mainly localized at the plasma membrane (De Franceschi et al., 2015). Altogether, our data
suggest that collagen | and Matrigel binding can induce a2B1 integrin activation and

endocytosis.
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Figure 3.18. Collagen | and Matrigel binding might induce a2@31 integrin activation
and uptake in breast cancer cells. MDA-MB-231 cells were plated on (A) 0.5mg/mi
collagen | (B) 1mg/ml Matrigel and (C) 0.05m/ml collagen | coated dishes for 2 hours to
fully adhere. 10uM a2 integrin inhibitor (BTT-3033) and DMSO (control) were added for a
6-hour incubation. Cells were fixed and stained for a2 integrin (green), nuclei (blue) and
actin (red). Samples were imaged with a Nikon A1 confocal microscope. The a2 integrin
internal pool was measured by Imaged. Bar=20um. N=1 experiment. Mean £+ SEM, Mann-
Whitney test, ****p<0.0001.

3.2.9 a2pB1 integrinis required for MDA-MB-231 cell migration

Interestingly, increased integrin trafficking correlates with enhanced migration and invasion
in vitro and in vivo (Muller et al., 2009). We found that collagen | and Matrigel contributed to
the internalization of a2B1 integrin. Therefore, we wanted to investigate whether a2f1
integrin is required for breast cancer cell migration. The cells were plated on CDM for 4 hours,
treated with BTT-3033 or DMSO and their migration was recorded by time-lapse microscopy,
acquiring images every 10 minutes for 17 hours. We found that MDA-MB-231 cells migrated
directionally with and without BTT-3033. However, cells were small and round with highly

variable protrusions in the presence of BTT-3033, whereas cells were significantly elongated

103



and exhibited traveling waves of protrusions in the control group. The quantification of
velocity demonstrated that the cells in the presence of BTT-3033 displayed a decreased cell
speed compared to the cells in the control group (Figure 3.19A). Additionally, we quantified
the extension of protrusions called invasive pseudopods at the front of the cells (Caswell et
al., 2008). We showed that pseudopod extension in the direction of migration was strikingly
decreased by the inhibition of a2 integrin (Figure 3.19B), indicating that a2 integrin inhibition

in MDA-MB-231 cells slowed migration on CDM.
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Figure 3.19. a2f1 integrin contributes to MDA-MB-231 cell migration. MDA-MB-231 cells were
plated on CDM for 4 hours to fully adhere. Then 10uM of a2 integrin inhibitor (BTT-3033) and DMSO
(control) were added for migration. Cell migration was recorded by time-lapse microscopy every 10
minutes for 17 hours. (A) The velocity was calculated using Chemotaxis tool in ImageJ. (B) The
pseudopod length was measured from the middle of the nucleus to the front of the cells in the direction
of migration and analyzed using ImageJ. Time-lapse movies that correspond to the experiments
present in (A) are available by scanning the QR code in (C). N=2 independent experiments, box and
whisker plot represents 5-95 percentile. ****p<0.0001. Mean + SEM, Mann-Whitney test.
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We confirmed the impact of a2p1 integrin inhibition on cell migration by treating MDA-MB-
231 cells with either a non-targeting siRNA control (si-nt) or an siRNA targeting a2 (si-a2) for
48 hours before seeding the cells on CDM. a2 integrin was stained to confirm the
effectiveness of a2 knockdown at the end of migration assays. As expected, the expression
level of a2 integrin was strongly decreased (Figure 3.20A). During cell migration, we noticed
that the a2 integrin knockdown cells exhibited shorter pseudopod extension in the direction
of migration with a rounder shape. This phenomenon was consistent with our observations
in the presence of BTT-3033. The quantitation analysis of velocity and pseudopod length
demonstrated that knockdown of a2 integrin inhibited MDA-MB-231 cell migration on CDM
(Figure 3.20B and C). Taken together, our findings reveal that a2 integrin promotes breast

cancer cell migration.
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Figure 3.20. a2B1 integrin promotes MDA-MB-231 cell migration. MDA-MB-231 cells were transfected with siRNA targeting a2 integrin
(si-a2) or nontargeting control (si-nt) for 48 hours. (A) To assess the expression of a2, cells were plated glass-bottom dishes for 21 hours,
fixed and stained for a2 integrin (green). Bar=20um. N=3 independent experiments. ****p<0.0001. Mean + SEM, Mann-Whitney test.
MDA-MB-231 cells were plated on CDM for 4 hours to fully adhere. Cell migration was recorded by time-lapse microscopy every 10
minutes for 17 hours. (B) The velocity was calculated using Chemotaxis tool in ImageJ. (C) The pseudopod length was measured from the
middle of the nucleus to the front of the cells in the direction of migration and analyzed using ImageJ. Time-lapse movies that correspond
to the experiments present in (A) are available by scanning the QR code in (D). N=3 independent experiments, box and whisker plot
represents 5-95 percentile. ****p<0.0001. Mean + SEM, Mann-Whitney test.
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3.2.10 a2p1 integrin is required for MDA-MB-231 cell invasion

Because a2B1 integrin was shown to contribute to MDA-MB-231 cells migration, we wanted
to characterize whether a21 was required for MDA-MB-231 cell invasion as well. Thus, we
measured the invasiveness of cells grown in 3D culture. In order to validate if our 3D model,
fluorescently labelled MDA-MB-231 and MCF10A cell spheroids were embedded into a
mixture of 1:1 collagen | and Matrigel for 64 hours. Images of cell invasion were obtained at
hours 0, 40, 48 and 64 after embedding. The size of core spheroid and the average invasion
distance were measured. As normal mammary epithelial cells, MCF10A cells grew around the
core spheroids without any sign of invasion into the matrix (Figure 3.21). By contrast, there
was no significant difference in the core area in MDA-MB-231 spheroids. However, MDA-MB-
231 spheroids were able to gradually invade into the matrix in forms of either cellular sprouts
or individual cell which detached from the original core of the spheroid. At 40 hours, it was
possible to observe cells protruding out the spheroids, and subsequently, elongated strands
of cells were shown around the core spheroids as the time progressed (Figure 3.21), indicating
that invasive breast cancer cells, but not normal mammary epithelial cells, display invasive

behaviours in these settings.
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Figure 3.21. 3D model supports the invasion of MDA-MB-231 cells in matrices. MCF10A
and MDA-MB-231 cells were stained with cell tracker (green) for 40 minutes before making
spheroids. The spheroids were formed in 48 hours and embedded into the mixture of 2mg/ml
collagen | and 2mg/ml Matrigel for 64 hours. The size of core area and mean invasion was
measured at hours of 0, 40, 48 and 64. Spheroids were imaged with a Nikon A1 confocal
microscope. Bar=20pm. N=2 independent experiments (the black dots represent each
individual spheroid). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Mean * SEM, two-way
ANOVA test (Min to Max, show all points).

MDA-MB-231 spheroids were then embedded into the mixture of 1:1 collagen I:Matrigel and
covered with medium with or without the a2 integrin inhibitor BTT-3033. To characterize cell
invasion inside the matrix, we employed the size of core area, the mean invasion distance and
the invading area as three criteria for measuring invasion quantitatively. It has been reported
that a2 integrin deletion affects the proliferation of prostate cancer cells (Ojalill et al., 2018).
Therefore, we firstly quantitatively assessed the proliferative capability of cells by measuring
the size of core spheroid to understand whether a2B1 integrin also played a role in regulating

breast cancer cell growth. We found that there was no significant difference in the core area
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of MDA-MB-231 spheroids in the presence and in the absence of BTT-3033. Additionally,
several strands of invading cells were observed at 40 hours in the presence of DMSO, more
and longer cellular sprouts were presented in the following 24 hours. By contrast, the invasion
has been significantly inhibited in the presence of BTT-3033. The a2 integrin inhibition
resulted in fewer and shorter strands of invading cells compared to what we observed in the
control group. As apparent from the quantification, a nearly 2-fold increase in the mean
invasion distance was obtained in the spheroids in the control group compared to the
spheroids in the presence of BTT-3033 at all time points. Similarly, consistent with our
observations in the mean invasive distance, the invading area was also strongly reduced

because of a2 integrin inhibition (Figure 3.22).
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Figure 3.22. a2p1 integrin facilitates MDA-MB-231 cell invasion. MDA-MB-231 cells were
stained with cell tracker (green). The spheroids were then formed in 48 hours and embedded
into the mixture of 2mg/ml collagen | and 2mg/ml Matrigel for 64 hours in the presence of
DMSO (control) or 10uM of a2 integrin inhibitor BTT-3033. Spheroids were imaged with a Nikon
A1 confocal microscope at hours of 0, 40, 48 and 64. The size of core area, mean invasion and
invading area were calculated with Image J. Bar=20um. 12 spheroids per condition in four
independent experiments were analyzed. Mean + SEM, Multiple comparisons test (Min to Max,
show all points). *p<0.05, ***p<0.001, ****p<0.0001.
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To confirm the contribution of a2f1 in promoting breast cancer cell invasion, we decreased
the expression of a2 integrin by siRNA and assessed the invasion of breast cancer cells in the
3D model. MDA-MB-231 cells were treated with either a non-targeting siRNA control (si-nt)
or an siRNA targeting a2 integrin (si-a2) for 48 hours before making cell spheroids. Confocal
images demonstrated greater than 50% reduction of a2 integrin expression at 64 hours after
embedding, suggesting that RNA-mediated gene knockdown could be effective up to the last
time point of the invasion assays (Figure 3.23A). Interestingly, we found that knockdown of
a2 integrin with siRNA resulted in a slight, but not significant, decrease in the core area size
compared to control cell spheroids, suggesting that a2 knockdown may have a marginal effect
on cell growth (Figure 3.23B). In addition, a2 knockdown resulted in fewer and shorter strands
of invading cells at 40 hours. Subsequently, more and longer cellular sprouts were observed
in the presence of non-targeting siRNA in the following time points (Figure 3.23B). The
quantification showed that a2 knockdown resulted in a nearly 2-fold decrease in both the
mean invasion distance and the invading area at all time points (Figure 3.23B), consistent with
our observations in the presence of BTT-3033 (Figure 3.22). Collectively, our data reveal that

a2B1 integrin is necessary for the invasion of MDA-MB-231 cells.
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Figure 3.23. a2B1 integrin contributes to MDA-MB-231 cell invasion. MDA-MB-231 cells
were transfected with siRNA targeting a2 integrin (si-a2) or nontargeting control (si-nt) for 48
hours. Cells were then stained with cell tracker (red). (A) To assess the expression of a2, cells
were plated glass-bottom dishes for 112 hours, fixed and stained for a2 integrin (green).
Bar=20um. N=2 independent experiments. ****p<0.0001. Mean + SEM, Mann-Whitney test. (B)
To perform invasion assays, spheroids were formed in 48 hours and embedded into 2mg/mi
collagen | and 2mg/ml Matrigel mixture for 64 hours. Spheroids were imaged with a Nikon A1
confocal microscope at hours of 0, 40, 48 and 64. The size of core area, mean invasion and
invading area were calculated with Image J. Bar=20um. 6 si-nt spheroids and 10 si-a2
spheroids were obtained from two independent experiments. Mean = SEM, Multiple
comparisons test (Min to Max, show all points). *p<0.05, **p<0.01, ***p<0.001.
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Interestingly, a greater invasion ability was observed in MDA-MB-231 cell spheroids stained
with red cell tracker compared to the spheroids stained with green cell tracker. It is possible
that green dye inhibits MDA-MB-231 cell invasion. To test this in more detail, MDA-MB-231
cells were stained with red cell tracker, and spheroids were then embedded into 1:1 collagen
I: Matrigel mixture with or without a2 integrin inhibitor BTT-3033. Quantifying the mean
invasion distance and the invading area, as expected, illustrated that a2 inhibition resulted in
a significant reduction in the invasion of MDA-MB-231 cells. At the same time, there was no
difference in cell growth (Figure 3.24). These findings were consistent with our observations

in green cell tracker staining that a2B1 contributed to breast cancer cell invasion (Figure 3.22).
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Figure 3.24. a2f1 integrin facilitates MDA-MB-231 cell invasion. MDA-MB-231 cells were
stained with cell tracker (red). The spheroids were then formed in 48 hours and embedded
into the mixture of 2mg/ml collagen | and 2mg/ml Matrigel for 64 hours in the presence of
DMSO (control) or 10uM of a2 integrin inhibitor BTT-3033. Spheroids were imaged with a
Nikon A1 confocal microscope at hours of 0, 40, 48 and 64. The size of core area, mean
invasion and invading area were calculated with Image J. Bar=20um. 4 DMSO treated
spheroids and 7 BTT-3033 treated spheroids were obtained from one experiment. Mean *
SEM, Multiple comparisons test (Min to Max, show all points). **p<0.01, ***p<0.001,
****n<0.0001.
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At the same time, the quantification analysis of invading distance and invasion area showed
that MDA-MB-231 cells stained by green cell tracker were less invasive compared to the cells
stained with red cell tracker in the presence and in the absence of BTT-3033 (Figure 3.25).
Moreover, our data showed that spheroids stained with green cell tracker had a significantly
reduced number of protrusions compared to the spheroids stained with red cell tracker in the
presence of DMSO (Figure 3.25A). Measuring the number of protrusions in the presence of
BTT-3033 illustrated a similar trend in which cells stained with green cell tracker exhibited
decreased invasion ability compared to the cells stained with red cell tracker (Figure 3.25B).
Furthermore, our data showed that green cell tracker did not affect cell growth. No difference
was observed in the size of core area in the presence and in the absence of BTT-3033 (Figure
3.25). Altogether, our findings suggest that green cell tracker at the concentration used in this

study has an inhibitory effect on MDA-MB-231 cell invasion.
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Figure 3.25. Green cell tracker staining makes MDA-MB-231 cells less invasive.
The size of core area, mean invasion, invading area and the number of protrusions were
measured at hours of 0, 40, 48 and 64 after embedding into the matrices in the presence
of (A) DMSO and (B) 10uM of a2 integrin inhibitor BTT-3033. For red dye staining
invasion assay, N=1 experiment. For green cell tracker staining invasion assays, N=4
independent experiments. Mean + SEM, Multiple comparisons test (Min to Max, show all

points). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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3.3 Discussion

a2B1 has been implicated as a key target in cancer development and progression in a variety
of cancers (Salemi et al., 2021). Here we characterize the role of a2B1 in the migration and
invasion of breast cancer cells. We find that the binding of collagen | and Matrigel promotes
the internalization of a2fB1 integrin, which in turns contributes to collagen | and Matrigel
endocytosis in breast cancer cells. In addition, our findings show a21 as a regulator for breast

cancer cell migration and invasion (Figure 3.26).
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Figure 3.26. Schematic to summarize a2f1 integrin-dependent ECM endocytosis. a231
integrin is necessary for the endocytosis of collagen | and laminin in breast cancer cells. At the
same time, internalized ECM components are degraded in lysosomes in the presence of the
lysosomal inhibitor E64d. Moreover, ECM binding promotes a2B1 internalization. Furthermore,
inhibition of a2 or decrease the expression of a2 by knockdown inhibits the migration and
invasion of breast cancer cells.

We demonstrated that there is no significant difference in collagen | internalization between
breast cancer cells and normal mammary epithelial cells. However, it should be noticed that
in the absence of E64d, the internalization of collagen | is strongly increased in invasive breast
cancer cells. E64d is an inhibitor of cathepsin B and L and calpain (Jung et al., 2015). One

possible explanation is that collagen | internalization is inhibited as a result of the increased
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collagen | accumulation in the lysosomes. Additionally, cathepsin B is known to be secreted
in the extracellular space by MDA-MB-231 cells (Uhlman et al., 2017). There is also evidence
that cathepsin B can degrade extracellular collagen |, contributing to breast cancer cell
metastasis (Withana et al., 2012). Cleaved collagen could be endocytosed more efficiently
than intact collagen (Rainero, 2016). Thus, the other possible explanation is that E64d might
inhibit cathepsin B activity in the extracellular space, leading to a slower collagen | endocytosis
rate in invasive breast cancer cells, but not in normal epithelial cells, where cathepsin
secretion has not been observed. Recent results from the Rainero lab illustrated that E64d
inhibited the internalization of higher concentration collagen | (1mg/ml) in breast cancer cells
at shorter time point (6 hours), rather than longer time point (24 hours) or lower
concentration collagen | internalization (0.5mg/ml) (data not shown). This is consistent with

our second hypothesis.

In breast cancer, the disruption of BM is required for tumour cell invasion (Bonnans et al.,
2014). The contribution of MMPs-dependent BM degradation has been widely recognised in
this process (Insua-Rodriguez and Oskarsson, 2016). We found that Matrigel internalization is
strongly upregulated in invasive breast cancer cells compared to normal mammary epithelial
cells, indicating that lysosomal degradation might also promote the disruption of BM in breast
cancer. Subsequently, we showed that internalized Matrigel is degraded in the cells. However,
we examined the colocalization between internalized Matrigel and early and late endosomes
in the presence of E64d, which might affect Matrigel trafficking. Therefore, more studies are

required to assess the intracellular trafficking pathway of Matrigel in the absence of E64d.

B1 integrin, which can pair with 12 different a integrin subunits, is known to be aberrantly
expressed in human breast cancer and contribute to diverse malignant phenotypes, including
proliferation and metastasis (Lahlou and Muller, 2011). Our findings indicated that f1 integrin
is responsible for the endocytosis of Matrigel in MDA-MB-231 cells. Interestingly, Matrigel
containing vesicles are still observed in several cells in the presence of B1 integrin blocking
antibody. The evidence suggest that laminin could be internalized by a6p4 integrin under
dietary restriction and nutrient deprivation conditions (Muranen et al., 2017). At the same
time, it has been demonstrated that the knockout of B1 integrin resulted in an increased

expression of B4 integrin in MDA-MB-231 cells (Hou et al., 2016). Although dystroglycan is
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known as another important receptor for laminin internalization (Leonoudakis et al., 2014),
the dystroglycan expressed on MDA-MB-231 cells is not functionally glycosylated (de Bernabé
et al., 2009). Thus, it is worth investigating whether B4 inhibition affects Matrigel endocytosis

in breast cancer cells.

MDA-MB-231 cells express al, a2, a3 and a6 integrin subunits (Lahlou and Muller, 2011).
alBl and a2B1 integrins bind to both collages and laminin. However, al1B1 integrin displays
a higher affinity for collagen IV, while a2p1 preferentially binds to collagen | (Shi et al., 2012).
Both a3B1 and a6B1 integrins are highly selective laminin receptors (Humphries et al., 2006a).
Here we showed that a2f1 inhibition leads to a decrease in collagen | internalization in MDA-
MB-231 cells. Similar findings were observed in MCF10A-CA1 cells (derived from MCF10A cells
by transformation with h-Ras followed by selecting aggressive tumour in mice xenografts) in
Rainero lab as well (data not shown). Consistent with our results on breast cancer cells, there
is also evidence suggesting that a231 contributes to the internalization of collagen | in human
osteosarcoma cells (Rintanen et al., 2012). Additionally, we found that a3fB1 is not necessary
for collagen | endocytosis. Contrary to our findings, it is previously demonstrated that a3f31
participates in ECM phagocytosis in MDA-MB-231 cells. The stimulation of a3 by treating cells
with anti-a3 monoclonal antibodies contributes to gelatin endocytosis (Coopman et al., 1996).
However, gelatin displays a less ordered macromolecular structure and poor mechanical
properties compared to collagen | (Davidenko et al., 2016). Alongside, we demonstrated that
collagen | is necessary for the activation and internalization of a2 1. Therefore, here we could
hypothesize that collagen | is preferentially binding to a2p1 integrin and internalized in a2 1-

dependent pathway under more physiological conditions.

a2B1 integrin has been shown to be expressed in a panel of breast cancer cell lines in vitro.
It has been illustrated that compared to ER-positive cell lines, ER-negative cells have a lower
binding affinity to laminin. Because laminin is served as a physical barrier to potential local
invasion, a possible explanation is that cells with higher invasive capacity are preferentially
binding to collagen | (Maemura et al., 1995). Consistently, more intracellular a2 integrin
vesicles were observed on collagen | than on Matrigel. However, our data showed that a2f31
is still required for the internalization of Matrigel and laminin in MDA-MB-231 cells. Although

DQ-collagen IV and Matrigel mixture has been widely used to investigate collagen IV uptake
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in different cell types (Jevnikar et al., 2008; Sameni et al., 2003), the small, but significant,
decrease in collagen IV endocytosis that was observed in the presence of BTT-3033 might be
because DQ-collagen IV can bind to laminin in the Matrigel, as it might be internalized in a
complex with laminin. We showed that neither a3 nor a6 inhibition decreases Matrigel
endocytosis in MDA-MB-231 cells. However, a3 inhibition resulted in a small reduction in
cellular aspect ratio (data not shown). These data are in agreement with previous studies
showing that a3 displays a strongly colocalization with laminin at the leading edge of cellular
protrusions in MDA-MB-231 cells (Scales et al., 2013). Additionally, a6 inhibition significantly
decreased cellular aspect ratio (data not shown). Thus, it is possible that changes in cellular
morphology might be one of the reasons why Matrigel internalization index is higher in the
presence of a6 blocking antibody. Furthermore, a recent study demonstrated that a2f1 is a
negative regulator for the expression of a6B1 and a6B4 (Dao et al., 2021). Therefore, the

inhibition of a6 might increase a2 expression, facilitating a2f1-dependent laminin uptake.

Integrin traffic is a key regulator of cell motility in many different contexts (Paul et al., 2015;
Rainero et al., 2015). There is only limited data available on the endo/exocytic traffic of a21
integrin. Collagen l-occupied a2B1 integrin is demonstrated to be internalized through early
endosomes to the PNRC in a Rab21l-dependent pathway (Pellinen et al., 2008, 2006).
Internalized a2B1 integrin could be recycled back to the plasma membrane in a p120RasGAP-
dependent pathway (Mai et al., 2011). Moreover, virus clustered a2B1 integrin is internalized
from the lipid rafts to the perinuclear cytoplasm, accumulating in a2 integrin-enriched
multivesicular bodies (a2-MVBs) (Upla et al., 2004). However, this route differs from typical
integrin recycling as virus-induced clustering directs a2B1 integrin into a non-recycling,
calpain-dependent degradative endosomal pathway (Mai et al., 2011; Rintanen et al., 2012).
Inactive a2B1 integrin is illustrated to be internalized from the dorsal surface of cells in a
clathrin-dependent pathway, generating an internal pool of a2B1 integrin that is
subsequently recycled to form adhesions at the cell leading of cell (Teckchandani et al., 2009).
Here we revealed that collagen | and Matrigel binding is necessary for the endocytosis of a231
integrin. In addition, a2B1 inhibition significantly decreases o231 internalization and MDA-
MB-231 migration and invasion. It is possible that collagen | and Matrigel can promote the
activation and endocytosis of a2p1 integrin. Cytoplastic a21 integrin is recruited to EGFR by

p120RasGAP at the cell front (Mai et al., 2011), facilitating breast cancer cell migration and
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invasion. However, further studies are needed to fully characterise a21 integrin traffic in this

condition.

In addition to integrin traffic, the attachment of cancer cells to collagen | by a21 has been
demonstrated to activate p38 MAPK signalling (Ibaragi et al., 2011; Klekotka et al., 2001),
which could accelerate tumour cell migration (Huth et al., 2017; Ojalill et al., 2018). The data
are consistent with our observations. However, the mechanism of p38 MAPK signalling in
tumour migration and invasion is still not well understood. On the one hand, MMP13
expression is reported to be upregulated as a result of a2B1-dependent p38 MAPK activation,
facilitating the migration of MDA-MB-231 cells (Ibaragi et al., 2011). On the other hand, p38
MAPK signalling has been demonstrated to regulate breast cancer invasion in association with
other signalling proteins such as H-RAS (Kim et al., 2003). Therefore, future work will measure
changes of p38 MAPK activation in MDA-MB-231 cells plated on both collagen | and Matrigel,
to find whether a2B1 integrin can regulate breast cancer cell migration and invasion in this

pathway.

Taken together, our results highlight a novel role of a2f1 integrin in regulating breast cancer
progression via ECM endocytosis. This raise the possibility that targeting a2 could be a viable
strategy to slow down the migration and invasion of breast cancer cells, eventually leading to

the generation of improved clinical outcomes.
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4 ECM component uptake is cell cycle-dependent in
invasive breast cancer cells

4.1 Introduction

Dysregulated cell cycle is a hallmark of cancer that leads to aberrant cellular proliferation with
the continuing and excessive rounds of cell division (Hanahan and Weinberg, 2011). The cell
cycle is mainly composed of four phases including the G1, S, G2 and M phase. The G1, S and
G2 together are called interphase. The M phase is comprised of mitosis, which can be further
divided into five subphases including the prophase, prometaphase, metaphase, anaphase and
telophase (Figure 4.1) (Wang, 2021). The G1 phase is a decision window in which cells can
either commit to initiate DNA replication or stay in the G1 phase. Additionally, the cells in the
G1 phase can also exit the cell cycle into a non-proliferative state (Matthews et al., 2021).
Specific cyclins expressed during different phases of the cell cycle regulate the activity of a
family of cyclin-dependent kinases (CDKs), whose phosphorylation of key substrates
promotes cell cycle progression. The transition from G1 to S phase is mainly regulated by D-
type cyclins. Briefly, D-cyclins binds to CDK4/6, and cyclin D-CDK4/6 complexes then enter the
nucleus to phosphorylate tumour suppressor protein retinoblastoma (RB), facilitating the
expression of E2F target genes including A- and E-type cyclins. Cyclin E then binds to and
activates CDK2, which can further hyperphosphorylate RB, contributing to E2F target genes
expression that are critical for initiation of DNA synthesis and entry into S phase (Goel et al.,
2018; Sherr and Bartek, 2017). Deregulated cyclin D-CDK4/6 complex activation is commonly
observed in breast cancer. For example, cyclin D1 (CCND1) amplification has been shown in
breast cancer. Increased expression of cyclin D leads to continuous phosphorylation of Rb and
causes continuous proliferation of breast cancer cell, which is correlated with worse clinical
outcomes (Lundgren et al., 2012). Additionally, increased levels of CDK4 and CDK6 also have
been found in other human cancer types such as liposarcoma, upper gastrointestinal cancer
and prostate carcinoma (Cerami et al., 2012). Thus, the inhibition of cell cycle progression by
arresting the cells in G1 phase has become a new therapeutic frontier in the treatment of

cancers.
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Figure 4.1.Diagram of cell cycle progression. The interphase comprises the G1, S and G2
phases. The M phase consists of mitosis, which is further divided into prophase, prometaphase,
metaphase, anaphase and telophase. Figure adapted from (Wang, 2021).

During cell division, cell shape, adhesiveness and cytoskeletal architecture are changed in a
highly conserved manner, which is necessary for chromosome segregation and cytokinesis
(Taubenberger et al., 2020). Integrins are adhesion receptors that can interact with the ECM
and the actin cytoskeleton inside the cells, indicating a primordial link between the cell cycle
progression and integrin-dependent cell-ECM adhesion (Moreno-Layseca and Streuli, 2014).
A recent study demonstrated that adhesion complexes are regulated during the cell cycle in
a CDK1-dependent manner. CDK1 is a serine/threonine kinase that can phosphorylate a wide
range of substrates during mitosis. It is shown that the interaction between CDK1 and cyclin
A2 leads to an increased adhesion complex area from G1 to S phase, whereas the adhesion
complex area then decreases in G2 phase as a result of the enhanced activation of cyclin B1-
CDK1 complexes. At the same time, the changes in adhesion complex area are accompanied
by the distribution of focal adhesion from the peripheral area in G1 and G2 phases to the
central area in the S phase. These changes on focal adhesion are essential for cells entry into
the M phase (Jones et al., 2019, 2018). Additionally, Dix and co-workers illustrated that while
focal adhesion complexes are disassembled during mitotic rounding, the activated integrins
remain at the tips and tails of retraction fibers that connect the cells to the substrate, guiding
polarized cell migration following mitotic exit (Dix et al., 2018). Collectively, current evidence
suggests that integrin-dependent ECM-adhesion is regulated during the cell cycle. In the

previous chapter, we illustrated that a2[31 integrin is required for ECM endocytosis in breast
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cancer cells. Therefore, we set out to investigate whether the endocytosis of ECM is cell cycle

dependent as well.

As mentioned earlier, integrin-dependent ECM uptake is one of the mechanisms regulating
the turnover of ECM. The other mechanism is extracellular degradation mediated by MMPs
and proteases (Jabtoriska-Trypué et al., 2016). Invadopodia are actin-rich membrane
protrusions formed by invasive cancer cells. The invadopodia precursors, including cortactin,
cofilin and neural-Wiskott-Aldrich Syndrome protein (N-WASP), are formed at the cell
periphery. These structures are then stabilized through binding to focal adhesions. In the early
steps of invadopodia assembly, cortactin promotes the polymerization of actin filaments and
MMP recruitment to the tip of nascent invadopodia, leading to further invadopodia
maturation and ECM degradation (Jacob and Prekeris, 2015). The Gligorijevic lab recently
demonstrated the coordination of cell cycle progression with the formation of invadopodia.
They showed that MT1-MMP (MMP-14) is preferentially recruited to invadopodia in the G1
phase of the cell cycle, contributing to invadopodia maturation and extracellular ECM
degradation, as well as increasing tumour cell invasion (Bayarmagnai et al., 2019b). Compared
to proteolytic degradation, more studies are required to understand whether intracellular

ECM degradation is regulated in the G1 phase as well.

The mammalian target of rapamycin complex 1(mTORC1), in response to the energy status,
nutrients, and growth factors stimulation of cells, plays a key role in regulating cell growth
and proliferation. As reported, mTOR is aberrantly overactivated in more than 70% of cancers
(Tian et al., 2019). On the one hand, there is increasing evidence demonstrating that mTORC1
regulates the G1 phase of cell cycle. The inhibition of mTORC1 activity, by both rapamycin and
nutrient starvation, has been proved to arrest human osteosarcoma cells in the G1 phase
(Fingar et al., 2004). Similar results were observed in ovarian cancer cells as well (Gao et al.,
2004). Additionally, a recent study characterized that growth factors (GFs), amino acid and
mTORC1 regulate distinct metabolic checkpoints in mammalian G1 phase. The GF-dependent
checkpoint in the middle of G1 phase determines whether cells are appropriate to divide,
while the checkpoints mediated by amino acids and mTOR in late G1 phase assess whether
cells have sufficient nutrients to accomplish cell division progression (Saqgcena et al., 2013).

On the other hand, the internalization of an ECM component, fibronectin, has been shown to
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stimulate the activation of mMTORC1 and promote ovarian cancer cell invasion (Rainero et al.,
2015). Thus, it is possible that internalized ECM components in G1 can trigger mTORC1 activity

and cell division.

In this chapter we synchronized cells in G1 phase by serum starvation, double thymidine
block (DTB) and palbociclib (Pb) treatment. The transition from G1 to S phase is regulated by
growth factors present in the extracellular environment. Therefore, serum starvation has
been widely used for synchronizing cells in G1 by removing mitogenic factors in the growth
medium (Davis et al., 2001). However, serum starvation often reduces cell survival and
increases the DNA fragmentation (Baghdadchi, 2013). As an inhibitor of DNA synthesis,
thymidine arrests cells at G1/S boundary by binding to deoxyadenosine with double stranded
DNA. Briefly, the first exposure to thymidine halts most of cells at the early S phase and G1/S
boundary of the cell cycle. Those cells then progress through G2/M phases during the release.
During the second exposure, the cells in G2/M phases will be synchronized at G1/S boundary.
Additionally, some cells would be arrested in the late S phase after the first exposure. Those
will progress to G1 phase following the release. These cells will then be synchronized at G1/S
boundary as well after the second exposure (Chen and Deng, 2018). However, the stalled DNA
replication forks tends to collapse due to the extended arrest, resulting in chromosomal
rearrangements and damage after DTB release (Trotter and Hagan, 2020). Pb is the first FDA-
approved CDK4/6 inhibitor for the treatment of metastatic ER*/HER2 breast cancer. Pb can
hinder the transition from the G1 to S phase by inhibiting Rb phosphorylation and E2F release,
inhibiting tumour cell growth (Liu et al., 2018). Moreover, we used nuclear labelled MDA-MB-
231 cells with FUCCI (Fluorescent Ubiquitin Cell Cycle Indicator) system, which allows us to
distinguish the G1 phase of the cell cycle from S, G2 and M phase. The FUCCI system utilizes
the phase-dependent nature of replication licensing factors Cdtl and Geminin. Cdtl is a key
DNA replication protein whose accumulation from the beginning of G1 phase to early S phase
is required for the formation and replication of pre-replicative complexes in the following cell
cycle phases. Geminin is known as an inhibitor of Cdt1, expressing from S phase to metaphase
of M phase (Ballabeni et al., 2013). The reciprocal expression of Cdt1 and Geminin is regulated
by the sequential activation of the E3 ligase complexes SCFskp2 and APCcdhl. The SCFskp2
ubiquitin ligase is known to be active from S to G2 phases and targets Cdt1 for degradation,

whereas the APCcdh1 ubiquitin ligase is active from mid-mitosis throughout G1 and targets
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Geminin for degradation (Zielke and Edgar, 2015). Therefore, a fusion protein of a fragment
of Cdtl with the fluorescent reporter Kusabira-Orange 2 (mKO2) can serve as an indicator of
the G1 phase, while a fusion protein of a fragment of Geminin with the fluorescent protein
Azami-Green (mAG1) can visualize the late S/G2/M phase. In the early S phase, both red and
green colours are expressed, the cell nucleus appear yellow (Figure 4.2) (Prasedya et al., 2016;

Sakaue-Sawano et al., 2008).

Figure 4.2.Dynamic color change of FUCCI-MDA-MB-231 cells. FUCCI is a fluorescent,
two colour sensor of cell cycle progression and division in live cells. During early G1 phase
there is no fluorescence as both FUCCI reporters are downregulated. Cells change from red
in the G1 to yellow in the G1/S interphase and green in S, G2, and M phases (Prasedya et
al., 2016).

In the previous chapter, we demonstrated that the internalization of ECM promotes breast
cancer cell migration and invasion. Meanwhile, it is illustrated that MDA-MB-231 cells in G1
phase are more invasive due to upregulated extracellular ECM degradation (Bayarmagnai et
al., 2019b). Therefore, we hypothesized that breast cancer cells in G1 might uptake more ECM
than cells in S/G2/M phases as well, contributing to cell migration and invasion. Here we
synchronize cells in G1 via different methods and illustrate that ECM endocytosis is cell-cycle
dependent in invasive breast cancer cells, but not in normal mammary epithelial cells. Our
findings reveal that Matrigel internalization is promoted in G1, accompanied by increased 31
integrin endocytosis. Furthermore, our results suggest that this increased Matrigel uptake
might not be only regulated by the enhanced MMP expression in the G1 phase. Finally, our

data highlight a potential role of Matrigel in promoting mTORC1 activity in G1.
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4.2 Results

4.2.1 CDM internalization is upregulated in G1 phase MDA-MB-231 cells

In order to investigate whether the internalization of ECM components is affected by the cell
cycle, we firstly compared CDM internalization in synchronized and asynchronous MDA-MB-
231 cells. Here we synchronized cells in the G1 phase by a 24-hour serum starvation. As shown
in figure 4.3A, there was a significant increase in the proportion of cells in G1 phase when
cells were serum starved for 24 hours compared to the control non-starved cells. At the same
time, we illustrated that cells were arrested in the G1 phase for around 12 hours following
release in full growth medium. Next, serum-starved and control non-starved cells were plated
in complete medium on biotinylated CDM for 8 hours in the presence of the lysosomal
inhibitor E64d. The internalized CDM can be visualized as green signals inside the cells. A
greater number of CDM containing vesicles were visualized in synchronized cells compared
to what we observed in the asynchronous cells, and the image quantification showed that the

internalization of CDM was strongly upregulated in G1 phase MDA-MB-231 cells (Figure 4.3B).
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Figure 4.3. CDM uptake is enhanced in serum starved MDA-MB-231 cells. (A) MDA-MB-
231 cells were synchronized by serum starvation for 24 hours and released in full medium.
Cells were harvested at the indicated time points, fixed, and stained with Propidium lodide (PI)
before fluorescence-activated cell-sorting analysis (FACS) to determine DNA content. (B)
Asynchronous and serum-starved MDA-MB-231 cells were plated in full growth medium on
biotinylated CDM for an 8-hour incubation in the presence of 20uM E64d inhibitor. The
extracellular biotin was removed by treatment with a cell-impermeable reducing agent (MesNa).
Cells were fixed and stained for Streptavidin (green), actin (red) and nuclei (blue). Samples
were imaged with a Nikon A1 confocal microscope and CDM uptake index was calculated with
Image J. Bar=20um. N=3 independent experiments. Mean + SEM, Mann-Whitney test (the big
dots represent the mean of individual experiments). ****p<0.0001.

4.2.2 Matrigel uptake is increased in G1 phase in invasive breast cancer cells

To characterize the internalization of which ECM components are specifically upregulated in

MDA-MB-231 cells synchronized in G1 phase, the endocytosis of collagen | and Matrigel was

measured in serum starved and non-starved MDA-MB-231 cells. The cells were serum starved

for 24 hours, followed by 24 hours incubation on fluorescently labelled matrices in full growth

medium. As shown in figure 4.4A, the internalization of collagen | was lower in the G1

population than in the asynchronous population as a result of fewer collagen | containing
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vesicles inside the cells. By contrast, more and bigger Matrigel containing vesicles were
visualized after serum starvation. Indeed, the statistical results illustrated that Matrigel, but
not collagen |, internalization was significantly increased in G1 phase MDA-MB-231 cells

compared to asynchronous cells (Figure 4.4B).
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Figure 4.4. Matrigel, but not collagen |, internalization is upregulated in serum starved MDA-
MB-231 cells. Asynchronous and serum starved MDA-MB-231 cells were plated in full growth
medium on NHS-fluorescein labelled (A) 1mg/ml collagen | and (B) 1mg/ml Matrigel dishes for 24
hours in the presence of 20uM E64d. Cells were fixed and stained for actin (red) and nuclei (blue).
Samples were imaged with a Nikon A1 confocal microscope, collagen | and Matrigel uptake index
was calculated with Image J. Bar=20um. N=3 independent experiments. Mean + SEM, Mann-
Whitney test (the big dots represent the mean of individual experiments). **p<0.01, ****p<0.0001
(Montserrat Llanses Martinez, Rainero lab).

In addition to MDA-MB-231 cells, we compared the internalization of collagen | and Matrigel
between synchronized and asynchronous PyMT#1 cells as well. The cells were synchronized
in G1 phase by serum starvation. As illustrated in figure 4.5A, a 24-hour serum starvation led
to an efficient synchronization (around 80% cells in the G1) while PyMT#1 cells remained

arrested in the G1 phase for about 8 hours after release from serum starvation, with less than
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50% cells in the G1 phase at 12 hours. Here serum-starved and control non-starved cells were
seeded on fluorescently labelled matrices in full growth medium for a 12-hour incubation.
Consistent with our findings in MDA-MB-231 cells, increased number of Matrigel containing
vesicles were visualized inside synchronized cells compared to the asynchronous cells (Figure
4.5C), The quantification demonstrated that Matrigel uptake was upregulated in G1 phase
cells. However, there was no difference in collagen | internalization between the synchronized
and asynchronous PyMT#1 cells (Figure 4.5B). Collectively, our results indicate that Matrigel,

but not collagen |, uptake is promoted in G1 phase invasive breast cancer cells.
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Figure 4.5. Matrigel, but not collagen |, uptake is upregulated in serum starved PyMT#1
cells. (A) PyMT#1 cells were synchronized at the G1 phase by serum starvation for 24 hours
and released in full growth medium. Cells were harvested at the indicated time points, fixed, and
stained with Propidium lodide (PI) before fluorescence-activated cell-sorting analysis (FACS) to
determine DNA content. (B-C) Asynchronous and serum starved PyMT#1 cells were plated on
NHS-fluorescein labelled (B) 0.5mg/ml collagen | and (C) 1mg/ml Matrigel dishes for 12 hours in
complete medium with 20uM E64d. Cells were fixed and stained for actin (red) and nuclei (blue).
Samples were imaged with a Nikon A1 confocal microscope, collagen | and Matrigel uptake
index was calculated with Image J. Bar=20um. N=3 independent experiments. Mean + SEM,
Mann-Whitney test (the big dots represent the mean of individual experiments). ****p<0.0001.
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Serum starvation is widely used for synchronizing cells in the G1 phase of the cell cycle, but
it often reduces cell survival and increases the DNA fragmentation (Baghdadchi, 2013). Thus,
we then synchronized MDA-MB-231 cells in G1 by treating them with a CDK4/6 inhibitor,
palbociclib (Pb). As expected, after Pb treatment around 85% of the cells were arrested in G1.
At the same time, the cells remained in G1 for at least 8 hours after release from inhibition
(Figure 4.6A). Pb treated and asynchronous MDA-MB-231 cells were seeded on fluorescently
labelled collagen | and Matrigel for a 6-hour incubation. As demonstrated in figure 4.6B, there
was no significant difference in collagen | endocytosis between the synchronized and
asynchronous cells. By contrast, more Matrigel containing vesicles were visualized in the G1
population compared to what we observed in the total population (Figure 4.6C), which was
consistent with the findings we obtained with serum starvation (Figure 4.4B). As apparent
from the quantification, the internalization of Matrigel was significantly upregulated in G1

phase MDA-MB-231 cells.
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Figure 4.6. Matrigel, but not collagen |, uptake is increased in Palbociclib (Pb) treated MDA-
MB-231 cells. (A) MDA-MB-231 cells were synchronized in the G1 phase by Pb treatment for 24
hours. Cells were harvested at the indicated time points after release from inhibition, fixed, and
stained with Propidium lodide (PI) before fluorescence-activated cell-sorting analysis (FACS) to
determine DNA content. (B-C) Asynchronous and Pb treated MDA-MB-231 cells were plated on
NHS-fluorescein labelled (B) 0.5mg/ml collagen | and (C) 1mg/ml Matrigel dishes for 6 hours in the
presence of 20uM E64d. Cells were fixed and stained for actin (red) and nuclei (blue). Samples
were imaged with a Nikon A1 confocal microscope, collagen | and Matrigel uptake index was
calculated with Image J. Bar=20um. For collagen internalization n=2 independent experiments. For
Matrigel uptake n=3 independent experiments. Mean + SEM, Mann-Whitney test (the big dots
represent the mean of individual experiments). ****p<0.0001.
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Next, we synchronized MDA-MB-231 cells in G1 phase by DTB. The flow cytometry analysis
illustrated that DTB resulted in an effective synchronization at the G1/S phase boundary while
cells moved homogeneously through the cell cycle after removal of thymidine. More precisely,
MDA-MB-231 cells went through the S phase at 2-4 hours and reached the G2 phase at 6-8
hours. Approximately 75% of the cells were in the G1 phase after 24 hours of post-release
(Figure 4.7A). Collagen | and Matrigel internalization was compared between synchronized
and asynchronous MDA-MB-231 cells by seeding the cells on labelled matrices for 24 hours
after DTB release. Here no significant difference in the internalization of collagen | was
observed between synchronized and asynchronous population of MDA-MB-231 cells (Figure
4.7B). In agreement with our findings upon serum starvation and CDK4/6 inhibitor Pb
treatment (Figure 4.4B and 4.6C), there were more Matrigel positive vesicles in synchronized
MDA-MB-231 cells compared to the asynchronous cells and the statistical analysis illustrated
that the internalization of Matrigel was significantly increased in G1 phase MDA-MB-231 cells

(Figure 4.7C).
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Figure 4.7. Matrigel, but not collagen |, uptake is upregulated in DTB synchronized
MDA-MB-231 cells. (A) MDA-MB-231 cells were synchronized at the G1/S phase boarder by
double thymidine block (DTB). Cells were harvested at the indicated time points after removal
of thymidine, fixed, and stained with Propidium lodide (PI) before fluorescence-activated cell-
sorting analysis (FACS) to determine DNA content. (B-C) Asynchronous and synchronized
MDA-MB-231 cells were plated on NHS-fluorescein labelled (B) 1mg/ml collagen | and (C)
1mg/ml Matrigel dishes for 24 hours in the presence of 20uM E64d. Cells were fixed and
stained for actin (red) and nuclei (blue). Samples were imaged with a Nikon A1 confocal
microscope, collagen | and Matrigel uptake index was calculated with Image J. Bar=20um.
N=3 independent experiments. Mean + SEM, Mann-Whitney test (the big dots represent the
mean of individual experiments). ****p<0.0001 (Montserrat Llanses Martinez, Rainero lab).
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In order to visualize the cells in the different phases of cell cycle without interfering with cell
cycle progression, we compared collagen and Matrigel internalization among G1, S and G2/M
phase in FUCCI-MDA-MB-231 cells. The cells were seeded on fluorescently labelled matrices
for an 8-hour incubation. As demonstrated in figure 4.8, FUCCI-MDA-MB-231 cells in the early
G1, G1, Sand G2/M phase appeared blue, red, yellow and green, respectively. We found that
MDA-MB-231 cells were mostly in the G1 phase on both matrices. The cell cycle distribution
was around 63% in the G1 phase on collagen |, and about 58% in the G1 phase on Matrigel.
Additionally, we found that the cells in the S/G2/M phases were able to uptake more collagen
| compared to those in the G1 phase of cell cycle (Figure 4.8A), which was consistent with our
results obtained with serum starvation (Figure 4.4A). By contrast, more Matrigel containing
vesicles were observed inside the cells in G1 compared to the cells in the S/G2/M and the
statistical analysis showed that the internalization of Matrigel was significantly increased in
G1 (Figure 4.8B). Furthermore, there was no difference in neither collagen | nor Matrigel
internalization between the population in S phase and those in G2/M phase (Figure 4.8).
Taken together, our findings demonstrate that Matrigel, but not collagen |, internalization is

upregulated in G1 phase invasive breast cancer cells.
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Figure 4.8. Matrigel uptake is increased in the G1 phase FUCCI-MDA-MB-231 cells. FUCCI-
MDA-MB-231 cells were seeded on Alexa Fluor 647-labelled labelled (A) 0.5mg/ml collagen |
and (B) 1mg/ml Matrigel dishes for 8 hours. Cells were fixed and stained for actin (green).
FUCCI-MDA-MB-231 cells in the early G1, G1, S and G2/M phase appeared blue, red, yellow
and green, respectively. Samples were imaged with a Nikon A1 confocal microscope, collagen |
and Matrigel uptake index was calculated with Image J. Bar=20um. N=4 independent
experiments. Mean + SEM, Mann-Whitney test. *p<0.05, **p<0.01.

4.2.3 Matrigel uptake is not affected by the cell cycle in normal mammary
epithelial cells

We have showed that invasive breast cancer cells can uptake more Matrigel, but not collagen

I, in the G1 phase of the cell cycle. To test whether the internalization of Matrigel in normal

mammary epithelial cells is also upregulated in G1, we compared the endocytosis of Matrigel

between NMuMG cells synchronized in G1 phase and the asynchronous population. Here we

synchronized NMuMG cells using serum starvation. As illustrated in Figure 4.9A, 24 hours of

serum starvation was sufficient to arrest NMuMG cells in G1 (more than 80%), and cells re-
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entered the cell cycle around 12 hours after release from starvation. Next, serum starved cells
and control non-starved cells were plated on fluorescently labelled Matrigel for 12 hours in
complete medium. A similar number of Matrigel positive vesicles were visualized inside the
cells between the serum starved and non-starved cells, and the quantification showed that
there was no significant difference in Matrigel uptake between the synchronized and
asynchronous populations (Figure 4.9B). Our findings suggest that Matrigel internalization is

not cell cycle dependent in normal mammary epithelial cells.
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Figure 4.9. Matrigel internalization is not cell cycle dependent in NMuMG cells. (A) NMuMG
cells were synchronized in the G1 phase using serum starvation for 24 hours. Cells were
harvested at the indicated time points after release from starvation. The percentage of cells in
different stages of the cell cycle was quantified by flow cytometric analysis of DNA content in
fixed cells stained with propidium iodide (PI). (B) asynchronous and serum starved NMuMG cells
were plated on NHS-fluorescein 1mg/ml Matrigel dishes for 12 hours in the presence of 20uM
E64d. Cells were fixed and stained for actin (red) and nuclei (blue). Samples were imaged with a
Nikon A1 confocal microscope, Matrigel uptake index was calculated with Image J. Bar=20um.
N=3 independent experiments. Mean + SEM, Mann-Whitney test (the big dots represent the
mean of individual experiments).
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4.2.4 Laminin, but not collagen IV, uptake is upregulated in G1 invasive breast

cancer cells
We have illustrated that Matrigel, but not collagen I, uptake is upregulated in invasive breast
cancer cells in the G1 phase of cell cycle. In order to characterise which component uptake is
increased, we compared the internalization of the two major Matrigel (and BM) components
between synchronized and asynchronous MDA-MB-231 cells: laminin/entactin (referred to as
laminin thereafter) and collagen IV. The serum-starved and the control non-starved cells were
plated on fluorescently labelled laminin or Matrigel containing dye-quenched collagen IV (DQ-
collagen IV) in the full growth medium for an 8-hour incubation. As demonstrated in figure
4.10A, in asynchronous cells only few laminin positive vesicles were visualized in some cells,
while most of serum starved cells displayed laminin containing vesicles inside the cells. As
apparent from the quantification, the internalization of laminin was enhanced in
synchronized MDA-MB-231 cells compared to the asynchronous population. By contrast, only
a small, albeit statistically significant, increase in DQ-collagen IV internalization was observed
in serum starved MDA-MB-231 cells compared to the control non-starved cells. However, the
upregulated DQ-collagen IV internalization in synchronized MDA-MB-231 cells was not as
significant as the difference we observed in the internalization of Matrigel and laminin (Figure

4.108B).
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Figure 4.10. Laminin and collagen IV internalization is enhanced in serum starved
MDA-MB-231 cells. (A-B) MDA-MB-231 cells were serum starved for 24 hours. Next,
asynchronous and serum starved MDA-MB-231 cells were plated on NHS-fluorescein
labelled (A) 2mg/ml laminin and (B) the mixture of 25ug/mL of DQ-collagen IV and 1mg/ml
Matrigel dishes for 8 hours in the full growth medium in the presence of 20uM E64d. Cells
were fixed and stained for actin (red) and nuclei (blue). Samples were imaged with a Nikon
A1 confocal microscope. Laminin and DQ-collagen IV uptake index was calculated with
Image J. Bar=20um. N=3 independent experiments. Mean + SEM, Mann-Whitney test (the
big dots represent the mean of individual experiments). *p<0.05, ****p<0.0001.

Similar findings were observed in DTB synchronized MDA-MB-231 cells as well. In figure 4.11,
more and bigger laminin positive vesicles were visualized in DTB synchronized cells compared
to what we observed in asynchronous cells. Image quantification demonstrated that
synchronized MDA-MB-231 cells were able to uptake more laminin (Figure 4.11). Altogether,
our findings suggest that laminin, but not collagen 1V, internalization is upregulated in G1

phase MDA-MB-231 cells.
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Figure 4.11. The internalization of laminin is promoted in DTB synchronized MDA-MB-
231 cells. MDA-MB-231 cells were synchronized by DTB. Next, asynchronous and DTB
synchronized MDA-MB-231 cells were plated on NHS-fluorescein labelled 2mg/ml laminin
dishes for 24 hours in the presence of 20uM E64d. Cells were fixed and stained for actin (red)
and nuclei (blue). Samples were imaged with a Nikon A1 confocal microscopy, laminin
uptake index was calculated with Image J. Bar=20um. N=3 independent experiments. Mean
+ SEM, Mann-Whitney test (the big dots represent the mean of individual experiments).
****n<0.0001 (Montserrat LIanses Martinez, Rainero lab).

4.2.5 MMP inhibition might affect cell cycle-dependent ECM uptake

Both extracellular and intracellular degrading pathways are involved in the turnover of ECM,
using either MMPs or lysosomal degradation, respectively (Rainero, 2016). MT1-MMP is a key
MMP in regulating ECM proteolytic degradation (Jabtoriska-Trypué et al., 2016). A recent
study demonstrated that the expression of MT1-MMP is upregulated in the G1 phase in MDA-
MB-231 cells (Bayarmagnai et al., 2019b). Extracellular and intracellular ECM degradation
pathways are considered to work collaboratively rather than mutually in regulating the
turnover of ECM. Many ECM proteins form supramolecular complexes. Thus, extracellular
degradation can partially breakdown large multimers or crosslinked molecules, promoting
ECM internalization (Shi and Sottile, 2008b). In order to investigate whether increased
Matrigel internalization is mediated by MMP activity in G1 phase, we treated synchronized

and asynchronous MDA-MB-231 cells with a broad spectrum MMP inhibitor (GM6001).

We firstly compared the internalization of Matrigel between synchronized MDA-MB-231
cells using serum starvation and non-starved cells. The synchronized and asynchronous cells
were plated on fluorescently labelled Matrigel with and without GM6001 for an 8-hour
incubation. In agreement with our previous findings, a greater number of Matrigel containing

vesicles were visualized in synchronized cells than what we observed in asynchronous cells in
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both DMSO control condition and in the presence of GM6001. The quantification suggested
that the uptake of Matrigel was significantly increased in serum starved cells compared to
control non-starved cells (Figure 4.12). Interestingly, MMP inhibition did not affect Matrigel

internalization in either synchronized or asynchronous cells (Figure 4.12).

Async cells+GM6001

Starved cells+DMSO Starved cejl&+GM6_0_0_1 S

Figure 4.12. MMP inhibition does not affect increased Matrigel uptake in serum starved
MDA-MB-231 cells. Asynchronous and serum starved MDA-MB-231 cells were plated on NHS-
fluorescein labelled 1mg/ml Matrigel dishes for 8 hours in full growth medium in the presence of
DMSO (control) or 10uM GM6001. At the same time, 20uM E64d was added in all conditions.
Cells were fixed and stained for actin (red) and nuclei (blue). Samples were imaged with a Nikon
A1 confocal microscope. Matrigel uptake index was calculated with Image J. Bar=20um. N=3
independent experiments. Mean + SEM, Kruskal-wallis with multiple comparisons (the big dots
represent the mean of individual experiments), ****p<0.0001.

We then examined the effect of MMP inhibition on Matrigel internalization in G1 by
synchronizing cells with the CDK4/6 inhibitor Pb. Matrigel uptake was significantly higher in
synchronized cells than in the total population of MDA-MB-231 cells in the DMSO control
group (Figure 4.13), which was consisted with our previous data (Figure 4.6C). Additionally,
GM®6001 treatment did not affect Matrigel internalization in asynchronous cells (Figure 4.13).
However, in synchronised MDA-MB-231 cells, MMP inhibition led to a significant reduction in

Matrigel internalization compared to the DMSO control (Figure 4.13). Therefore, our results
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suggest when MDA-MB-231 cells are synchronised in the G1 phase using a CDK4/6 inhibitor,

but not with serum starvation, MMP activity contributes to upregulated Matrigel endocytosis.
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Figure 4.13. MMP activity affects upregulated Matrigel internalization in Pb treated MDA-
MB-231 cells. Asynchronous and Pb treated MDA-MB-231 cells were seeded on NHS-
fluorescein labelled 1mg/ml Matrigel dishes for 8 hours in the presence of DMSO (control) or
10uM GM6001. At the same time, 20uM E64d was added in all conditions. Cells were fixed and
stained for actin (red) and nuclei (blue). Samples were imaged with a Nikon A1 confocal
microscope. Matrigel uptake index was calculated with Image J. Bar=20pm. N=3 independent
experiments. Mean + SEM, Kruskal-wallis with multiple comparisons (the big dots represent the
mean of individual experiments), ***p<0.001, ****p<0.0001.

4.2.6 Macropinocytosis is slightly affected by the cell cycle in invasive breast

cancer cells
Macropinocytosis is an actin-dependent endocytic pathway by which extracellular fluids are
engulfed via plasma membrane invagination. Unlike receptor-mediated endocytosis that can
uptake specific ECM components via binding to a variety of receptors, macropinocytosis is a
non-specific endocytic pathway which could uptake both integrins (Gu et al., 2011) and ECM
components (Yhee et al., 2017). In pancreatic cancer cells, macropinocytosis is involved in
nutrients uptake, contributing to metabolic needs and promoting tumor growth under

nutrient starvation (Commisso et al., 2014). Here we measured macropinocytosis in G1 phase
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by quantitating the endocytosis of fluorescently-labelled dextran, a standard marker of fluid-
phase endocytosis (Commisso et al., 2013). Briefly, MDA-MB-231 cells were synchronized at
the G1/S phase boundary by DTB, plated on 0.1mg/ml collagen | for 6 hours to fully adhere.
0.25mg/ml rhodamine-dextran was then added for a 1-hour incubation. Cells were fixed and
stained for B1 integrin. As demonstrated in figure 4.14, a similar number of dextran containing
vesicles were visualized inside both synchronized and asynchronous cells, and the
quantification showed that there was only a small, albeit statistically significant, increase in
dextran internalization in DTB synchronized MDA-MB-231 cells compared to the
asynchronous cells. Therefore, our findings illustrate that, although macropinocytosis might

be slightly affected by the cell cycle in breast cancer cells, the uptake of ECM components is

specifically upregulated.
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Figure 4.14. Macropinocytosis is slightly upregulated in DTB synchronized MDA-MB-231
cells. MDA-MB-231 cells were synchronized by DTB. Asynchronous and synchronized MDA-MB-
231 cells were firstly plated on 0.1mg/ml of collagen | coated dishes for 6 hours to fully adhere.
0.25mg/ml Rhodamine-dextran (red) was then added for one hour uptake. Cells were fixed and
stained for B1 (green) and nuclei (blue). Samples were imaged with a Nikon A1 confocal
microscope; dextran uptake index was calculated with Image J. Bar=20um. N=2 independent
experiments. Mean + SEM, Mann-Whitney test (the big dots represent the mean of individual
experiments). *p<0.05 (Montserrat Llanses Martinez, Rainero lab).

4.2.7 B1 Integrin traffic is upregulated in the G1 phase in invasive breast
cancer cells
We have demonstrated that 31 integrin is required for ECM endocytosis in breast cancer cells.

We then wanted to characterize whether B1 integrin traffic is also upregulated in G1 phase.
As illustrated in figure 4.15, MDA-MB-231 cells, which were serum starved for 24 hours, and
asynchronous cells were plated on 1mg/ml Matrigel for a 6-hour incubation, fixed and stained

for B1 integrin. A significant increase in B1 integrin-positive vesicles was visualized in the
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synchronized cells compared to asynchronous cells. The quantification of 31 integrin internal
pool illustrated that B1 integrin internalization was significantly upregulated (Figure 4.15),

suggesting a role of 31 integrin in regulating cell-cycle dependent Matrigel endocytosis.
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Figure 4.15. B1 integrin endocytosis is upregulated in serum starved MDA-MB-231 cells.
Asynchronous and serum starved MDA-MB-231 cells were plated in full growth medium on
1mg/ml Matrigel dishes for 6 hours. Cells were fixed and stained for 1 integrin (green), actin
(red) and nuclei (blue). Samples were imaged with a Nikon A1 confocal microscope, 31 integrin
uptake was calculated with Image J. Bar=20um. N=2 independent experiments. Mean + SEM,
Mann-Whitney test (the big dots represent the mean of individual experiments). ****p<0.0001.

Next, we synchronized cells by treating them with the CDK4/6 inhibitor Pb. Synchronized
and asynchronous MDA-MB-231 cells were seeded on Matrigel for a 6-hour incubation, fixed
and stained for B1 integrin. Consistent with our data obtained with serum starvation, the
presence of Pb led to more B1 integrin vesicles inside the cells (Figure 4.16). However, the
increased B1 integrin internalization in Pb treated MDA-MB-231 cells was not as significant as
the increase we observed in MDA-MB-231 cells synchronized by serum starvation (Figure

4.15). Altogether, our results suggest that 31 integrin might be required for the upregulated

Matrigel uptake in G1 phase in MDA-MB-231 cells.
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Figure 4.16. B1 integrin endocytosis is upregulated in Pb treated MDA-MB-231 cells.
Asynchronous and Pb treated MDA-MB-231 cells were plated in full growth medium on 1mg/mi
Matrigel dishes for 6 hours. Cells were fixed and stained for B1 integrin (green) and nuclei (blue).
Samples were imaged with a Nikon A1 confocal microscope, 1 integrin uptake was calculated

with Image J. Bar=20um. N=3 independent experiments. Mean + SEM, Mann-Whitney test (the
big dots represent the mean of individual experiments). ***p<0.001.

4.2.8 Serum starvation regulates B1 integrin trafficking

Both serum starved cells and Pb treated cells exhibited upregulated B1 integrin internalization
compared to asynchronous cells. However, the upregulated B1 integrin internalization in Pb
treated cells was not as significant as the increase we found in serum starved cells. Thus, we
wanted to investigate whether serum starvation could regulate B1 integrin trafficking in a cell
cycle-independent manner. Here MDA-MB-231 cells were incubated in serum free medium
for 2 hours followed by seeding the cells on 0.1mg/ml collagen | in full growth medium for 6

hours. As demonstrated in figure 4.17, a significant upregulation of B1 integrin-positive

vesicles was visualized in serum starved cells compared to non-starved cells. The

quantification illustrated that 1 integrin endocytosis was promoted, indicating a role of
serum starvation in regulating 1 integrin trafficking in a cell cycle-independent manner in

MDA-MB-231 cells.
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Figure 4.17. B1 integrin endocytosis is increased in MDA-MB-231 cells after a 2-hour
serum starvation. MDA-MB-231 cells were firstly incubated in serum free medium for 2 hours.
Afterward, non-starved and starved cells were plated in full growth medium on 0.1mg/mi
collagen | dishes for 6 hours. Cells were fixed and stained for B1 integrin (green), actin (red) and
nuclei (blue). Samples were imaged with a Nikon A1 confocal microscope, B1 integrin uptake
was calculated with Image J. Bar=20um. N=1. Mean + SEM, Mann-Whitney test. ****p<0.0001.

4.2.9 Increased Matrigel uptake supports mTORC1 activity in G1 phase

The mTORC1 pathway is a pivotal regulator of the cell cycle. On the one hand, the inhibition
of mMTORC1 activity arrests mammalian cells in the G1 phase (Fingar et al., 2004). On the other
hand, a recent study illustrated that CDK4/6 complexes promote mTORC1 activity in G1,
which in turn contributes to cell growth (Romero-Pozuelo et al., 2020). Additionally, ligand-
bound integrin endocytosis has been shown to promote mTORC1 activation in ovarian cancer
cells (Rainero et al., 2015). Hence, we next investigated whether upregulated Matrigel uptake
in G1 was linked to mTORC1 activity. Here we used phosphorylation of S6 (p-S6) as a marker
of mTORC1 activation because its kinase (S6K) is itself directly phosphorylated by mTORC1
kinase activity (Ahmadiantehrani and London, 2017). As illustrated in figure 4.18, MDA-MB-
231 cells, which were serum starved for 24 hours, and control non-starved cells were plated
on either 1mg/ml or 0.1mg/ml Matrigel (as a thin coating to facilitate cell adhesion) for an 8-
hour incubation, fixed and stained for p-S6. Previous work from the lab indicated that the
ECM uptake is negligible in the presence of 0.1mg/ml Matrigel or collagen | (data not shown).
Quantifying the intensity of p-S6, we found that serum starvation resulted in a significant
increase in mTORC1 activity on high concentration Matrigel, while in the presence of

0.1mg/ml there was a much smaller induction of mTORC1 activity. Furthermore, there was
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no significant difference in mTORC1 activity in the asynchronous cells on high Matrigel

concentration compared to low concentration.
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Figure 4.18. mTORC1 activity is increased in serum starved MDA-MB-231 cells on Matrigel.
Asynchronous and serum starved MDA-MB-231 cells were seeded on 1mg/ml and 0.1mg/ml
Matrigel dishes for an 8-hour incubation. Cells were then fixed and stained for p-S6 (green) and
nuclei (blue). Samples were imaged with a Nikon A1 confocal microscope. The mean p-S6
intensity was calculated with Image J. Bar=20um. N=2 independent experiments. Mean + SEM,
Kruskal-wallis with multiple comparisons (the big dots represent the mean of individual
experiments), **p<0.01, ****p<0.0001.

Next, we synchronized MDA-MB-231 cells in G1 by CDK4/6 inhibitor Pb treatment. The
synchronized and asynchronous cells were plated on either 1mg/ml Matrigel or 0.1mg/ml
collagen | (as a thin coating to facilitate cell adhesion), fixed and stained for p-S6. Consistent
with our results obtained with serum starvation, Pb treatment led to higher mTORC1 activity
on Matrigel. However, no difference in mTORC1 activity was observed between synchronized
and asynchronous cells on 0.1mg/ml collagen |. Additionally, the activity of mTORC1 in the
asynchronous cells on Matrigel was much higher compared to mTORC1 activity on 0.1mg/ml
collagen I in both synchronized and asynchronous population of MDA-MB-231 cells (Figure
4.19). Collectively, our findings suggest that increased Matrigel uptake in the G1 phase might
promote mTORC1 activity in MDA-MB-231 cells.
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Figure 4.19. mTORC1 activity is increased in Pb treated MDA-MB-231 cells on Matrigel.
Asynchronous and pb treated MDA-MB-231 cells were seeded on 1mg/ml Matrigel and 0.1mg/mi
collagen | dishes for 6 hours incubation. Cells were then fixed and stained for p-S6 (green) and
nuclei (blue). Samples were imaged with a Nikon A1 confocal microscope. The mean p-S6
intensity was calculated with Image J. Bar=20um. N=1 experiment. Mean + SEM, Kruskal-wallis
with multiple comparisons, ****p<0.0001.

4.3 Discussion

Here we illustrated that Matrigel, but not collagen |, endocytosis is upregulated in the G1
phase in invasive breast cancer cells. Moreover, this cell cycle-dependent ECM uptake may
be mediated by B1 integrin. Furthermore, our findings suggest that increased Matrigel uptake

might be required for mTORC1 activation in G1 (Figure 4.20).
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Figure 4.20. Schematic to summarize the cell cycle-dependent ECM uptake. Matrigel
internalization is upregulated in G1 phase breast cancer cells. 1 integrin might be involved in
this process. Increased Matrigel uptake may support mMTORC1 activity in G1 phase. Image is
‘Created with BioRender.com’.

Here we synchronized cells in G1 phase by serum starvation, double thymidine block (DTB)
and Pb treatment. Although the endocytosis of collagen | is not altered in G1, our data from
serum starvation suggest that collagen | internalization may be increased in G2. Similar results
were also observed in FUCCI-MDA-MB-231 cells. CDK1/cyclin B complex is known to regulate
the transition through G2 to M phase (Matthews et al., 2021). The inhibitor of CDK1, RO-3306,
has been demonstrated to arrest cells in G2 phase (Vassilev, 2006). Thus, further studies can
synchronize cancer cells in G2 phase by RO-3306 treatment, comparing the internalization of
collagen | with asynchronous cells. In addition, our data illustrated that Matrigel endocytosis

is upregulated in G1 phase in breast cancer cells. It has previously been illustrated that o6

integrin knockdown arrests breast cancer cells in G1 phase by decreasing the expression of

Cyclin E/CDK2 complexes (Wang et al., 2011). At the same time, a6B1 integrin is known as a

receptor for laminin (Humphries et al., 2006b). Therefore, one possible explanation is that

breast cancer cells increase laminin internalization in G1 phase through a a6B1 integrin-

dependent pathway, promoting cell cycle progression. More work is needed to measure the
expression and the endocytosis of laminin integrin receptors in the presence of Matrigel in

Glincluding a2, a3 and a6 integrin subunits. Additionally, when cells proliferate, upregulated

nucleotide synthesis in G1 phase is necessary for the replication of DNA and the production

149



of RNA, contributing to the synthesis of proteins in the following stages of the cell cycle (Lane
and Fan, 2015). Nucleotide synthesis is known as an energy-intensive process that is regulated
by different metabolic pathways and outside sources (Lopatkin and Yang, 2021). Recent data
from the Rainero lab suggested that metabolites derived from ECM internalization and
lysosomal degradation might feed into nucleotide synthesis pathways (Nazemi, data not
shown). Hence, it is possible to speculate that increased Matrigel internalization in G1 phase
may contribute to nucleotide synthesis in invasive breast cancer cells. Further studies are

needed to verify this hypothesis.

MMPs are a proteolytic enzyme family that have a key role in ECM extracellular degradation.
The expression of MT1-MMP in breast cancer cells is demonstrated to be upregulated in the
G1 phase (Bayarmagnai et al., 2019b). Our findings revealed that MMP inhibition does not
affect Matrigel endocytosis in MDA-MB-231 cells synchronized by serum starvation. However,
when cells are synchronized by Pb treatment, MMP inhibition leads to a decreased Matrigel
uptake in synchronized cells, suggesting the potential effects of different synchronization
methods in regulating Matrigel uptake. Both serum starvation and Pb treatment can result in
a reversible cell cycle arrest in G1 phase. However, serum starvation is also a common tool to
investigate molecular mechanisms including protein degradation, cellular stress response and
autophagy (Aghababazadeh and Kerachian, 2014). Additionally, serum starvation is a step in
signal transduction studies as well as serum contains several important cytokines and growth
factors that can confound signalling levels (Ahmadiankia, 2020). For example, it is illustrated
that serum starvation facilitates the internalization of soluble laminin in mammary epithelial
cells (Muranen et al., 2017). Therefore, we hypothesize that serum starvation might partially

promote the endocytosis of Matrigel in invasive breast cancer cells.

Although our results indicated that serum starvation could regulate B1 integrin trafficking in
a cell cycle-independent pathway, the internalization of B1 integrin is upregulate in G1 phase.
There is increasing evidence suggesting that f1 integrin may be involved in the transition from
G1 to S phase via two different pathways. Firstly, a recent study demonstrated that integrin-
associated cell-ECM adhesion complexes are regulated in a cell cycle-dependent manner.
They illustrated that the total focal adhesion area increased from G1 to S phase in Hela cells.

Moreover, the phosphorylation of formin-like 2 (FMNL2) in G1 and S phase was required for

150



the following redistribution of focal adhesions from periphery in G1 phase to both central
area and cell periphery in S phase (Jones et al., 2018). Furthermore, it is suggested that the
phosphorylated FMNL2 is a key regulator in B1 integrin internalization (Wang et al., 2015). In
the previous chapter, we demonstrated that B1 integrin is required for the uptake of Matrigel.
Thus, it is possible that the increased Matrigel internalization is induced by the endocytosis
of Matrigel-bound B1 integrin focal adhesion in G1 phase. Secondly, the MEK-Erk is known as
a main pathway mediated by B1 integrin (Moreno-Layseca and Streuli, 2014). A previous work

illustrated that fibronectin activated a5B1 integrin is required for the sustained Erk activity,

contributing to the expression of cyclin D1 (Roovers et al., 1999). Therefore, we hypothesize
that the interaction between Matrigel and B1 integrin can also promote cyclin D1 expression.
At the same time, Matrigel is internalized in a B1 integrin-dependent pathway in this process.
Further studies are needed to compare the expression of cyclin D1 between synchronized and
asynchronous cells on Matrigel. Interestingly, we found a small increase in macropinocytosis
in G1. Although it is shown that the stimulation of platelet-derived growth factor can induce
the formation of circular dorsal ruffles, promoting the accumulation of B1 integrin from dorsal
surface and the following internalization of B1 integrin by macropinocytosis (Gu et al., 2011).
However, the upregulated macropinocytosis in synchronized cells is not as significant as the
difference we observed in the internalization of B1 integrin in G1. Thus, our data suggest that
upregulated ECM components internalization in G1 may be regulated by 1 integrin in breast

cancer cells.

Our study revealed that the presence of Matrigel leads to a higher activity of mTORC1 in G1
phase. In parallel, another study showed that mTORC1 inhibition arrests MDA-MB-231 cells
in G1 phase (Yellen et al., 2011). Thus, we hypothesis that the increased Matrigel uptake
might contribute to cell division by increasing mTORC1 activity. Interestingly, our findings
show that there is no significant difference in mTORC1 activity between the cells synchronized
by Pb treatment and the asynchronous cells on 0.1mg/ml collagen |, whereas mTORC1 activity
is higher in the serum-starved cells compared to the non-starved cells on 0.1mg/ml Matrigel.
One possible explanation is that even low concentration Matrigel can trigger higher mTORC1
activity in G1 phase breast cancer cells compared to the asynchronous cells. At the same time,

these results suggest that collagen | may be not specifically required in G1, which is consistent
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with our findings from collagen | uptake assays. Further studies are required to investigate
mTORC1 activity between synchronized and asynchronous cells on plastic. In another study,
it was demonstrated that laminin internalization contributes to mTORC1 activation in normal
mammary epithelial cells under serum starvation condition (Muranen et al., 2017), providing
another explanation that the presence of low concentration Matrigel could promote mTORC1

activity in the serum starved cells via a metabolic pathway.

So far, pharmacologic inhibitors of CDK4/6 have changed the treatment landscape for breast
cancer, showing promising anticancer effects and manageable toxicity. Here our study reveals
an unexpected cell cycle-dependent ECM endocytosis in invasive breast cancer cells, which
warrants further investigation. In addition, several key questions remain for future studies.
Firstly, only NMuMG cells have been synchronized using serum starvation to measure the
endocytosis of ECM in non-transformed epithelial cells in this work. More normal mammary
epithelial cell lines and synchronization approaches should be employed in further work,
characterizing whether cell cycle-dependent ECM internalization is specifically occurring on
invasive breast cancer cells. Secondly, the expression of different a subunits in G1 is required
to be measured in the presence of Matrigel, elucidating the receptors for upregulated laminin
endocytosis in G1. Thirdly, it has been illustrated that MDA-MB-231 cells in G1 display a higher
invasive capacity compared to the cells in other cell cycle phases (Yano et al., 2014). Further
studies are needed to understand whether this increased ECM uptake is required for MDA-
MB-231 cell invasion in G1. Lastly, more work is necessary to characterize the contribution of

increased mTORC1 activity in G1 for breast cancer development.

152



5 A proteomic approach to identify internalized ECM
components

5.1 Introduction

The remarkably strong interaction between the small molecule biotin and the streptavidin is
widely explored in biological research (Dundas et al., 2013). On the one hand, biotin is a small
chemically inert and hydrophilic molecule. Biotinylation process does not disrupt biomolecule
function of target molecule. On the other hand, the affinity interaction between streptavidin
and biotin is highly selective, resulting in low non-specific binding (Chivers et al., 2010). A
recent work from the Norman lab showed that the internalized proteomes could be identified
using mass spectrometry proteomics. Briefly, the surface proteins were biotinylated followed
by 20 minutes internalization. The internalized proteins were isolated by streptavidin-agarose
beads and analysed by performing high-resolution mass spectrometry (Diaz-Vera et al., 2017).
Here we developed a similar approach, combining mass spectrometry-based proteomics with
a biotinylation-based method, to identify the ECM components that are internalized and their

receptors.

In this chapter, we illustrate that our mass spectrometry approach led to the identification
of core matrisome proteins internalized by MDA-MB-231 cells plated on biotinylated CDM. At
the same time, several integrins were identified in the screen as well, suggesting that integrins
are the main receptors responsible for the internalization of CDM in breast cancer cells. Taken
together, we developed a novel proteomic approach that can characterize internalized ECM

proteins and their receptors in an unbiased way.
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5.2 Results

5.2.1 The detection of internalized CDM by western blotting

We have previously illustrated that internalized biotinylated-CDM could be visualized in MDA-
MB-231 cells through binding to fluorescently labelled streptavidin. Here we firstly assessed
whether internalized proteins can be detected by streptavidin western blotting. We labelled
CDM with sulpho-NHS-SS-Biotin, which contains a reducible disulphide bond. Serum-starved
and non-starved MDA-MB-231 cells were then seeded on CDM for a 16-hour incubation in
the presence of the lysosomal inhibitor E64d. Afterwards, the extracellular biotin was
removed by treating the cells with the membrane-impermeable reducing agent MESNA. The
internalized biotinylated-CDM in the lysates were then assessed by western blotting using
fluorescently conjugated streptavidin (Figure 5.1A). At the same time, to assess the specificity
of the biotin-streptavidin binding, the non-biotinylated CDM was processed identically to the
biotinylated ones and analysed by western blotting as well. As illustrated in figure 5.1B, three
bands (220kDa, 110kDa and 72kDa) were detected in both biotinylated and non-biotinylated
CDM, corresponding to the endogenously biotinylated proteins (most probably mitochondrial
carboxylases) (Parrott and Barry, 2000). Additionally, more bands were detected in the lysates
collected from biotinylated CDM compared to non-biotinylated CDM (Figure 5.1B). Moreover,
the quantification suggested a higher band intensity in serum-starved cells compared to non-
starved cells (Figure 5.1B), consistent with our previous data from imaging-based CDM uptake
assays (Figure 4.3). Altogether, our findings show that internalized biotinylated CDM in MDA-

MB-231 cells could be detected by western blotting.
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Figure 5.1. Internalized CDM can be detected by western blotting using streptavidin. (A)
Workflow of western blotting used for detecting internalized CDM in MDA-MB-231 cells. Image is
‘Created with BioRender.com’. (B) Serum starved cells were plated on biotinylated and non-
biotinylated CDM for 16 hours in the presence 20uM E64d. Non-starved MDA-MB-231 cells were
plated on biotinylated CDM with E64d. After MESNA treatment, cells were lysed and analyzed by
western blotting using IR Dye 680LT streptavidin and antibody recognizing GAPDH. The intensity
of the bands was quantified with Licor Odyssey system. N=2 independent experiments. Mean +
SEM, Kruskal-wallis with multiple comparisons.
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5.2.2 Detection of internalized proteins by streptavidin-agarose pulldown

assay
Prior to mass spectrometry analysis, we assessed the effectiveness of streptavidin-agarose
pulldown assay (SAPA) using western blotting. The principle of the SAPA was to incubate
biotinylated CDM with streptavidin-agarose beads. Here the total cell lysates were performed
as described in the previous section. At the same time, the non-biotinylated CDM was also
processed as a control. We then incubated some of total cell lysates with streptavidin-agarose
beads at 4°C. For elution of proteins for western blotting, biotinylated proteins bound to
streptavidin beads were boiled in SDS sample buffer for 10 minutes, referred to as pulldown

lysates (Figure 5.2A).

In total cell lysates, three bands of endogenously biotinylated proteins were detected in both
groups. Moreover, more bands were detected in the lysates collected from biotinylated CDM.
These were consistent with what we observed in figure 5.1B. In pulldown lysates, we showed
that biotinylated proteins in cells were enriched while no GAPDH was detected (Figure 5.2B),

suggesting these samples were suitable for subsequent mass spectrometry assay.
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Figure 5.2. Detection of internalized proteins using streptavidin-agarose pulldown assay (SAPA). (A)
Workflow of using western blotting detect internalized CDM in serum-starved MDA-MB-231 cells by SAPA.
Image is ‘Created with BioRender.com’. (B) Serum starved cells were plated on biotinylated and non-
biotinylated CDM for 16 hours in the presence 20uM E64d. After MESNA treatment, cells were lysed and
collected. Some lysates were analyzed by western blotting directly. The remaining lysates were incubated
with streptavidin-agarose beads following by heating process and western blotting. The western blotting was
performed using IR Dye 680LT streptavidin and antibody recognizing GAPDH. The intensity of the bands in
the total cell lysates was quantified with Licor Odyssey system. N=1. A distinct band appeared around

17kDa corresponded to monomeric streptavidin.
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5.2.3 Identification of internalized proteins by mass spectrometry

Because of the detection of internalized CDM components in MDA-MB-231 cells by western
blotting, we used mass spectrometry to identify which proteins were internalized by MDA-
MB-231 cells plated on biotinylated CDM, compared to non-biotinylated CDM. In-solution and
in-gel digestion are two well-used approaches to prepare samples for mass spectrometry
analysis. However, it was previously demonstrated that the extraction of peptides from a gel
is less efficient, with estimates of 70%-80% of in-solution digest efficiency (Feist and Hummon,

2015). Therefore, the peptides were digested in-solution in this process (Figure 5.3).
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Figure 5.3. Identification of internalized proteins and integrins using mass spectrometry.
Serum starved MDA-MB-231 cells were plated on biotinylated and nonbiotinylated CDM for 16
hours in the presence 20uM E64d. Cells were lysed after MESNA treatment. Some cell lysates
were mixed in SDS sample buffer for western blotting, while the remaining lysates were used for
mass spectrometry analysis. Image is ‘Created with BioRender.com’.

Here serum starved MDA-MB-231 cells were plated onto biotinylated and non-biotinylated
CDM for 16 hours in the presence of E64d. In order to quantify mass spectrometry data, the
total cell lysates were split into two technical replicates before incubation with streptavidin-
agarose beads. The intensity of GAPDH in western blotting results suggested that the number
of cells collected from biotinylated and non-biotinylated CDM were similar (Figure 5.4A).

Mass spectrometry data was analysed by Perseus and visualized by a volcano plot. Here 440
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proteins were found (Table 5.2), and 304 proteins were upregulated in the pulldown lysates
collected from biotinylated CDM (Figure 5.4B). As our aim is to identify the ECM components
that are internalized by cancer cells, we annotate the list of upregulated proteins for hits
identified by the matrisome project. The matrisome is a curated database of ECM
components identified by mass spectrometry approaches. Matrisome proteins can be divided
into ‘core matrisome’ and ‘associated matrisome’. Core matrisome components contain
collagens, proteoglycans and glycoproteins. Matrisome associated components include
MMPs, ECM affiliated proteins and secreted factors (Hynes and Naba, 2012). The data
demonstrated that 7 core matrisome proteins and 13 associated matrisome proteins were
upregulated on biotinylated CDM based on the database of Matrisome project

(http://matrisomeproject.mit.edu/proteins/) (Figure 5.4C & Table 5.1). Fibronectin is

illustrated to be one of the most abundant proteins in the telomerase-immortalized fibroblast
(TIF) CDM (Kaukonen et al., 2017b). Collagen VI is known to facilitate the assembly of CDM
(Theocharidis et al., 2016). Fibrillin 1 and elastin microfibril interface-1 (EMILIN-1) are two
structurally related glycoproteins, contributing to maintain the tissue homeostasis (Godwin
et al.,, 2019; Schiavinato et al., 2016). Thrombospondin 1 (TSP-1) is a glycoprotein that
participates in the organization of collagen fibril in ECM (Kim et al., 2015). The expression of
tenascin-C (TNC) and TGFBI (transforming growth factor beta-induced) are tightly regulated,
modifying numerous biological functions, such as cell adhesion and collagen | expression
(Corona and Blobe, 2021; Ma et al., 2016). In chapter 3, our findings showed that MDA-MB-
231 cells can internalize both collagen | and Matrigel. Consistently, in our raw mass
spectrometry data, collagen alpha-2(l) chain, one of the chains for collagen I, was identified
on biotinylated CDM specifically (Satacinska et al., 2021) (data not shown). However, it was
filtered by the statistical analysis due to the absence of collagen alpha-2(1) chain in one of the

biotin groups.
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Figure 5.4. Identification of internalized ECM proteins using mass spectrometry. (A) Serum
starved cells were plated on biotinylated CDM and non-biotinylated CDM for 16 hours in the
presence 20uM E64d. After MESNA treatment, cells were lysed and analyzed by western blotting
using IR Dye 680LT streptavidin and antibody recognizing GAPDH. Volcano plot illustrated (B) up-
regulated and down-regulated components and (C) upregulated core matrisome proteins identified
from biotinylated and non-biotinylated CDM in serum-starved MDA-MB-231 cells. T-test, p-value <
0.05.
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Table 5.1

List of upregulated ECM proteins in biotinylated CDM

Matrisome Division

Category

Elastin microfibril interface 1

Core matrisome

ECM Glycoproteins

Fibrillin 1

Core matrisome

ECM Glycoproteins

Fibronectin 1

Core matrisome

ECM Glycoproteins

Transforming growth factor-beta-induced protein

Core matrisome

ECM Glycoproteins

Thrombospondin 1

Core matrisome

ECM Glycoproteins

Tenascin C

Core matrisome

ECM Glycoproteins

Collage type VI, alpha 3

Core matrisome

Collagens

Annexin Al

Matrisome-associated

ECM-affiliated Proteins

Annexin A2

Matrisome-associated

ECM-affiliated Proteins

Annexin A4

Matrisome-associated

ECM-affiliated Proteins

Annexin A5

Matrisome-associated

ECM-affiliated Proteins

Annexin A6

Matrisome-associated

ECM-affiliated Proteins

Annexin A7

Matrisome-associated

ECM-affiliated Proteins

Collectin sub-family member 12

Matrisome-associated

ECM-affiliated Proteins

Chondroitin sulfate proteoglycan 4

Matrisome-associated

ECM-affiliated Proteins

Galectin-1

Matrisome-associated

ECM-affiliated Proteins

Protein ERGIC-53

Matrisome-associated

ECM-affiliated Proteins

ADAM metallopeptidase domain 9

Matrisome-associated

ECM Regulators

CD109 molecule

Matrisome-associated

ECM Regulators

Matrix metallopeptidase 14

Matrisome-associated

ECM Regulators

Several pieces of evidence from the literature and the data presented in chapter 3 illustrate
a role of integrin in controlling ECM endocytosis. Therefore, we then wanted to characterize
which integrins could be detected using mass spectrometry as interactors of biotinylated ECM
components. The quantification illustrated that two B subunits (B1 and $5) and five a subunits
(a2, a3, a5, aVand all) were strongly upregulated on biotinylated CDM (Figure 5.5A). Among

the hits, both a2f1 and a11B1 are known as collagen-binding integrins (Zeltz and Gullberg,

161



2016). a5B1 is a highly selective fibronectin receptor (Humphries et al., 2006a), whereas aVp1
can bind to both fibronectin and vitronectin (Marshall et al., 1995). a3B1 is known as a highly
selective receptor for laminin (Subbaram and DiPersio, 2011). aV5 is known to interact with
various ECM components, including osteopontin, vitronectin and fibronectin (Bisanz et al.,

2005; Park and Helfman, 2019) (Figure 5.5B).
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Figure 5.5. Identification of integrins using mass spectrometry. (A) Volcano plot illustrated
upregulated integrins from biotinylated CDM (B) The ECM ligands of upregulated integrins from
biotinylated CDM. T-test, p-value < 0.05.
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Lastly, we have showed that most of internalized CDM were degraded inside the lysosomes
in MDA-MB-231 cells. Here we illustrated that lysosomal-associated membrane glycoprotein
1 (LAMP1), lysosome integral membrane protein 2 (LIMP-2) and Ras-related protein Rab-7a
(Rab7a) were upregulated on biotinylated CDM (Figure 5.6). LAMP1 is a major protein
component of the lysosomal membrane and usually referred to as lysosomal marker (Cheng
et al., 2018). LIMP-2 is a transmembrane glycoprotein mainly found in late endosomes and
lysosomes, promoting endosomal and lysosomal function (Conrad et al., 2017). Rab7a is a key
regulator of the endosomal-lysosomal system which is mainly located in the late endosomes
(Sun et al., 2020). By contrast, early endosome antigen 1 (EEA1; a well-known marker of early
endosomes) was not upregulated. Taken together, our data suggest that internalized CDM

accumulated in the late endosomes/lysosomes in the presence of E64d.

I

| | |
0 5 10
Difference (Biotin - Non-biotin)

Figure 5.6. Internalized CDM components are accumulated in the Ilate
endosomes/lysosomes. Volcano plot illustrated the upregulation of lysosomal-associated
membrane glycoprotein 1 (LAMP1), lysosome membrane protein 2 (SCARB2) and Ras-
related protein Rab-7a (RAB7A) on biotinylated CDM. T-test, p-value < 0.05.
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Table 5.2 List of ECM proteins presented in the screen

(+:upregulation; x: no different; -:downregulation)

Protein Name

Myosin-9

Trifunctional enzyme subunit alpha, mitochondrial
Cytoskeleton-associated protein 4

Cytochrome b-c1 complex subunit 2, mitochondrial
Tenascin

Cytochrome b-c1 complex subunit 1, mitochondrial
Fatty acid synthase

Cytoplasmic dynein 1 heavy chain 1

Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit DAD1

Myoferlin

Phosphate carrier protein, mitochondrial

Heat shock protein HSP 90-beta

Myosin light polypeptide 6

Mitochondrial carrier homolog 2

Clathrin heavy chain 1

Sideroflexin-1

Prolow-density lipoprotein receptor-related protein 1
ADP/ATP translocase 2

Myosin regulatory light chain 12A

Calcium-binding mitochondrial carrier protein Aralarl
Aminopeptidase N

Epoxide hydrolase 1

Annexin A2

Annexin A7

Prolyl endopeptidase FAP

Guanine nucleotide-binding protein G(I)/G(S)/G(T) subunit beta-1
Sideroflexin-3

Tubulin beta-4B chain

Heat shock protein HSP 90-alpha

Voltage-dependent anion-selective channel protein 1
Apolipoprotein B-100

Galectin-1

Transitional endoplasmic reticulum ATPase

Lysosome membrane protein 2

Dihydrolipoyl dehydrogenase, mitochondrial
Sarcoplasmic/endoplasmic reticulum calcium ATPase 2
Dipeptidyl peptidase 4

Calnexin

Sodium/potassium-transporting ATPase subunit alpha-1
Mitochondrial carnitine/acylcarnitine carrier protein
Voltage-dependent anion-selective channel protein 2 (Fragment)
Fibronectin

Prohibitin

Major facilitator superfamily domain-containing protein 10
Delta(24)-sterol reductase

MICOS complex subunit MIC60 (Fragment)

CAD protein

Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 2
Mitochondrial 2-oxoglutarate/malate carrier protein (Fragment)
Acyl-CoA 6-desaturase

Inhibitor of nuclear factor kappa-B kinase-interacting protein
Myosin-10

2-oxoglutarate dehydrogenase, mitochondrial

Eukaryotic initiation factor 4A-|

Annexin Al

164

T-test Bio-Nonbiotin

+ 4+ + + + + + + F F + + + + F + + + + A+ + + A+ + + A+ A+ + A+ + + + + + A+ A+ + + A+ A+ + + 4+



Integrin beta-1
Alpha-actinin-1
E3 ubiquitin-protein ligase UBR4

Dolichyl-diphosphooligosaccharide—-protein glycosyltransferase 48 kDa subunit

Annexin AS

Mitochondrial carrier homolog1

Tricarboxylate transport protein, mitochondrial

Neutral alpha-glucosidase AB

Cytochrome c oxidase subunit 5A, mitochondrial
Cation-independent mannose-6-phosphate receptor
Glycogen phosphorylase, brain form

Importin-5

Prohibitin

Plectin

Cullin-associated NEDD8-dissociated protein 1
NPCintracellular cholesterol transporter 1

Vimentin

Endoplasmic reticulum metallopeptidase 1

Plasma membrane calcium-transporting ATPase 4
Endoplasmin

WD repeat-containing protein 1

Transmembrane protein 43

Myosin regulatory light polypeptide 9

elF-2-alpha kinase activator GCN1

NAD(P) transhydrogenase, mitochondrial

ADP/ATP translocase 3

Propionyl-CoA carboxylase beta chain, mitochondrial
Transferrin receptor protein 1

Anoctamin-10

Exportin-2

Endoplasmic reticulum-Golgi intermediate compartment protein 1
Trifunctional enzyme subunit beta, mitochondrial
Vinculin

Peroxisomal membraneprotein 118

Microsomal glutathione S-transferase 3

Transforming growth factor-beta-induced proteinig-h3
Electron transfer flavoprotein-ubiquinone oxidoreductase, mitochondrial
Spectrin betachain
Dolichyl-diphosphooligosaccharide—-protein glycosyltransferase subunit 1
Neprilysin

Leucine-rich PPR motif<containing protein, mitochondrial
Integrin alpha-V

Tropomyosin alpha-4 chain

Membrane-associated progesterone receptor component 1
Lysosome-associated membrane glycoprotein 1
Lysophospholipid acyltransferase 7

Membrane-associated progesterone receptor component 2
Protein kish-A

Copine-3

Calpain-2 catalytic subunit

Isoleucyl-tRNA synthetase 1

Acylglycerol kinase, mitochondrial

Importin-7

Collectin-12

HLA class | histocompatibility antigen, Aalpha chain (Fragment)
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E3 ubiquitin-protein ligase synoviolin

Unconventional myosin-ic

Cytochrome c oxidase subunit 4 isoform 1, mitochondrial
Elongation factor 1-gamma

FACT complex subunit SPT16

Transmembrane protein 33 (Fragment)

Spectrin alphachain, non-erythrocytic 1

HLA class | histocompatibility antigen, B alpha chain (Fragment)
ATP synthase membrane subunit DAPIT, mitochondrial
ATP-citratesynthase

Thioredoxin-related transmembrane protein 1
Transportin-1

Syntaxin-7

Integrin beta-5

NADH-cytochrome b5 reductase 3

Proteasome adapter and scaffold protein ECM29
Importin subunit beta-1

Low-density lipoprotein receptor

CD109 antigen

Vesicular integral-membrane protein VIP36

E3 ubiquitin-protein ligase HUWE1

Protein RER1 (Fragment)

TMEM256-PLSCR3 readthrough (NMD candidate)

Protein ERGIC-53

Integrin alpha-2

ATP synthase subunit d, mitochondrial

Exportin-1

Integrin alpha-5

Heat shock protein 105 kDa

Solutecarrier family 52, riboflavin transporter, member 2
Voltage-dependent anion-selective channel protein 3
Erythrocyte band 7 integral membrane protein
Reversion-inducing cysteine-rich protein with Kazal motifs
Nicotinamide phosphoribosyltransferase

EMILIN-1

Cytochrome P450 20A1

Claudin-11

Integrin alpha-11

Annexin A6

Putative heat shock protein HSP 90-beta 2

Golgi apparatus protein 1

CD&3 antigen (Fragment)

Reactive oxygen species modulator 1
Guaninenucleotide-binding protein G(1)/G(S)/G(T) subunit beta-2
Splicing factor 38 subunit 1

Ubiquitin-like modifier-activating enzyme 1

CD166 antigen

26S proteasome non-ATPase regul atory subunit 2
Mitochondrial proton/calcium exchanger protein
Gelsolin

Transient receptor potential cation channel subfamily V member 2

Protein cornichon homolog 3
Sphingolipid delta(4)-desaturase DES1
Lysophosphatidylserine lipase ABHD12
Coatomer subunit beta
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ATP synthase subunit beta, mitochondrial
Tetraspanin

T-complex protein 1 subunit alpha
Transmembrane 9 superfamily member 2

ATP synthase F(0) complex subunit B1, mitochondrial
Protein TMED7-TICAM2

Arginine-tRNA ligase, cytoplasmic

Eukaryotic translation initiation factor 3 subunit A
Extended synaptotagmin-1

Glycerol-3-phosphate dehydrogenase, mitochondrial
ATP synthase subunit f, mitochondrial

Microsomal glutathione S-transferase 1 (Fragment)
HLA class | histocompatibility antigen, B alpha chain
HLA class | histocompatibility antigen, C alpha chain
Serine/threonine-protein kinase mTOR

NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit9
Thrombospondin-1

Transmembrane protein 168

Plastin-3

Matrix metalloproteinase-14

Integrin alpha-3

Protein disulfide-isomerase

PRA1 family protein

Neutral amino acid transporter B(0)

Lanosterol synthase

Epidermal growth factor receptor

4F2 cell-surfaceantigen heavy chain

Probable ubiquitin carboxyl-terminal hydrolase FAF-X
Vacuolar protein sorting-associated protein 35
Multidrug resistance-associated protein 4

Thy-1 membrane glycoprotein (Fragment)

Zinc transporter 7

Nurim

Solute carrier family 15 member 4
Threonine-tRNAligase 1, cytoplasmic

Utrophin

Monocarboxylate transporter 4

Aspartate aminotransferase, mitochondrial
T-complex protein 1 subunit epsilon
Guaninenucleotide-binding protein G(i) subunit alpha-2
CAAX prenyl protease 1 homolog

14-3-3 protein epsilon

Collagen alpha-3(VI) chain

Chondroitin sulfate proteoglycan 4

Dynactin subunit 1

NADH-ubiquinone oxidoreductase 75 kDa subunit, mitochondrial
7-dehydrocholesterol reductase

Sodium-coupled neutral amino acid transporter 2
Hypoxia up-regulated protein 1

Actin-related protein 3

UPAR/Ly6 domain-containing protein

Coatomer subunit beta

Striatin-3

Cofilin-1 (Fragment)

Transmembrane protein 65
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Anoctamin-6

Cytochromec1, heme protein, mitochondrial
Trifunctional purine biosynthetic protein adenosine-3
Fibrillin-1

Ectonucleotide pyrophosphatase/phosphodiesterase family member 1
Beta-2-syntrophin

Ras-related protein Rab-7a

Cytochrome c oxidase subunit 58, mitochondrial
T-complex protein 1 subunit theta

Nicastrin (Fragment)

LETM1 domain-containing protein 1

Exportin-5

26S proteasome non-ATPase regulatory subunit 1
ATP-dependent RNA helicase A

Calcium-binding mitochondrial carrier protein Aralar2
Kinesin-1 heavy chain

CytochromebS5 typeB

Copine-1 (Fragment)

60S ribosomal protein L30 (Fragment)

Inverted formin-2

Prenylcysteine oxidase 1

Syntenin-1

Alkyldihydroxyacetonephosphate synthase, peroxisomal
Tubulin beta-6 chain

Glycine—-tRNA ligase

V-type proton ATPase catalytic subunit A

Protein transport protein Sec24C

Acyl-CoA (8-3)-desaturase (Fragment)

C-type mannose receptor 2

Fumarate hydratase, mitochondrial
Polypyrimidinetract binding protein 1, isoform CRA_b
Atlastin-3

Alpha-2-macroglobulin receptor-associated protein
Mitochondrial import receptor subunit TOM40 homolog
5-nucleotidase

Coatomer subunit gamma-1

Ephrin type-Areceptor 2

Glucose-6-phosphate isomerase

Thioredoxin domain-containing protein 5

Annexin A4

DNA damage-binding protein 1

Tumor necrosis factor receptor superfamily member 6
Staphylococcal nuclease domain-containing protein 1
Paxillin (Fragment)

26S proteasome regulatory subunit 4

Alanine—-tRNA ligase, cytoplasmic

Bcl-2-associated transcription factor 1
NADH-ubiquinone oxidoreductasechain 5

Perilipin-3

ATPase ASNA1

Cytoplasmic FMR1-interacting protein 1

Exportin-7

Estradiol 17-beta-dehydrogenase 11

Cleavage and polyadenylation-specificity factor subunit 6
Importin subunit alpha-1
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Glutamine—tRNA ligase
Chromodomain-helicase-DNA-binding protein 4 (Fragment)
Major vault protein

60S ribosomal protein L12

Transmembrane protein 11, mitochondrial

Stomatin-like protein 2, mitochondrial

Transmembrane 9 superfamily member 3

General vesicular transport factor p115

Delta-sarcoglycan

E3 ubiquitin-protein ligase MARCHF5

Leucine-rich repeat-containing protein 15

Large neutral amino acids transporter small subunit 1
Lipopolysaccharideresponsive and beige-like anchor protein
Transmembrane emp24 domain-containing protein 1

P2X purinoceptor 4

Disintegrin and metalloproteinase domain-containing protein 9
Glutamine—fructose-6-phosphate aminotransferase [isomerizing) 1
40S ribosomal protein S8

Large proline-rich protein BAG6

Heterogeneousnuclear ribonucleoprotein L (Fragment)

Ras GTPase-activating protein-binding protein 1

Neuropilin

Rho GTPase-activating protein 29

Ubiquitin carboxyl-terminal hydrolase 5

Succinate dehydrogenase [ubiquinone] flavoprotein subunit, mitochondrial

C-Jun-amino-terminal kinase-interacting protein 4
Gap junction alpha-1 protein

Condensin complex subunit 3

Dnal homolog subfamily C member 13

Pyruvate carboxylase, mitochondrial

Acetyl-CoA carboxylase 1

Filamin-A

Actin, cytoplasmic 2

Collagen alpha-1(XIl) chain

Filamin-8

Propionyl-CoA carboxylase alpha chain, mitochondrial
Methylcrotonoyl-CoA carboxylase subunit alpha, mitochondrial
Pyruvate kinase PKM

Putative elongation factor 1-alpha-like 3

Tubulin alpha-1A chain

Heat shock cognate 71 kDa protein
Glyceraldehyde-3-phosphate dehydrogenase
DNA-dependent protein kinase catalytic subunit
Ras GTPase-activating-like protein IQGAP1

Talin-1

Putative RNA-binding protein Luc7-like 2
Alpha-actinin-4

Alpha-enolase

RNA-binding protein 39

Filamin-C

Elongation factor 2

RNA-binding protein FUS

Endoplasmic reticulum chaperone BiP

L-lactate dehydrogenase A chain

Tubulin beta chain
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C-1-tetrahydrofolate synthase, cytoplasmic
Probable ATP-dependent RNA helicase DDX46
Moesin

DNA (cytosine-5)-methyltransferase 1

Nucleolin

Coatomer subunit alpha

60 kDa heat shock protein, mitochondrial
Transketolase

CD44 antigen

Bifunctional glutamate/proline-tRNA ligase
Valine—-tRNA ligase

Prelamin-A/C

Polyubiquitin-C

Microtubule-associated protein 18

Eukaryotic translation initiation factor 4 gamma 1
Cytochromeb-1 complexsubunit9
Serine/argininerich-splicing factor 2 (Fragment)
L-lactate dehydrogenase B chain

14-3-3 protein zeta/delta

Heat shock 70 kDa protein 18

ATP synthase subunit alpha, mitochondrial
Stress-70 protein, mitochondrial
Phosphoglycerate kinase 1

T-complex protein 1 subunit gamma

Putative RNA-binding protein Luc7-like 1
Dihydropyrimidinase-related protein 2
Fructose-bisphosphate aldolase

Reticulon (Fragment)

Splicing factor U2AF 35 kDa subunit
Heterogeneousnuclear ribonucleoprotein K
Peroxiredoxin-1 (Fragment)
Serine/argininerich-splicing factor 7

Luc7-like protein 3

Very-long-chain enoyl-CoA reductase

T-complex protein 1 subunit zeta
Polyadenylate-binding protein 1

Y-box-binding protein 1

Calcium homeostasis endoplasmic reticulum protein
Cytoskeleton-associated protein 5

RNA-binding protein EWS

Far upstream element-binding protein 2
PDZand LIMdomain protein 5

GTP-binding nuclear protein Ran
Microtubule-associated protein 4

Cytochrome c oxidase subunit 2

Programmed cell death 6-interacting protein
Microtubule-actin cross-linking factor 1, isoforms 1/2/3/5
Transcription intermediary factor 1-beta
Splicing factor U2AF 65 kDa subunit
Leucine—-tRNA ligase, cytoplasmic
Heterogeneousnuclear ribonucleoprotein M (Fragment)
Serine/argininerich-splicing factor 11 (Fragment)
Adenosylhomocysteinase

Arginine/serinerich coiled-coil protein 2
Protein PRRC2C
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Thyroid hormone receptor-associated protein 3
ATP-dependent 6-phosphofructokinase, platelet type
Eukaryotic translation initiation factor 3 subunit C
Eukaryotic translation initiation factor 58

60S ribosomal protein L4

Heat shock 70 kDa protein 4

Adenylyl cyclase-associated protein 1
Serine/arginine repetitive matrix protein 2
Glutamate dehydrogenase 2, mitochondrial
T-complex protein 1 subunit eta

Receptor of-activated protein Ckinase 1 (Fragment)
Keratinocyte proline-rich protein
Ribonucleaseinhibitor

Peroxiredoxin-6

Heterogeneousnuclear ribonucleoprotein H

Heterogeneousnuclear ribonucleoprotein U-like protein 1 (Fragment)

Poly [ADP-ribose] polymerase 1
Long-chain-fatty-acid—CoAligase 3

Dynamin-2

Rab GDP dissociation inhibitor beta

Cellular nucleic acid-binding protein

Elongation factor 1-delta

Heterogeneousnuclear ribonucleoprotein U

Eukaryotic translation initiation factor 4 gamma 2 (Fragment)
Phosphoglycerate mutase 1
Stress-induced-phosphoprotein 1
Pre-mRNA-processing-splicing factor 8
Torsin-1A-interacting protein 1 (Fragment)

Retinol dehydrogenase 11

Melanoma-associated antigen D2

ATP-binding cassette sub-family F member 1 (Fragment)
ATP synthase subunit gamma, mitochondrial

Nascent polypeptide-associated complex subunit alpha (Fragment)
Dystonin

Lamina-associated polypeptide 2, isoforms beta/gamma
F-actin-capping protein subunit alpha-1

Stimulator of interferon response cGAMP interactor 1
Phosphoglucomutase-1

Probable ATP-dependent RNA helicase DDX17

Laminin subunit beta-3

LIM domain only protein 7

Sister chromatid cohesion protein PDS5 homolog A

72 kDa type IV collagenase

Band 4.1-like protein 2

HCG2042749, isoform CRA_d

Catalase

Keratin, type |l cytoskeletal 1

Neuroblast differentiation-associated protein AHNAK
Desmoplakin

Junction plakoglobin

Calmodulinike protein 5

Dermcidin

Protein S100-A8

Keratin, type |l cytoskeletal 78

Protein-glutamine gamma-glutamyltransferase E
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5.2.4 ldentification of internalized proteins in MDA-MB-231 and MCF10A cells

In section 5.2.3, we had two groups (biotin & non-biotin) that each contained two technical
replicates. Here we set up two more biological replicates of MDA-MB-231 cells on biotinylated
and non-biotinylated CDM. Additionally, we showed that MDA-MB-231 cells can uptake more
CDM compared to MCF10A cells. Thus, MCF10A cells were seeded on biotinylated CDM for a
16-hour incubation in the presence of E64d, identifying potential differences in CDM uptake
between MDA-MB-231 cells and MCF10A cells. As demonstrated in figure 5.7, endogenously
biotinylated protein bands were detected in all three conditions. Moreover, more bands were
detected on biotinylated CDM compared to control non-biotinylated CDM in MDA-MB-231
cells. Furthermore, the quantification suggested a higher band intensity in MDA-MB-231 cells
compared to MCF10A cells, consistent with our previous findings from imaging-based CDM

internalization assays (Figure 3.1).
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(a) MDA-MB-231 cells + Biotinylated CDM (d) MDA-MB-231 cells + Biotinylated CDM
(b) MDA-MB-231 cells + Non-biotinylated CDM (e) MDA-MB-231 cells + Non-biotinylated CDM
(c) MCF10A cells + Biotinylated CDM (f) MCF10A cells + Biotinylated CDM

Figure 5.7. Western blotting results of internalized CDM in MDA-MB-231 cells and MCF10A cells. MDA-
MB-231 cells were plated on biotinylated and non-biotinylated CDM for 16 hours in the presence 20uM E64d.
MCF10A cells were plated on biotinylated CDM with E64d. After MESNA treatment, some cell lysates were
analyzed by western blotting using IR Dye 680LT streptavidin and antibody recognizing GAPDH. The intensity
of the bands was quantified with Licor Odyssey system. N=2 independent experiments. Mean + SEM,
Kruskal-wallis with multiple comparisons. One replicate (d-f) was finished by Montserrat Llanses Martinez,
Rainero lab.
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5.3 Discussion

In this chapter, we used a proteomic approach to characterize internalized CDM components
in breast cancer cells. Here 7 core matrisome proteins and 6 integrin heterodimers were
found to be strongly upregulated on biotinylated CDM. Among the integrin hits, the ligand for
a5B1 and avBl, fibronectin, was identified to be upregulated as well. Collagen alpha-2(l) chain
was detected on biotinylated CDM specifically. The ligand of a3B1 was detected both on
biotinylated CDM and non-biotinylated CDM (Figure 5.8). These results suggest that integrins

are the major receptors responsible for the endocytosis of CDM in breast cancer cells.

a2p1

Collagen alpha-2(1) chain< Laminin subunit-B3— a3p1

a11B1

Collagen VI -

Elastin microfibril = Fibrillin 1 a5B1
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Thrombospondin 1 L Fibronectin
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Tenascin-C \

Transforming growth
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Transforming growth factor beta-induced—» aVp5

Figure 5.8. Integrins may the major receptors responsible for the endocytosis of CDM. 6 integrins
were identified to be upregulated on biotinylated CDM. In addition, 7 upregulated core matrisome
proteins were listed as well.

Currently four endogenously biotinylated proteins have been detected in mammalian cells.
Pyruvate carboxylase (130kDa), 3-methylcrotonyl coA carboxylase (75kDa) and propionyl coA
carboxylase (72kDa) are located in the mitochondria, whereas acetyl coA carboxylase (220kDa)
is found in the cytoplasm (Niers et al., 2011). The endogenously biotinylated protein bands in
our samples are consistent with three of them. Furthermore, only these three endogenously
biotinylated protein are detected on non-biotinylated CDM, suggesting the high specificity of
the biotin-streptavidin binding. Here only proteins that are upregulated on biotinylated CDM

and enriched over hits in matrisome database are selected.
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Fibronectin is a large glycoprotein and mediates various cellular activities, including growth,
adhesion, migration and differentiation (Erdogan et al., 2017). Our mass spectrometry results
showed the upregulation of fibronectin in biotinylated CDM lysates, consistent with previous
study that fibronectin is one of the most abundant components in TIF CDM (Kaukonen et al.,
2017b). Interestingly, 5 of remaining upregulated core matrisome proteins can directly
interact with fibronectin (Figure 5.8) (Choi et al., 2020; Corona and Blobe, 2021; Schiavinato
et al., 2016). Collagen VI is a major ECM protein and contains of three genetically distinct a
chains: al (VI), a2 (VI) and a3 (VI) (Cescon et al., 2015). Collagen VI is reported to bind to
fibronectin directedly by both al (VI) and a2 (VI) chains (Kuo et al., 1997; Tillet et al., 1994).
Moreover, it has been previously shown that the binding between collagen VI and fibronectin
contributes to the organization of fibronectin fibres (Sabatelli et al., 2001). The assembly of
some ECM proteins has been demonstrated to be dependent on the presence of fibronectin,
including collagen |, fibrillin 1 and TSP-1 (Sabatier et al., 2009; Sottile et al., 2007; Tan and
Lawler, 2009). Fibrillin 1 and TSP-1 are two upregulated core matrisome proteins identified in
the screen. Fibronectin has been shown to bind to the N-terminal domain of TSP-1,
contributing to the incorporation of TSP-1 into ECM (Dardik and Lahav, 1999; Tan and Lawler,
2009). The C-terminal of fibrillin 1 is able to interact strongly with fibronectin, leading to the
assembly of fibrillin 1 (Sabatier et al., 2009). Fibrillin 1 is known to be required for the
deposition of EMILIN-1 by skin fibroblast. Moreover, a strong co-localization is also observed
between fibrillin 1 and EMILIN-1 (Schiavinato et al., 2016). However, the binding sites
between fibrillin 1 and EMILIN-1 have not been described yet. TNC contains an N-terminal
association domain, epidermal growth factor (EGF)-like repeats, fibronectin type lll-like
repeats (TNfn), and a C-terminal fibrinogen-like globular domain (Choi et al., 2020). TNC has
previously been shown to promote the expression of collagen | in foreskin fibroblasts and
hepatic stellate cells (Bhattacharyya et al., 2016; Ma et al., 2016). The direct binding between
fibronectin and TNfn of TNC has been well understood (To and Midwood, 2011). Lastly, the
interaction between TGFBI and fibronectin has been shown to be required for the formation
of pancreatic cancer cell-fibronectin adhesion. Although the binding sites between TGFBI and
fibronectin are still not known, it is illustrated that the interaction between TGFBI in the ECM
and aVpB5 can promote the migration of pancreatic cancer cells on fibronectin (Costanza et
al., 2019). This may explain the upregulation of aVB5 on biotinylated CDM. Taken together, it

is possible that these CDM components are internalized in a complex with fibronectin.
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Our findings illustrated that collagen alpha-2(l) chain is specifically detected in the lysates
collected from biotinylated CDM. However, it was filtered in the analysis. It was shown that
collagen | is present in low abundance in TIF CDM (Kutys et al., 2013b). Therefore, one
possible explanation is that the low concentration in CDM results in less collagen | uptake.
Kaukonen and colleagues demonstrated that collagen | in TIF CDM is much sparser compared
to the corresponding cancer-associated fibroblast (CAF) CDM, which exhibits a denser and
more uniform collagen | staining (Kaukonen et al., 2016), consistent with increased deposition
and re-organization of collagen | in breast cancer (Insua-Rodriguez and Oskarsson, 2016).
Thus, CAF CDM can be used to characterize internalized ECM components in breast cancer
cells. In addition, ascorbic acid is known to promote the synthesis of collagen | (Herrmann et
al., 2014). Therefore, ascorbic acid could be added every single day, increasing collagen
content in TIF CDM. Independent studies have illustrated that fibronectin polymerization
contributes to the deposition of collagen | (Li et al., 2003; Sottile et al., 2007). However, It has
previously been demonstrated that the interaction between fibronectin and collagen | covers
the enzymatic cleavage site on collagen |, protecting collagen | from enzymatic degradation
(Paten et al., 2019). Increasing evidence suggests that enzymatic degradation may be an
important step in regulating the internalization of collagen I. For example, E64d is known to
inhibit extracellular cathepsins as well, whose exocytosis has been shown to be upregulated
in breast cancer cells (Uhlman et al., 2017; Withana et al., 2012). Recent findings from the
Rainero lab revealed a potential inhibitory effect of E64d on the uptake of high-concentration
collagen | matrices. Therefore, the other possible explanation is that decreased extracellular

collagen | degradation results in a slower collagen | internalization in TIF CDM.

As the main integrin receptor of fibronectin, a5B1 is significantly upregulated (Humpbhries et
al., 2006a). The role of a5B1 in fibronectin internalization has been proved across multiple
cell types. In migrating fibroblasts, ubiquitinated a5B1 is shown to be responsible for
fibronectin internalization. Fibronectin-bound a5B1 complex is trafficked to lysosomes for
degradation, contributing to the migration of fibroblasts (Lobert et al., 2010). In ovarian
cancer cells, a5B1-dependent fibronectin endocytosis is demonstrated to stimulate the
activation of mTORC1 (Rainero et al., 2015). In addition to being degraded, internalized
fibronectin could be re-secreted back to the plasma membrane, promoting fibrosarcoma cell

migration (Sung et al., 2015). So far, a5B1 is known to be a key regulator in the development
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of breast cancer. For example, MDA-MB-231 cells with high a5B1 expression elevated a 3-
fold invasive capacity compared with the cells exhibiting low a5B1 levels in a 3D system
containing fibronectin and collagen | (Mierke et al., 2011). At the same time, we detected
significantly higher fibronectin internalization in PyMT#1 cells compared to NMuMG cells
(data not shown). Taken together, further studies are required to characterise the role of
a5B1 in controlling fibronectin uptake in breast cancer cells and the contribution of
fibronectin uptake in the development of breast cancer. Interestingly, we found that aVp1 is
upregulated as well. aVB1 is a receptor for both vitronectin and fibronectin (Marshall et al.,
1995). It is suggested that cells preferentially use a5B1, rather than aVB1, to bind to
fibronectin (Danen et al., 2002). However, there is increasing evidence suggesting that aVp1
may act as a co-operator with a5B1, promoting cell spreading on fibronectin (Bharadwaj et
al., 2017; Marshall et al., 1995). Similarly, It has been previously demonstrated that aVp5
contributes to the adhesion and spreading of breast cancer cells on fibronectin (Bartsch et al.,
2003; Park and Helfman, 2019). Altogether, it is possible that the high abundance fibronectin
in TIF CDM caninduce aVB1 and aVB5 activation and internalization, facilitating the formation
of a5B1-dependent cell adhesion. More studies are needed to check the expression of aVp1
aVpB5 in MDA-MB-231 cells on TIF CDM. Both a2p1 and a11p1 are known as collagen-binding
integrins (Humphries et al., 2006a). Ligands for a2f1 integrin include collagen |, Ill, IV, V and
X1, as well as collagens XVI and XXIII (Zeltz and Gullberg, 2016). It has been demonstrated that
a2B1 contributes to the uptake of collagen I in fibroblasts (Arora et al., 2000). Moreover, our
results in chapter 3 suggest a role of a231 in controlling collagen | internalization in MDA-MB-
231 cells. These may explain the upregulation of a2B1 on biotinylated CDM. At the same time,
these data also support our hypothesis that upregulated collagen VI on biotinylated CDM is
internalized by binding to fibronectin instead of by an integrin-dependent pathway. Currently,
the role of al11B1 in breast cancer is poorly understood because its expression is primarily
restricted to stromal cells such as fibroblasts and mesenchymal stem cells (Saby et al., 2019).
Further work is needed to find the reason why al1B1 integrin is upregulated on biotinylated
CDM in MDA-MB-231 cells. Laminin subunit-B3, one of the chains for laminin-332 (Baba et al.,
2008), is detected in our mass spectrometry results. At the same time, its main receptor, a3p1,
is upregulated on biotinylated CDM. So far, our findings in chapter 3 suggest a role of a21 in
regulating laminin-111 uptake. Further studies are required to characterize the mechanisms

of laminin-332 internalization in breast cancer cells.
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It has been previously shown that B1 integrin could be internalized via a clathrin-dependent
pathway (Arjonen et al., 2012). At the same time, there is increasing evidence suggesting that
clathrin-dependent B1 integrin endocytosis contributes to the disassembly of focal adhesions
(FAs) (Chao and Kunz, 2009; Ezratty et al., 2009). Consistently, our mass spectrometry results
illustrated that three of the most important scaffold proteins in FAs, vinculin, paxillin and
actinin, are strongly upregulated in the lysates collected from biotinylated CDM (Nagano et
al., 2012). Moreover, calpain is identified to be upregulated as well, which can promote the
turnover of FAs by cleaving multiple FA-related proteins including talin and paxillin (Nagano
etal., 2012). Furthermore, the AP-2 complex is detected on biotinylated CDM specifically; AP-
2 has been shown to be an essential adaptor for the disassembly of FAs, mediated by clathrin-
dependent integrin endocytosis (Ezratty et al., 2009). Interestingly, the Ivaska lab illustrated
that AP-2 was required for the internalization of a21 (De Franceschi et al., 2016), supporting
the upregulation of a21 on biotinylated CDM. Collectively, our findings suggest that integrins
are the major receptors responsible for the internalization of CDM in breast cancer cells via a

clathrin-mediated pathway accompanying the turnover of FAs.

Label-free approach to relative quantification in proteomics have been widely used since no
additional chemistries or sample preparation steps are needed. However, this is an inherently
non-quantitative method (Asara et al., 2008). Thus, at least three more biological replicates
arerequired in the future. Moreover, it is possible to assess the internalized CDM components
guantitatively combining stable isotope amino acids (SILAC) in cell culture-based proteomics
with a biotinylation-based method to identify internalized proteins (Diaz-Vera et al., 2017;
Pappireddi et al., 2019). Furthermore, upregulated ECM components and integrins identified

in proteomic analysis should be confirmed by either western blotting orimmunofluorescence.
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6 General Discussion

6.1 Summary of key findings

The ECM is one of the most important components of the TME and it is in direct contact with
tumour cells (Cox, 2021). Increasing evidence illustrates that the uptake of ECM and lysosomal
degradation is significantly linked to higher tumor initiation, invasiveness and growth across
multiple cancer cells. For example, recent findings from the Rainero lab showed that under
amino acid starvation, MDA-MB-231 cells can internalize and degrade CDM, collagen | and
Matrigel, contributing to the growth of breast cancer cells (Nazemi et al., 2021). Additionally,
the uptake of fibronectin has been shown to stimulate the activation of mTORC1 and promote
ovarian cancer cell invasion (Rainero et al., 2015). In this study, we characterized ECM
components internalization in breast cancer cells and the receptors involved in this process
using two different but complementary techniques. We demonstrated that collagen | and
laminin can be internalized in breast cancer cells in a a2B1-dependent manner. At the same
time, internalized ECM components were delivered to late endosomes/lysosomes for
degradation, as the presence of the lysosomal inhibitor E64d led to significant accumulation
of internalized ECM. These findings were confirmed by imaging-based ECM internalization
assays and mass spectrometry-based proteomics. Moreover, we revealed that the
interactions between ECM components and a2B1 led to the endocytosis of a2B1 in breast
cancer cells. Furthermore, we illustrated the potential effects of this a2B1 integrin-dependent
ECM uptake in regulating breast cancer cell migration and invasion. We found that the
inhibition of a2B1 resulted in a significant decrease both in breast cancer cell migration on
CDM and invasion in through a 3D mixture of collagen | and Matrigel. Hence, we hypothesized
that the endocytosis of collagen | and laminin might be able to promote the migration and
invasion of breast cancer cells either by regulating the activation of a2p1 integrin-specific
signalling or a2p1 trafficking (Figure 6.1). On the one hand, it has been illustrated that the
cytoplasmic domain of collagen I-bound a2 subunit is able to mediate the activation p38
MAPK signalling (lvaska et al., 1999b), leading to a migratory phenotype (Klekotka et al., 2001).
Similarly, a recent study illustrated that the activation of p38 MAPK signalling mediated by
collagen | binding is necessary for the invasion of prostate cancer cells (Ojalill et al., 2018).

Interestingly, recent findings from the Rainero lab implicated p38 MAPK signalling in the
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regulation of ECM internalization, suggesting the existence of a potential feedforward loop
supporting ECM internalization and cell migration. On the other hand, a21 endocytosis may
promote focal adhesion turnover, thereby stimulating cell migration and invasion. In addition,
increased active a2B1 in cells might be recycled to the cell front, facilitating the migration and
invasion of breast cancer cells. Finally, the endocytosis and degradation of ECM components
may be involved in promoting nutrient signalling and energy production, required to support
invasion cell migration. More studies are required to elucidate the mechanism through which
a2B1-dependent pathway contributes to the migration and invasion of breast cancer cells. In
addition, we revealed that the internalization of laminin, but not collagen |, was promoted in
G1 phasein breast cancer cells. This cell cycle-dependent ECM endocytosis might be mediated
by B1 integrin, contributing to the activation of mMTORC1 in G1. However, further studies are

necessary to characterise this process.

Collagen | & Laminin

FA turnover? Migration & Invasion
/ —_—
slgnal (e.g. mTOR)?
p38 MAPK signalling? ¢ '< —CAE
S
Nucleus 3
lysosomes

Figure 6.1. Mechanism of a2p1-dependent ECM internalization in regulating breast cancer cell
migration and invasion. a2B1 is responsible for the internalization collagen | and Matrigel/laminin.
Internalized ECM components are delivered to lysosomes for degradation. This process contributes
to the migration and invasion of breast cancer cells either by inducing a2B1 trafficking or p38
signaling activation. Image is ‘Created with BioRender.com’.

6.2 The identification of internalized ECM components in breast

cancer cells

We used imaging-based approaches in chapter 3 to compare the endocytosis of different ECM
components between normal mammary epithelial cells and invasive breast cancer cells. We

showed that in the presence of E64d, the internalization of Matrigel/laminin, but not collagen
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I, was upregulated in breast cancer cells. In chapter 5, we also used mass spectrometry-based
proteomics to identify internalized CDM components in MDA-MB-231 cells and MCF10A cells.
Here more biotinylated bands were detected in the total cell lysates collected from MDA-MB-
231 cells using western blotting, suggesting that more CDM components were internalized in
invasive breast cancer cells compared to normal mammary epithelial cells. At the same time,
SILAC-based or isotope-coded affinity tags (ICAT)-based proteomics could be used to confirm

the upregulated laminin internalization in breast cancer cells in the future.

Integrin a2B1 has been implicated as a key regulator in the development and progression of
different cancer types (Adorno-Cruz and Liu, 2019). However, there is conflicting evidence for
the role of a2B1 in breast cancer. Some studies suggest that the loss of a21 facilitates breast
cancer metastasis (Ramirez et al., 2011), whereas other studies show that high expression of
a2pB1 correlates with a metastatic phenotype (Zuo et al., 2019). For example, It has been
illustrated that a2f1 integrin-mediated activation of p38 MAPK can enhance the production
of MMP-13, contributing to the migration of MDA-MB-231 cells (Ibaragi et al., 2011). Our data
demonstrated that the inhibition of a2B1 or decreased a2B1 expression strongly reduced the
internalization of collagen | and Matrigel. At the same time, integrin a21 was detected to be
upregulated on biotinylated CDM as well. These findings indicate that a2p1 is required for
the endocytosis of ECM components in MDA-MB-231 cells. Additionally, our results suggest
that the binding between a2B1 and collagen I/Matrigel promotes the activation and uptake
of a2B1integrin. However, we were not able to check whether internalized a231 was in active
conformation due to the lack of an antibody specifically recognizing activated a2 integrin only.
However, it would be possible to measure the co-localization between internalized a2 and
active B1in the presence of collagen | or Matrigel in MDA-MB-231 cells. In addition, a581 was
detected to be significantly upregulated on biotinylated CDM as well. Consistently, its main
ECM ligand, fibronectin, was found in the screen as well. Interestingly, we measured the
internalization of fibronectin using imaging-based approaches in normal mouse mammary
epithelial cells and invasive breast cancer PyMT#1 cells, and we detected significantly higher
fibronectin internalization in PyMT#1 cells (data not shown). Collectively, further studies are
necessary to elucidate the a5B1 and the contribution of fibronectin uptake in breast cancer

cells.
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In this study, TIF CDM was used to perform CDM endocytosis assays and mass spectrometry-
based proteomics. However, CAFs are considered as the main cell type in the TME
contributing to the synthesis and remodelling of the ECM that surround breast tumours. The
The composition of TIF CDM and CAF CDM has been identified by mass spectrometry
(Hernandez-Fernaud et al., 2017), demonstrating that the expression of collagens and LOX
proteins were upregulated in CAF CDM, contributing to the cross-linking and re-alignment of
collagen (Pankova et al., 2016). In addition, fibronectin derived from CAFs is known to be
organized in parallel lines aligned with each other, whereas fibronectin in TIF CDM is like a
mesh (Erdogan et al., 2017). These findings suggest that CDM derived from CAFs can mimic
more features of in vivo matrices around breast cancers. Hence, further studies are needed
to characterize the internalized CAF CDM components in breast cancer cells. However, it is
key to note that several factors, including ECM structure and stiffness, may affect ECM uptake.
For example, increased proteolytic degradation may be required for the internalization of CAF

CDM.

We performed imaging-based ECM internalization assays and proteomics in the presence of
E64d. We found that internalized ECM proteins accumulated in late endosomes/lysosomes.
However, it is important to consider that the presence of E64d may affect cellular functions.
For example, the extracellular degradation of collagen | may be decreased, leading to a slower
collagen linternalization rate (Podgorski et al., 2005). Thus, cell migration and invasion assays
were performed without E64d treatment. Our data show that a2f1 is an important regulator
in breast cancer cell migration and invasion. However, we did not link the a2f31-dependent
ECM endocytosis with the migration and invasion of breast cancer cells directly. One possible
explanation is that a2B1-dependent ECM intracellular degradation results in extracellular
ECM remodelling, in a similar mechanism to MMP-mediated ECM extracellular degradation
thereby regulating the migration and invasion of breast cancer cells, upon breaking the BM
structure and forming ‘micro-tracks’ (Das et al., 2017; Li et al., 2017). Moreover, it is possible
that ECM binding leads to the activation of p38 MAPK signalling (Ivaska et al., 1999b), which
in turn contributes to ECM uptake. Furthermore, a recent study illustrated that MDA-MB-231
cells on higher ECM density display higher ATP production, since more energy are needed for
their migration (Zanotelli et al., 2018). Therefore, these data raise the possibility that collagen

| and Matrigel are internalized and degraded to be used as a fuel source in the tricarboxylic
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acid (TCA) cycle, contributing to the production of ATP. Recently, invasion assays in the
presence of pHrodo-labelled ECM have been developed in an attempt to bridge the gap
between ECM internalization and breast cancer cell invasion. Additionally, we found that
green cell tracker at the concentration used in this study exhibited an inhibitory effect on the
invasion of breast cancer cell invasion. Thus, GFP-expressing MDA-MB-231 cells have been
generated. Moreover, we tried to image DQ-collagen | internalization in invading breast
cancer cells using confocal microscopy. However, the concentration of gel mixture we used
in this study is too thick to image single cells in a high resolution (60X NA 1.4 oil immersion
objective). Hence, Airyscan microscopy can be used in the following studies to measure the
uptake of pHrodo-labelled ECM components and GFP-expressing breast cancer cells invasion

in 3D system.

6.3 Cell cycle-dependent ECM uptake in breast cancer cells

In order to confirm that what we observed was cell cycle-dependent, we used three different
approaches to synchronize cells in G1 since the potential side effects induced by each method
(Ligasova and Koberna, 2021). For example, our findings demonstrate that even a short-term
serum starvation could affect B1 integrin trafficking. Moreover, FUCCI-MDA-MB-231 cells, a
powerful model in cell cycle study, were used in this work as well. However, we noticed that
the growth of FUCCI-MDA-MB-231 cells was slower than MDA-MB-231 cells in general, one
potential factor which might affect ECM uptake. Here we illustrated that the uptake of laminin,
but not collagen |, was promoted in G1 in both human and mouse invasive breast cancer cells.
At the same time, we showed that in the presence of Matrigel, the internalization of B1 was
upregulated in G1, suggesting the role of B1 in this cell cycle-dependent laminin endocytosis
process. However, we did not measure the expression of different a integrin subunits in G1
in breast cancer cells. We have illustrated that a2p1 is required for the endocytosis of laminin
and collagen I. Interestingly, a recent study illustrated that the inhibition of a21 in prostate
cancer cells resulted in G1 cell cycle arrest (Salemi et al., 2021). Therefore, more studies are
necessary to characterize the potential contribution of a2B1 in controlling the cell cycle of

breast cancer cells in the presence of Matrigel/laminin.
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We have illustrated that integrin-dependent ECM internalization is a key player in regulating
breast cancer cell migration and invasion. At the same time, increasing evidence suggests that
cancer cells in G1 have a higher invasive capacity compared to the cells in other cell cycle
stages (Yano et al., 2014), particularly breast cancer cells. Using FUCCI-MDA-MB-231 cells, the
Gligorijevic lab recently illustrated the coordination of cell cycle progression with the ECM
extracellular degradation. They showed that MT1-MMP is preferentially recruited to
invadopodia in G1, promoting invadopodia maturation and collagen | degradation, as well as
increasing MDA-MB-231 cell invasion (Bayarmagnai et al., 2019b). Thus, it is possible that not
only upregulated ECM extracellular degradation, but also intracellular degradation in G1 can
contribute to the invasion of breast cancer cells. In addition, there is a large body of evidence
revealing the role of mTOR in regulating cell growth as a checkpoint in the late G1. The mTOR-
dependent checkpoint that can sense whether there is sufficient nutrition for a cell to double
size prior to committing to replicate the genome and divide. Increased mTOR signalling is able
to suppress TGFp signals, which suppress cell cycle progression in late G1 and increase the
levels of cyclin E-CDK2 inhibitor p27 (Cuyas et al., 2014). The studies from Blenis lab showed
that inhibiting mTOR leads to arrest in late G1. Moreover, arrested cells are smaller than the
control cells (Fingar et al., 2004, 2002), consistent with a role of mTOR as a nutritional sensor
that restricts cell growth without sufficient nutrients (Foster et al., 2010). Furthermore, it has
been demonstrated that internalized ECM components could enhance mTORC1 activity
(Muranen et al., 2017; Nazemi et al., 2021; Rainero et al., 2015). Therefore, it is possible to
speculate that the high proliferation rate of breast cancer cells leads to increased laminin
uptake in G1 to sustain mTOR signalling and progress through the late G1 checkpoint.
Consistently, we showed that the endocytosis of Matrigel in normal mammary epithelial is
not affected by the cell cycle. In addition, increased synthesis of nucleotide in G1 phase is
required for cell proliferation (Lane and Fan, 2015). Recent data from the Rainero lab showed
that metabolites derived from ECM internalization and degradation may feed into nucleotide
synthesis pathways (Nazemi, data not shown). Hence, these findings raise the possibility that
increased Matrigel endocytosis in G1 may contribute to the synthesis of nucleotide in invasive

breast cancer cells.

To date, three CDK4/6 inhibitors, Pb, ribociclib and abemaciclib, have received FDA approval

for the treatment of metastatic breast cancers (Du et al., 2020). At the same time, since
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CDK4/6 pathway could intersect with several key mitogenic signalling pathways, the
combination of CDK4/6 inhibitors with other therapies has been tested as well. For example,
the combination of Pb and endocrine therapy has been used in the treatment of ER-positive
breast cancers (Goel et al., 2018). However, a number of side effects have been observed
after CDK4/6 inhibitor treatment, such as increased autophagy (Valenzuela et al., 2017;
Vijayaraghavan et al., 2017) and upregulated anti-tumor immune response (Goel et al., 2017).
Here we demonstrated that the internalization of ECM is upregulated in G1, suggesting a
potential role of this cell cycle-dependent ECM endocytosis in regulating the activation of
mTORC1. Although the contribution of mTOR signalling in these unexpected biological
phenotypes is still poorly understood, our results suggest that the ECM might be one of the

factors to be considered in breast cancer therapy targeted to the cell cycle.

6.4 Therapeutic opportunities

Increasing evidence from experimental studies on the contribution of the ECM in breast
cancer development and progression suggests that ECM components and their receptors may
be promising therapeutic targets in the treatment of breast cancer. For example, increased
collagen crosslinking and remodelling is known to promote breast cancer metastatic spread.
Inhibitors targeting to collagen crosslinking enzymes of the LOX family have been developed
for clinical use (Cox and Erler, 2011). Moreover, MMPs are considered as therapeutic targets
against breast cancer as well. DX-2400, an inhibitor of MMP14, has been tested in a murine
model of breast cancer. DX-2400 not only can inhibit the growth of primary tumour but also
impairs the growth when combined with radiotherapy (Ager et al., 2015). Furthermore,
several inhibitors targeting integrins have been tested in breast cancer treatment. For
instance, Intetumumab, a avp3 integrin blocking antibody, has been demonstrated to inhibit
metastasis and increases survival in a rat model of breast cancer metastasis to the brain (Wu

et al., 2012).

Although a2B1 integrin isillustrated to be a key receptor for metastasis of breast cancer cells
to the liver and bone (Moritz et al., 2021; Naci, 2015), no a2pB1 inhibitor has been proved for
clinical use. Additionally, increasing studies demonstrate that a2f1 could be involved in

chemoresistance. For example, adhesion of MDA-MB-231 cells to collagen | via a21 has been
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proved to inhibit apoptosis induced by both paclitaxel and vincristine, two chemotherapeutic
agents which have been used in the clinical treatment of breast cancer (Aoudjit and Vuori,
2001). We demonstrated that a2B1 integrin is an important player in regulating breast cancer
cell migration and invasion, suggesting that a2B1 can be one of the novel therapeutic targets

in the treatment of breast cancer in the future.

6.5 Conclusion and future directions

This study reveals the role of ECM internalization on breast cancer cell migration and invasion,
as well as an unexpected cell cycle-dependent ECM endocytosis. At the same time, this work
has raised a number of questions about the contribution of ECM uptake which are important

for further studies. Here | suggest the following experiments for the continuation of this work:

Related to Chapter 3:

e Characterize whether a2f1 integrin can regulate the migration and invasion of breast
cancer cells on ECM by triggering p38 MAPK activation. For this, the activation of p38
MAPK could be analysed by western blotting in MDA-MB-231 cells seeded on both
collagen | and Matrigel. The cell migration and invasion assays could be performed in
the presence of p38 inhibitor (SB203580).

e Fully understand the role of a21-dependent ECM internalization in the activation of
p38 MAPK by decreasing the endocytosis of ECM (e.g., Rab21 knockdown). In addition,
assess the internalization of ECM with p38 inhibitor in MDA-MB-231 cells.

e Optimise cell migration and invasion assays on pHrodo-labelled CDM/matrix. This can
be used to bridge the endocytosis of ECM and breast cancer cell migration/invasion in

a direct manner.

Related to Chapter 4:

e The distribution of focal adhesion complexes should be investigated in synchronized
breast cancer cells on Matrigel, which allows us to assess whether upregulated laminin
endocytosis in G1 phase is induced by the turnover of focal adhesions.

e The expression of different a integrin subunits could be validated in synchronized cells

on Matrigel, defining the receptors controlling cell cycle-dependent ECM uptake.
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e Understand the related role of cell cycle-dependent ECM endocytosis in breast cancer
through sorting different stages of FUCCI-MDA-MB-231 cells by FACS and performing

migration assay on CDM.

Related to Chapter 5:

e Compare the internalization of CDM between normal mammary epithelial cells and
invasive breast cancer cells to investigate whether breast cancer cells could uptake
different ECM components.

e Assess the internalized CDM components in normal mammary epithelial and invasive
breast cancer cells quantitatively through combining SILAC-based proteomics with a
biotinylated-based method. This could be further compared to our findings in chapter
3 in this study.

e Perform mass spectrometry-based proteomics on CAF CDM to assess whether breast

cancer cells can uptake different components due to the remodelling of ECM.

Taken together, the findings presented in this study suggest that a231-dependent collagen |
and laminin endocytosis contribute to breast cancer cell migration and invasion. Additionally,
we characterize that the uptake of ECM is cell cycle dependent. This process may be required
for the activation of mTORC1 in G1 breast cancer cells. The ECM is one of the most important
components in TME. For this reason, studies that target to the ECM in breast cancer research
are necessary and poised to become the norm of the field. | hope the findings in this work will

be beneficial for the development of breast cancer therapy in the future.
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