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ABSTRACT

IN VITRO CO-CULTURE INTERACTION OF ADIPOSE-DERIVED
MESENCHYMAL STEM CELLS (ADMSCs) AND THE EFFECTS OF
THE SECRETED EXOSOMAL miRNAs ON MCF7 AND MDA-MB-231

DORMANCY

Norlaily Mohd Ali

Breast cancer is the most often diagnosed cancer in women worldwide, and it
remains a major health challenge due to cancer relapse. Breast cancer relapses
are attributable to the existence of a subpopulation of non-proliferating breast
cancer cells that have circulated to other organs and survived chemotherapy.
The tumor microenvironment (TME) plays a significant role in driving cancer
cells into dormancy and the transition of epithelial-to-mesenchymal (EMT)
into aggressive phenotype accountable for cancer-related death. Adipose-
derived mesenchymal stem cells (ADMSCs) have received attention in cancer
research due to their tumor-homing ability, immunoregulatory activity and
secretion of exosomes as biomarker carriers of microRNAs. Understanding
cell-cell interactions between ADMSCs and breast cancer cells through the lens
of exosomal miRNAs is essential in shaping the therapeutic function of

ADMSCs in treating breast cancer metastasis and relapse.

In this study, two different subtypes of established breast cancer cells

line were selected to represent the heterogeneity of breast cancer disease and



recurrence, with MCF7 being the luminal, hormonal dependent and non-
metastatic while MDA-MB-231 being the basal, hormonal independent and
high metastasis. After 48 hours of indirect co-culture, exosomes from the
medium of MCF7 and MDA-MB-231 breast cancer cells with ADMSCs were
extracted. The extravesical exosomes secreted during the cellular interaction
carry many biomolecules, including miRNAs that can contribute to breast
cancer tumorigenesis. Thus, we sought to evaluate the proliferation and
metastasis changes of selected breast cancer subtypes followed by alteration in
miRNAs expression profile via next-generation sequencing (NGS) that

contribute to the changes.

Co-culture resulted in differential expression of exosomal miRNAS
profiles that differentiate MCF7 and MDA-MB-231 subtypes. Also, there is a
consensus of miRNAs that co-expressed in both subtypes. Those signature
miRNAs regulate essential signaling pathways and induce cell cycle arrest by
inhibiting epithelial-to-mesenchymal transition (EMT). The maintenance and
induction of epithelial features in both cells resulted in reduced proliferation
and metastasis abilities of BCCs and increased drug resistance. In summary,
the works presented in this thesis contribute to the understanding of
intercellular interaction between ADMSCs and breast cancer subtypes MCF7
and MDA-MB-231 in 2D-indirect co-culture. The study highlights the essential
roles of ADMSCs in inducing breast cancer cell arrest through the secretion of
consensus MiIRNAs via exosomes. Furthermore, the study has identified ideal
miRNAs biomarker to be tested in pre-clinical and clinical studies prior to be

used for screening, treatment and diagnosis in breast cancer relapse patients.
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CHAPTER 1

INTRODUCTION

Ranked as the fifth leading cause of cancer death globally, breast cancer is the
most commonly diagnosed incidence (24.2%) with the highest cancer mortality
in women (15%) (Bray et al., 2018). In Malaysia, cancer is the third leading
cause of death after cardiovascular disease and septicemia. The annual cancer
incidence was growing over the past 10 years (2007-2016) and was reported to
be higher in women than men. Malaysian National Cancer Registry Report
(MNCRR) estimated that approximately 34 of every 100,000 women had

breast cancer from 2012 and 2016 (Azizah, 2016).

Despite substantial progress in the overall survival of many types of
cancer due to earlier detection and newer therapies, about 30% of women with
breast cancer experience recurrence. Years and decades after curative surgery,
chemotherapy and targeted therapy, recurrence and chemoresistance still

remain as the primary unmet medical need.

Breast cancer has been generally acknowledged as being heterogeneous
in terms of phenotypic, genetic and epigenetic makeup, which is categorized
into few subtypes based on receptors expression and proliferative activity with
MCF7 being a luminal A-type and MDA-MB-231 as basal B-triple negative

breast cancer (TNBC) (Shi et al., 2017). While similar pathological features are



present, patients frequently respond differently to therapies, reflecting that the
various cancer subtypes are substantially diverse. MDA-MB-231 was reported
to be highly metastatic and aggressive compared to MCF7 and was linked to

recurrence and chemoresistance in breast cancer patients (Plava et al., 2019).

Metastasis is the spread of cancer cells throughout the body and is one
of the leading causes of cancer recurrence and mortality (Sakha et al., 2016). In
the event of metastasis, cells start to lose contact and adhesion facilitated by
epithelial-mesenchymal transition (EMT) which leads to the increase of
invasion and migration of cancer cells. Many studies have identified the crucial
role of EMT in metastasis of breast cancer (Shao et al., 2015; Hu et al., 2018).
Tumor cells can enter dormancy, a state of hibernation when cells are under an
unfavorable microenvironment. Following this, the cells undergo metastasis
latency and once the microenvironmental conditions are favorable, they switch
into proliferating cells and initiate the events leading to recurrence (Yadav et
al., 2018). Therefore, tumor microenvironment (TME) plays a crucial role in

the maintenance of dormancy and recurrence of cancer cells.

A wide range of cellular processes and events in multicellular
organisms is mediated by intercellular signaling in the microenvironment.
Understanding intercellular signaling between heterogeneous cancer cell
communities, as well as the surrounding stromal cells is crucial, particularly in
the development, progression and relapse of cancer. TME consists of multiple
cellular and non-cellular compartments comprised of extracellular matrix,

tumor vasculature, tumor cells, stromal cells, immune cells and fibroblasts.

2



Mesenchymal stem cells (MSCs) are multipotent stromal cells isolated
from a variety of tissues such as bone marrow, Wharton’s jelly, dental pulp and
adipose tissue. In the tumor niche, MSCs are actively recruited to the site of
inflammation and injury, where they express growth factors that expedite the
regeneration of tissues (Ramdasi et al., 2015). Several studies have shown that
MSCs from various sources release multiple cytokines, growth factors and
miRNAs that could be used to treat cancer or as a source of pro-tumor factors

(Kucerova et al., 2013; Ono et al., 2014; Reza et al., 2016; Sakha et al., 2016).

Interestingly, the interaction between tumor and surrounding cells
particularly adipose-derived mesenchymal stem cells (ADMSCs) in the
microenvironment, has been the highlight of cancer research. It involves
targeted therapy such as autologous fat grafting in breast reconstruction post-
surgery, stem cell transplant in regenerative medicine and anti-cancer cell-

based drug (Ramdasi et al., 2015; Cocce et al., 2017).

Collecting evidence suggests that dysregulation of miRNAs expression
Is associated with tumor formation, growth and metastasis either as promoter or
suppressor (Ono et al., 2014; Reza et al., 2016; Sakha et al., 2016). Recently,
much interest has been generated in targeting circulating miRNAs, also widely
described as extracellular miRNAs secreted out into the microenvironment by

vesicular carriers such as exosomes.

Exosomes are small membrane vesicles that encapsulate molecules

such as protein, lipids, transcription factors, RNAs and microRNAs and are

3



secreted by numerous cell types into their surroundings. Exosomal miRNAs
are packaged, circulated and incorporated into recipient target cells via
exosomes and its content is highly variable depending on cell origin (Milane et
al., 2015). In the tumor microenvironment, exosomes were shown to transfer
cancer-promoter or suppressor miRNAs as well as other biological molecules
through cell-cell interaction (Reza et al., 2016). Therefore, exosomal miRNAs
may contribute to cancer therapy and be able to serve as promising cancer

biomarkers for early diagnosis and prognosis.

Over the past few years, several studies involving interaction between
ADMSCs and breast cancer have been carried out; however, due to the
complexity of the cancer pathogenesis, primarily due to their heterogeneity and
adaptation to intercellular signaling in TME, most of these studies have failed
to show a consensus on the effect of ADMSCs on cancer progression.
Moreover, studies involving miRNAs have focused mainly on their specific
impact on corresponding target genes instead of looking globally at gene
correlation networks. Therefore, sequencing in analyzing miRNAs profiles,

particularly for addressing larger sample sizes, has become very advantageous.

The present study hypothesized that circulating miRNAs secreted by
ADMSCs could affect the metastasis and dormancy of recipient breast cancer
cells. We anticipated that the miRNAs secreted in exosomes by ADMSCs
would inhibit the proliferation and metastasis in breast cancer cells by
activating epithelial-mesenchymal regulators involved in inducing cells into

dormancy.



Identifying differential miRNA expression profiles between breast
cancer subtypes is essential for early diagnosis of relapse and the selected
tumor suppressor miRNAs or oncomiRNAs can be exploited in targeted
therapy by blocking the entry of dormant cells into an actively proliferating
state that trigger a recurrence. It aids in lowering recurrence rates among
treated breast cancer patients. The development of miRNAs strategy to treat
high recurrence and chemoresistant breast cancers that remain incurable
despite aggressive therapies can be accelerated by introducing miRNAs-based
therapeutics, for which tumor dormancy should be eradicated or removed.
Future research in this area may discover novel miRNAs candidates that
ultimately offer therapeutic solutions for unmet medical needs in cancer

dormancy and drug resistance.



The main objective of the present work was to study the interaction
between co-cultured ADMSCs and breast cancer cells and the interplay of

miRNAs as the main signaling molecules transported by exosomes.

The specific objectives were:

1. To elucidate the interaction between ADMSCs and breast cancer cells
using indirect co-culture and investigate the effects on the proliferation
and metastasis of breast cancer.

2. To study the mechanism of ADMSCs in exerting biological functions
on two subtypes of BCCs, MCF7 and MDA-MB-231 in the co-culture
microenvironment.

a. To isolate excreted exosomes and profile miRNAs content of
exosomes and cellular of ADMSCs and breast cancer using
sequencing method.

b. To assess the alteration of miRNAs expression profiles through
bioinformatics analyses in excreted exosomes and recipient
cells following co-culture treatment.

c. To determine the signaling pathways involved during co-culture
interaction of two different subtypes of breast cancer with
ADMSCs responsible for metastasis and recurrence.

d. To identify the potential miRNASs involved in cancer inhibition

and metastatic ability via transient overexpression.



CHAPTER 2

LITERATURE REVIEW

2.1 Cancer

Cancer is a disease that results when normal cells undergo a random mutation
and evolve into abnormal cells. The abnormal cells divide and multiply in an
uncontrolled way to form tumors. Certain types of cancerous cells can form
visible growths termed tumors, damage the immune system and cause other
changes that block the body from functioning regularly, while others do not
(Ignatov et al., 2018). Cancer cells often spread into the surrounding tissue or

metastasize to distant organs through the blood or the lymphatic system.

Factors contributing to cancer development involve genetic and
epigenetic factors that cause mutation to the DNA or genes that govern the
cells. The mutations in genes can initiate cancer by accelerating the rate of cell
division or by obstructing the mechanism of normal growth through disrupting
cell cycle checkpoint or programmed cell death known as apoptosis. The
failure of cell cycle arrest and apoptotic control allows cancer cells to survive

longer and accumulate mutations (Pfeffer and Singh, 2018).

Cancer development is a multi-step process where oncogenic mutations

give rise to cancer cells with different genetic defects, differing within an

7



individual tumor (Plava et al., 2019). “Initiation” is the first step in cancer
development where DNA mutations occur supported by hypoxia, hormones,
chemicals, radiation or infection. The irreversible changes of DNA mutation
are followed by the second step of cancer formation, the “Promotion” phase. It
involves several steps, including the increase in the number of cells,
phenotypic changes in cells, in situ cancer (confined to the place of origin) and
end with invasive cancer (spreading to the surrounding tissues) (Ignatov et al.,

2018).

One cancer hallmark is genome instability, which enables cancer cells
to accumulate genetic mutations at an abnormal rate. Four main genes are
involved in cell division, namely oncogenes such as RAS (Degirmenci et al.,
2020) and MYC (Yang et al., 2020), tumor suppressors genes such as BRCA1,
BRCA2 and TP53 (Godet et al., 2017), DNA repair genes (Majidinia and
Yousefi, 2017) and apoptosis genes (Pfeffer and Singh, 2018). A defect in one
of these genes can initiate cancer. In normal cells, these critical genes maintain
the balance between cell survival and cell death. In tumor cells, oncogenes and

tumor suppressor genes are commonly mutated (Harburg and Hinck, 2011).

Another fundamental mechanism in cancer involves dysregulation of
epigenetics regulators leading to genome instability. Epigenetic changes affect
gene expression in different ways mediated by environmental factors such as
age and lifestyle behavior. Although it does not directly affect the primary
DNA sequence, the alterations in DNA methylation, histone modifications and

nucleosome remodeling affect gene expression to turn the genes “on” and “off
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known as gene silencing (Muntean and Hess, 2009; Grenbacek et al., 2007). As
reported earlier, increased DNA methylation that results in decreased BRCA

gene expression increases the risk for breast and other cancers (Tang et al.,

2016).



2.1.1 Epidemiology and Classification of Breast Cancer Cells

Over 200 different types of cancer are categorized by their cell types or place
of origin. Breast cancer is the most commonly diagnosed cancer in women
worldwide, with an estimated 1.38 million new cases per year. In a recent 2020
statistic report, World Health Organization (WHO) has reported an increase of
approximately 2.26 million new cases in both sexes of all ages, as shown in
Figure 2.1 (A) (Sung et al., 2021; WHO, 2020). The alarming number has
raised concern among clinicians and researchers that drive them to continue

making significant progress towards breast cancer.

In Malaysia, cancer is the third leading cause of death after other

diseases and is the most prevalent cancer in females, as shown in

Figure 2.1 (B). Statistically, one in 20 Malaysian women will develop breast
cancer in their lifetime, and 48% are diagnosed with third or fourth cancer
stages (Yip et al., 2006). Malaysia has one of the lowest five-year survival rates
in the Asia Pacific region, with 49% (Ab, 2017). While the prevalence of breast
cancer is rising worldwide, in some continents like Europe, the mortality rate
has been decreasing from 2014 and 2019 due to the introduction of hormone
replacement therapy as well as early screening and intervention (Malvezzi et

al., 2019).
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Number of new cases in 2020, both sexes, all ages

Breast
A 2261419(11.7%)
Lung
2206771 (11.4%)
Colorectum
Other cancers
10 389 647 (53.9%) 1931590 (10%)
Prostate
1414 259 (7.3%)
Stomach
1089 103 (5.6%)
Total: 19 292 789
B Male ®Female
Breast o5 I s
Colorectal 14.8 _ 1.4
Trachea, bronchus, lung 13.2 - 59
Lymphoma 53 _- 38
4 Nasopharynx 5.2 __RK
& Leukaemia 3s N 3.0
Prostate 7.7 |
Liver 49 l 1.8
Cervix uten - 63
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20 10 0 10 20 30 40
ASR per 100,000

Figure 2.1. Breast cancer statistics. A) Number of new cancer cases
worldwide in 2020 in both sexes among all ages. B) Malaysia's top 10 most
common cancers. Breast cancer has the highest prevalence, followed by
colorectal, lung, lymphoma, nasopharynx, leukemia, kidney, liver, cervix and
ovary, adapted from Global Cancer Statistics 2020 and Malaysian National

Cancer Registry Report (Ab, 2017; Sung et al., 2021).
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The risk of getting breast cancer is associated with specific hormones or
factors related to reproduction, environmental factors, and unhealthy lifestyles
(lacoviello et al., 2020). Breast cancer is a malignant growth that frequently but
not necessarily originates in the epithelial cells of glandular milk ducts or

lobules of the breast tissues.

Breast cancer has been generally recognized as heterogeneous in terms
of phenotypic, genetic and epigenetic composition due to random mutations. It
can be biologically and molecularly classified based on cell proliferation and
metastatic activities and hormonal receptors expression of estrogen (ER),
progesterone (PR) and human epidermal growth factor receptor 2 (HER2)
(Ahmad, 2013; Ignatov et al., 2018). Breast cancer classifications are very
crucial to specify the accurate prognosis and plan an effective treatment. The
most established classification includes molecular subtypes of breast cancer

and tumor grades.

2.1.1.1 Molecular Subtypes of Breast Cancer

The current molecular classification divides breast cancer into four groups
based on their hormonal expression, namely luminal A, luminal B, HER2
(human epidermal growth factor receptor 2) and basal according to the St.
Gallen Consensus 2011 (Goldhirsch et al., 2011). Luminal A is the most
common subtype that expresses estrogen receptor (ER) and progesterone

receptor (PR) but lacks HER2 expression and low expression of the
12



proliferation-related gene, Ki-67. Luminal B is similar to luminal A but has a

high expression of Ki-67 and more aggressive than luminal A.

The third subpopulation exhibits HER2-overexpression and the last one
Is a basal-like subtype of breast cancer known as triple-negative breast cancer
(TNBC) that does not express all three ER, PR and HER2 receptors
(Goldhirsch et al., 2011; Al-Thoubaity, 2020). The most common laboratory
method to distinguish breast cancer hormonal expression markers is via

polymerase chain reaction (PCR) (Kittaneh et al., 2013).
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Table 2.1. Molecular subtypes of breast cancer

. Prevalence Response to
Subtype Biomarkers (%) treatment
Endocrine therapy
+ +/- -
Luminal A ER+, PR./ , HER2 30-70 (tamoxifen and
and Ki67 low o
aromatase inhibitors)
Endocrine therapy
. ER+, PR+/-, HER2+/- (tamoxifen and
Luminal 8 and Ki67 high 10-20 aromatase inhibitors),
Trastuzumab
HERS- | R PR-and HER2+ | 15-20 Trastuzumab,
positive Chemotherapy
TNB(_:/ ER-. PR- and HER2- 515 Endocrine therapy,
Basal-like Chemotherapy
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2.1.1.2 Staging of Breast Cancer

Another common classification used in cancer diagnosis is examining their
clinical behavior such as the stage of cancer. It describes the progression and
spreading of cancer in the body as summarized from American Joint

Committee on Cancer (AJCC) in Table 2.2 (Singletary et al., 2003).

Table 2.2. Breast cancer staging

Stage Term Description
0 Carcinoma in situ | Abnormal cells are present and confined
to the original location.

1 Early stage Cancer has spread to the other tissue in
small areas.

2 Localized Cancer affecting nearby tissues and
lymph nodes.

3 Regional spread Cancer spread to distant tissues and
lymph nodes.

4 Distant spread Cancer has spread beyond the breast to

the other parts of the body.
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The frequently studied breast cancer subtypes with distinctive clinical
features are MCF7, a luminal A-type and hormone-dependent, and MDA-MB-
231 as basal B, hormone-independent TNBC. Other distinct features between
the subtypes are in terms of phenotypic and metastasis characteristics, with
MCEF7 cells expressing epithelial phenotypes and lower metastatic ability while
MDA-MB-231 are more mesenchymal and highly metastatic (Yates et al.,
2017). Invasive carcinomas like TNBC are cancers in which the altered cells
diffuse to surrounding connective tissues and metastasize to distant organs of

the body (Xu et al., 2018).

Due to the complex underlying biology in cancer development, the
well-established traditional classifications of breast cancer hormonal status and
staging biomarkers remain insufficient to reflect breast cancer's diverse
biological and clinical heterogeneity, especially in patients with risk of
recurrence (Sekilde et al., 2019). In recent years, researchers embark on
advanced technology such as exome, mRNA and microRNA arrays and
sequencing, genomic DNA copy number and methylation arrays to establish
comprehensive and integrated breast cancer data (Curtis et al., 2012; Koboldt
et al.,, 2012). Evolution and advancements in high-throughput molecular
procedures and bioinformatics have tremendously improved the understanding

of BC biology and change the way oncologists diagnose the disease.

16



2.1.2 Breast Cancer Treatment

Treatment options for breast cancer depend on several factors, including
subtypes (hormone receptor status), stage of the tumor, mutation status of
BRCA1 gene and the age and health condition of the patient. Breast cancers
that are confined to the breast or immediate surrounding area are firstly treated
with surgery with or without radiation therapy. For recurrent and metastatic
cancer, systemic therapy such as chemotherapy, hormonal therapy, targeted
therapy and immunotherapy are typically used alone or in combination

following surgery (Hurvitz et al., 2013; Othman and Nagoor, 2014).

Treatment for the early stage of breast cancer via hormonal therapy
works either by blocking estrogen pathway signaling using Tamoxifen or
depriving the estrogen level using aromatase inhibitors or antiestrogens,
leading to inhibition of cell proliferation (Jensen et al., 2003; Leung et al.,
2017). As for metastatic breast cancer, a combination of chemotherapeutic
drugs such as Anthracyclines, cisplatin, doxorubicin, fluorouracil, docetaxel
and a few more are used (Cardoso and Castiglione, 2009). The latest
advancement in breast cancer treatment is the use of targeted drug therapy. The
use of hormonal therapy and chemotherapy alone are sometimes less effective
for metastatic,c, TNBC and recurrence cancer. Therefore, a combination of
adjuvant chemotherapy and targeted therapies that specifically target genes,
signaling proteins or microenvironment components that support the survival

of the cancer subtypes are preferred (Godet et al., 2017).
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Breast cancer targeted therapy is a personalized medicine customized
for individual needs that involve the use of small molecules or monoclonal
antibodies to obstruct the stimulation of breast cancer growth in specific ways.
Angiogenesis inhibitors function by blocking the formation of the new blood
vessel while monoclonal antibodies block specific target protein that stimulates
breast cancer growth, such as Herceptin® targeting HER2 receptor (Higgins

and Baselga, 2011; Figueroa-Magalhaes et al., 2014; Chan et al., 2017).

Advances in genomic sequencing have contributed significantly to
developing a new molecular target that can be utilized as targeted biomarkers
for breast cancer intervention. Through sequencing, unlimited genetic
variations can be decoded from cancer tissues and circulating cancer cells that
may enable the discoveries of mutations responsible for cancer or prediction of
drug responses and treatment outcomes (De Abreu et al., 2013; Rabbani et al.,

2016).

Despite advanced technologies in cancer treatment, the number of
people succumbing to breast cancer is still high. There are challenges to match
each individual with the suitable therapy and the risk of breast cancer
resistance to the treatment. The main preventive strategy focuses on early
detection and early intervention to improve survival rates (Ahmad, 2013). The
best solution to address the heterogeneity of breast cancer is by optimizing the
efficacy of individualized therapy and developing new predictive markers of

sensitivity to differentiate breast cancer subtypes.
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Many recent studies have proposed miRNAs as potential biomarkers
and therapeutic targets for breast cancer intervention (Graveel et al., 2015;
Detassis et al., 2017; Xiong et al., 2017). Differential expression of miRNAs
can distinguish not only between cancer and non-cancerous cells (Gao and Liu,
2011) but also between cancer subtypes. A group of researchers has
successfully identified signature miRNAs that are differentially expressed and
can differentiate between breast cancer subtype basal-like and luminal A of

breast cancer (Blenkiron et al., 2007).

The current trend of targeted therapy focuses on miRNAs as critical
regulators in cancer therapy due to their roles as tumor suppressors and
oncogenes (Kong et al., 2012; Graveel et al., 2015). This substantiates that
miRNAs have promising therapeutic application for advanced screening,
selection of targeted drug treatment and diagnosis of TNBC, metastatic and

recurrence breast cancer cells (Graveel et al., 2015).
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2.1.3 Breast Cancer Relapse

Breast cancer remains a substantial scientific, clinical and societal challenge
among cancer patients due to cancer relapse. Cancer relapse or recurrence is
cancer that has survived and returned after remission following treatment of
original cancer. Even after surgery, isolated groups of cells that remain after
surgery may survive chemotherapy and radiation therapy that further develop

into tumors (Voduc et al., 2010; Belkacemi et al., 2018).

While breast cancer can reappear almost anywhere in the body, liver,
bones, lungs, brain and skin are among the common locations for the cancer
cells to recur. If it recurs at the same place as original cancer, it is coined as
local recurrence. In contrast, if cancer already metastasized to other areas, it is
known as a distant recurrence (Smid et al., 2008). The recurrence rates differ
widely among cancer types depending on subtypes, stage and metastatic
ability, histology, genetic factors, patient-related factors and treatments (Elder

et al., 2006; Belkacemi et al., 2018; Ignatov et al., 2018).

The heterogeneity of breast cancer is the main reason for the possible
failure of such treatment as universal breast cancer therapy (Chan et al., 2017).
The occurrence of cancer relapse could also be attributable to cancer stem cells
(CSCs) or acquired aggressive and metastatic phenotype by cancer cells (Al-
Ejeh et al., 2011; Yates et al., 2017). In fact, the difference in the degree of
tolerance to therapies among heterogeneous BCCs contributed to higher

recurrence, particularly in the highly metastatic cells (Ahmad, 2013).
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In breast cancer patients, a differential pattern of breast cancer relapse
among different subtypes has been reported. The hormonal expression status
underlying each subgroup has been closely linked to the recurrence rate after
treatment. Patients with ER+ breast cancer have a lower risk of relapse within
five years. Almost all late-relapsing patients (later than five years) with luminal
tumors had high ER+ and PR+ expressions (Pantel and Hayes, 2018;

Wangchinda and Ithimakin, 2016).

Meanwhile, basal-like, ER- and HER2-enriched breast cancer patients
tend to recur within the first five years after diagnosis (Riggio et al., 2021).
TNBC being the most aggressive breast cancer subtype with clinical features of
high invasiveness, high metastatic potential and poor prognosis, is an example
of highly prone to relapse. According to the statistic prepared by the American
Cancer Society, the 5-year survival rate for women with metastatic breast
cancer is 27% worldwide (Fouad and Aanei, 2017). Highly metastatic cells can
metastasize to distant sites by activating Epithelial-to-Mesenchymal Transition
(EMT) transcription factors that persist in chemotherapy and cause relapse (Lo

and Zhang, 2018).

Another possible reason for relapse is due to tumor dormancy. Primary
tumors often exploit the inactive condition to resist treatment where cancer
cells remain quiescent and undetected for an extended period. Dormant cells
remain in a resting state until favorable conditions trigger cancer recurrence

(Ahmad, 2013; Yadav et al., 2018; Neophytou et al., 2019).
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2.2 Metastasis

Metastasis or the spread of cancerous cells throughout the body remains the
most common underlying cause of death in breast cancer patients (Sakha et al.,
2016). Patients presenting with distant metastasis are usually diagnosed with
Stage 1V disease and are unlikely treatable. The metastasis process starts when
cancer cells escape the multiple barriers and break away from the primary
tumor, circulating through the circulatory and lymphatic system and colonized

at a secondary location (Lo and Zhang, 2018).

2.2.1 Metastasis and Tumor Microenvironment

Cancer cells interact and evolve in a complex, surrounding environment known
as the tumor microenvironment (TME) for sustainable growth and metastasis.
TME consists of both malignant cancer cells and non-malignant stromal cells,
including mesenchymal stem cells (MSC), immune cells, fibroblast,
endothelial cells, macrophages and the non-cellular components of the
extracellular matrix such as collagen, laminin, fibronectin, hyaluronan, and

signaling molecules (Quail and Joyce, 2013; Baghban et al., 2020).

To sustain cancer development and metastasis, tumor cells regulate the
activity of those cellular and non-cellular components through dynamic
signaling networks creating intercellular communication. The signaling

networks might involve crosstalks between neighboring cells via cytokines,
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growth factors and inflammatory mediators or between distant cells through
circulating tumor cells, cell-free DNA and exosomes (Baghban et al., 2020).
Alteration of interactions between cancer cells and their microenvironment

leads to diverse outcomes in the programmed behavior of the cells.

2.2.2 Mesenchymal Stem Cells in Tumor Microenvironment

Tumors have been described as wounds that do not heal due to the chronic
inflammatory response. MSCs are among cells that are actively being recruited
to the tumor sites where they are needed to replace damaged tissue in the
inflammation area of the active tumor. They indirectly or directly interact with
different cell types within the tumor stroma including cancer cells (Ramdasi et
al., 2015). MSCs have been isolated from adult tissue such as bone marrow,

adipose tissue, dental pulp, and fetal tissue (Wharton’s jelly).

They have been extensively explored as therapeutic interventions in
many disorders, including cancer (Hmadcha et al., 2020). Due to their ability
to self-renew, regulate immune response, differentiate into various cell types
and have remarkable migration ability, MSCs have been perceived as crucial
players in TME. Numerous researches have highlighted the importance of
MSC in TME in tumor development and in cancer recurrence and prognosis of

patients (Kucerova et al., 2013; Hass et al., 2019; Hass, 2020).
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Although several findings have documented the potential benefits of
MSC to treat various diseases such as bone and cartilage diseases, regenerative
disease, neurological disorders, cardiac ischemia and diabetes, the therapeutic
potential of MSCs in cancer is still debated (Hmadcha et al., 2020). Some
studies claimed that MSCs can promote tumorigenic processes by inducing
malignant transformation, promoting neovascularization and angiogenesis and

maintaining their neoplasticity characteristic (Kucerova et al., 2013).

Moreover, ADMSCs specifically have been shown to suppress
apoptosis, promote metastasis formation and enhance chemoresistance to
anticancer drugs (Reza et al., 2016). The most recent findings have found the
contribution of MSCs in cancer evasion against immune system, cancer stem

cell niche, and stemness characteristics (Kletukhina et al., 2019).

On the other hand, other studies have shown the anti-inhibitory effect of
MSCs where they induce tumor cell cycle arrest. MSCs were demonstrated to
impede the self-renewal ability of cancer cells, proliferation, colony formation
and expression of oncogenes (He et al.,, 2018; Allahverdi et al., 2020).
Meantime, both proliferative and inhibitory activities of MSCs have been
documented in the same study that described the dual role of MSCs as tumor-
favoring and tumor-inhibiting by suppressing proliferation and apoptosis (Li et
al., 2011). All these anti-tumor or pro-tumor effects are attributed to the

molecules secreted into the immediate microenvironment by MSCs.
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2.2.2.1 Human Adipose-Derived Mesenchymal Stem Cells

Adipose-derived MSCs (ADMSCs) are non-tumorigenic cells and share similar
characteristics with MSCs isolated from different sources. They have been
shown with the ability to differentiate into a variety of specialized cell types
and secrete cytokine and growth factors that aid in the tissue regeneration
process. Due to their abundance and less invasive harvesting procedure from
cosmetic liposuction, ADMSCs have shown great promise in medical
application mainly for cell and tissue regeneration in chronic wounds,
autologous fat grafting in breast reconstruction post-surgery, immune system
regulation, tissue engineering, cell therapy and anti-cancer cell-based drug
(Pandey et al., 2011; Al-Nbaheen et al., 2013; Ramdasi et al., 2015; Scioli et

al., 2019).

In addition, ADMSCs do not express human leukocyte antigens
including HLA-DR molecules and co-stimulatory molecules essential for
immune response, making ADMSCs potential candidates for both autologous
and allogeneic therapies (Sabol et al., 2018). Despite all the therapeutic
potentials of ADMSCs, long-term follow-up of their use have not been
thoroughly implemented, raising concern about the safety of their usage (Scioli
et al., 2019). Although ADMSCs do not directly initiate cancer or malignant
transformation, interactions between ADMSCs and cancer cells in the tumor
microenvironment can modulate cancer metastasis and subsequent recurrence

(Patrikoski et al., 2019).
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Despite having the ability to home or being recruited to the tumor
microenvironment, ADMSCs populations are physiologically located in the
breast and possibly near any occurring breast cancer site. These features allow
both cells to directly or indirectly communicate with each other, affecting both
cells’ function and activities (Schweizer et al., 2015). MSCs secrete many

factors that participate in regulating breast cancer.

Similar to other types of MSCs, ADMSCs secret anti-inflammatory and
immunosuppressive cytokines, growth factors and chemokines promoting
migration and metastasis of breast cancer (Rowan et al., 2014). ADMSCs also
have been reported to positively and negatively regulate breast cancer
progression by activating EMT transcription factors after interaction with
cancer cells in the tumor microenvironment (Kletukhina et al., 2019; Chen et
al., 2019; Schweizer et al., 2015). In fact, ADMSCs can intensify tumorigenic
activity, creating an inflammatory microenvironment that facilitates tumor
growth and angiogenesis (Jiang et al., 2020). In other contradicting studies,
researchers have described that ADMSCs attenuated growth and invasion of
breast cancer cells, induces apoptosis by activation of PI3K/AKT and ERK1/2
and their anti-tumor activity in breast cancer (Scioli et al., 2019; Li et al., 2020;

Rybinska et al., 2020).

Meanwhile, the mechanism of action ADMSCs on cancer cells has
been demonstrated in numerous studies involving a cross-talk between both
populations. Such studies proposed two ways of communication courses via

direct cell-to-cell contact or contact independent (Rowan et al., 2014; Kuhbier
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et al., 2014). For contact independent, exosomes and growth factors have been

the most studied signaling factors involved (Wang et al., 2019). Exosomes are

secreted to transport small interfering RNAs, microRNAs or

chemotherapeutic compounds to the surroundings. Because of this

feature, researchers have shifted the focus of breast cancer treatment toward

€X0Somes.

2.2.3 Epithelial-Mesenchymal Transition

2.2.3.1 Epithelial-Mesenchymal Transition in Cancer Metastasis

To overcome the challenges during the metastasis process, cancer cells exploit
the fundamental feature of metastatic cancer that is the ability to undergo
Epithelial-to-Mesenchymal Transition (EMT) and the reverse mesenchymal-to-
epithelial transition (MET) process (Lo and Zhang, 2018). Many signals
received from the TME can activate EMT, including TGFp, HIF-1a, EGF,
WNT, and Notch, which help promote breast cancer's malignant transformation
(Ribatti et al., 2020). EMT is a developmental program where cells undergo
changes in cell phenotypes by losing epithelial markers and gaining
mesenchymal characteristics that acquire stem-like properties and a migratory
phenotype. During the transition, epithelial cells lose cell polarity and cell-cell
adhesion and gain migratory and invasive properties to become mesenchymal

cells (Tanabe et al., 2020).
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Meanwhile, MET is the reverse process of EMT where cells regain
epithelial and lose their mesenchymal traits. Both have been shown to play
roles in the tumorigenic process in all stages of cancer progression, starting
from initiation, primary tumor development, invasion, dissemination,
metastasis to colonization. The ability of cancer cells to switch from EMT to
MET and vice versa enables metastatic outgrowth at distant sites (Quail and

Joyce, 2013; Brabletz et al., 2018).

EMT is regulated at the transcriptional level by EMT-activating
transcription factors mainly of the TWIST, SNAIL, ZEB families and miRNAs
(e.g., the mir200family). The phenotypic changes of EMT include the loss of
adherents and tight junction components such as E-cadherin, claudins and
vimentin, as well as stem-cell-like properties (Brabletz et al., 2018). Expression
of transcription factor TWIST1 has been shown to promote breast cancer
initiation by inhibiting tumor suppressor gene Tp53, which subsequently work
mutually with oncogenes HER2 and H-ras to accelerate the malignancy

(Piccinin et al., 2012; Morel et al., 2012).

Meanwhile, EMT role in triggering metastasis has been demonstrated in
xenograft tumor models where the depletion of EMT transcription factors
significantly inhibited metastatic dissemination. Conversely, ectopic activation
of the EMT transcription factors enhances metastatic dissemination (Ye and
Weinberg, 2015). Furthermore, EMT regulator SNAIL1 has been implicated

with the increase of Matrix metalloproteinase-1 (MMP-1) and Matrix
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metalloproteinase-9 (MMP-9) expression, which aid in the breakdown of ECM

that facilitated tumor invasion and metastasis (Ota et al., 2009).

2.2.3.2 Epithelial-Mesenchymal Transition in Chemoresistance of Breast

Cancer

Increasing findings also described the potential role of EMT in promoting
resistance to therapy and recurrence in patients with breast cancer. One
possible mechanism is through activation of EMT regulators including TGF-g,
SNAIL and TWIST1 that have been demonstrated to attenuate the cell cycle and
conferred resistance to cell death by suppressing Tp53-mediated apoptosis

death signaling pathways (Vega et al., 2004; Gal et al., 2008; Xu et al., 2018).

Further data reported that EMT induction simultaneously upregulates
the expression of several ATP binding cassette (ABC) transporters leading to
multidrug resistance in breast cancer cells. P-glycoprotein is one of the
members of ABC transporter superfamily encoded by multidrug resistance
gene 1 (MDR1). Tumor cells enriched with P-glycoprotein function as efflux
pumps of multiple and selected drugs such as doxorubicin, docetaxel and
etoposide. Increased efflux of chemotherapeutic agents leads to reduced
intracellular drug levels, which directly cause a failure in chemotherapy

(Fletcher et al., 2010; Jiang et al., 2017).
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Additionally, some findings show EMT supports cancer stem cells
(CSC) properties responsible for tumor reoccurrence and can establish
metastases (Tanabe et al., 2020). These tumor-initiating cells have been
described as capable of mammosphere formation and self-renewal.
Furthermore, high expression of CD44+/CD24-, aldehyde dehydrogenase
(ALDH) and ABC transporter family assist in metabolizing cytotoxic drugs,

making CSC resilient to chemotherapy (Huang et al., 2015).

Interestingly, recurrent tumors frequently presented an enhanced
expression of EMT gene mainly vimentin, SNAIL, TWIST and a decreased of E-
cadherin (Ahmad, 2013). Thus, it can be concluded that EMT promotes breast

cancer resistance in many ways and are the crucial regulator for cancer relapse.

2.2.3.3 Epithelial-Mesenchymal Transition in Cancer Dormancy

With the intervention of MSCs, cancer cells are able to adapt to changes in the
tumor environment including therapeutic interventions, where they are able to
reach distant organs, penetrate into the stroma and survived initial treatment
until there are metastatic relapses years afterward (Park and Nam, 2020). In
recent years, studies of bidirectional interaction between breast cancer cells and
surrounding MSCs have demonstrated the resistance to chemotherapies due to

cell dormancy (Ono et al., 2014; Reza et al., 2016).
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Dormant cells acquire the capacity to re-enter the cell cycle, emerge
from dormancy, adapt to their new surrounding and initiate colonization in
response to signals from MSCs, thereby leading to metastatic outgrowth (Park
and Nam, 2020). In indirect co-culture interaction of MSC and breast cancer,
Bliss et al. have described the ability of MSC to promote dormancy by
releasing exosomes with distinct miRNA content, which facilitates their
quiescence (Bliss et al., 2016). Likewise, another research group has
demonstrated the role of exosomal MSC in stimulating the cancer dormancy of

breast cancer cell MCF7 (Casson et al., 2018).

The definition of dormancy is derived from clinical observations that
cancer returns several years after surgery, as illustrated in Figure 2.2. Tumor
dormancy is one of the strategies for resistance against various cancer therapies
which can be induced by cues from ADMSCs (Bliss et al., 2016). This
pathological state is distinct from ‘slow-cycling cells’, such as cancer
stem cells (CSC). There are resemblances between the two of them such as rare

population, chemoresistant and highly responsible for cancer reoccurrence.

Additionally, many of the biological mechanisms involved in
controlling the dormant state of a tumor can also govern CSC behavior,
including cell cycle modifications, alteration of angiogenic processes, and
modulation of antitumor immune responses. Despite that, fundamental
differences exist between the two notions where dormant cells are not
expressing stemness markers and CSC are not in a total arrest state, rather in a

slow-cycling state (Phan and Croucher, 2020).
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Meanwhile, tumor dormancy is an arrest of tumor growth where the
cancer cells are in a quiescent state and the oncogenic pathways are suppressed
(Yadav et al., 2018). Although the suppression of oncogenic pathway leading
to growth arrest, it cannot be considered as an anticancer effect because cell
quiescence is a strategy that enables cancer cells to escape from

chemotherapeutic agents targeting rapidly dividing cells (Bartosh et al., 2016).
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Figure 2.2. Mechanism of cancer cell dormancy. Cellular dormancy at
distant sites occurs before treating the primary tumor, where disseminated
cancer cells remain dormant for prolonged periods. Once the tumor
microenvironment is favorable, dormant cells will enter growth state before
becoming detectable as a late metastatic relapse. Adapted from (Phan and

Croucher, 2020)
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The reversal of EMT is a key driving force in dormant tumor cell
proliferation and macrometastasis formation. In head and neck squamous cell
carcinoma (HNSCC), paired-related homeobox transcription factor (PRRX1)
has been found to be elevated and activate EMT program in maintaining the
dormancy via Transforming growth factor-p1 (TGF-B1) signaling. PRRX1
downregulates the expression of miR-642-3p which is associated with

tumorigenesis and cell growth (Neophytou et al., 2019).

Another EMT transcription factor, SNAIL has been found to impair
cell-cycle progression by repressing the transcription of cell division gene
cyclin D2 and suppressing tumor cell proliferation (Vega et al., 2004). A good
therapeutic strategy to treat metastatic cancer is by targeting the dormant stage
by blocking either the mechanism that sustains metastatic dormancy or

promotes escape from dormancy.

2.2.3.4 Regulation of Epithelial-Mesenchymal Transition by MicroRNAs

MicroRNAs (miRNAs) are small, non-coding, single-stranded RNAs that
inhibit the expression of target genes by translational repression or mRNA
degradation. They predominantly bind to target mMRNAs and exert silencing
effects on genes, thereby suppressing protein translation (Shi et al., 2017).
MiRNAs regulate gene expression in a cell-type-specific manner and govern
critical cellular functions such as cell growth, proliferation, migration, disease

initiation and cell death (Hu et al., 2018).
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Altered miRNA profiles have been correlated with the pathogenesis of
many diseases condition and breast cancer. A group of nine circulating
miRNAs was reported to be dysregulated in early-stage breast cancer and able
to be used to differentiate between healthy controls (Kodahl et al., 2014). By
comparing miRNAs profiles between cancer patients and healthy volunteers,
researchers hypothesize that miRNAs are promising candidates for diagnostic

markers.

Due to the recent advances in molecular profiling, the differential
pattern of the molecular signature of miRNAs profiles that were initially
detected in cancer cells and tissues is ultimately accessible from patient blood.
The presence of dysregulated miRNAs in human circulation was first
discovered in 2008 in the serum of lymphoma patients (Lawrie et al., 2008).
Since then, miRNAs have emerged as important biomarkers in many diseases
such as diabetes, Alzheimer, rheumatoid arthritis and cancer (Kumar et al.,
2013; Duroux-Richard et al., 2014; Guay and Regazzi, 2013; Zhang et al.,

2015a).

Growing evidence supports that miRNAs are correlated with EMT.
MiRNAs involved in EMT regulation are known as EMT inducers or EMT
suppressors (Hu et al., 2018). Studies have shown that miRNAs regulate EMT
by specifically targeting EMT transcription factors family or by disrupting the
integrity of the epithelial structure during EMT progression (Wang et al., 2010;
Zaravinos, 2015). The induction of MET by miRNA regulatory networks

mainly the miR-200 family, can negatively regulate ZEB1/ZEB2 genes,
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activating TGF-B/BMP signaling to promote MET, affecting breast cancer
metastatic colonization and chemoresistance (Saydam et al., 2009; Fischer et

al., 2015).

Other miRNAs such as miR-148a, miR-34, miR30a and miR-10b were
found to negatively regulate EMT transcription factors MET/SNAIL and TWIST
that prevent EMT and metastasis and increase recurrence in hepatoma, colon
and breast cancer (Zhang et al., 2014a; Ding, 2014; Siemens et al., 2011) In
addition, in a recently published study, overexpression of miR-509-5p and
miR-1243 has been reported to increase E-cadherin expression by inhibiting
EMT-related genes (Hiramoto et al., 2017). All these studies indicate that
miRNAs control EMT transcription factors and are one of the promising tools

for EMT regulation.
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2.3 Exosomes

2.3.1 Biogenesis, Secretion and Molecular Composition

In cellular microenvironment, MSCs release secretome consists of
biomolecules including extracellular vesicles (EVs), soluble factors (peptides,
proteins, cytokines, chemokines and growth factors), signaling lipids, DNA,
mRNAs and regulatory miRNAs. EVs are lipid bilayer membrane vesicles that
consist of microvesicles, exosomes and apoptotic bodies that differ in size,
biogenesis and molecular contents, as summarized in Table 2.3 (Zhang et al.,

2015h).

Exosomes are small membrane-bound vesicles surrounded by a
phospholipid bilayer with a diameter of 30-150 nm. They are in saucer-shaped
vesicles and the membrane is commonly embedded with associated proteins
such as HSPA8, CD9, GAPDH, ACTB, CD63, CD81, ANXA2, ENOL1,
HSP90AAL, EEF1Al, PKM2, YWHAE and SDCBP (Taylor et al., 2011; Lobb
et al.,, 2015). Exosomes transfer molecules such as proteins, cytokines,
signaling lipids, DNA, mRNAs, and regulatory miRNAs between cells to elicit
responses in the target cell. They are formed at the endolysosomal pathway
within multivesicular bodies (MVBs) and budding into TME after merging

with the plasma membrane (Figure 2.3) (Wang et al., 2019).
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Table 2.3. Extracellular vesicles and their characteristics

Vesicles | Biogenesis Size Markers Molecular
contents
Exosomes ' Endosomal 30-150 | Tetraspanins MRNAs,
pathway, nm (CD63, CD81, miRNAs,
fusion with CD9, TSG101, | lipids,
the parental ALIX non-coding
cell plasma proteins,
membrane MtDNAS,
gDNA,
cytoplasmic and
membrane proteins
Micro- Cell surface; | 100- Integrins, MRNAs,
vesicles budding of 1000 Selectins MiRNAS,
cell nm (CD62), non-coding RNAS,
membrane CD40, lipids,

Annexin V cytoplasmic and
membrane
proteins,

Apoptotic = Cell surface; | 1000- | Phosphatidyl- | Nuclear fractions,
bodies outward 5000 serine, cell organelles
blebbing of nm Annexin V,

apoptotic cell

membrane

Adapted from (Zhang et al., 2015b)

histones, DNA
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The exosomal contents may vary according to physiological and
pathological conditions of the cell origin. Exosomal content released by
stromal cells is significantly different from tumor-secrected exosomes.
Therefore, exosomes and their biologically active contents are an excellent

diagnostic tool for various diseases, including cancer (Zhang et al., 2019).

Exosomes can deliver their cargo content to recipient cells through
interactions between the exosomes and cell membrane followed by
internalization by recipient cells (Milane et al., 2015). They can be
distinguished from other extracellular vesicles by their specific physical and
chemical properties and their unique biogenesis within the endosomal pathway

(Kowal et al., 2014; He and Zeng, 2016).
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Microvesicles

Size 30-150 nm

Figure 2.3. Exosome biogenesis, properties, and molecular composition.

Adapted from (He and Zeng, 2016).
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2.3.2 Exosomes lIsolation Methods

For isolation, exosomes can be extracted using a combination of
different techniques. Previously, the classical ‘gold standard’ to collect and
isolate exosomes was differential centrifugation to remove the larger cells and
debris. The method was followed by ultracentrifugation to concentrate the
exosomes (Théry et al., 2006). Nevertheless, a recent discovery has
demonstrated that ultrafiltration is a faster alternative to ultracentrifugation.
Both methods are comparable in yield and quality, yet ultrafiltration is more

time-saving (Lobb et al., 2015).

To further maximize the recovery, quality and reproducibility of
exosomes, molecular diagnostic companies such as Qiagen (USA),
ThermoFisher Scientific (USA), Invitrogen (USA), System Biosciences (USA)
and few others have successfully commercialized exosomes isolation kit or
isolation reagents. The isolation kits were develop based on different principles
such as membrane affinity spin column, charge neutralization-based
precipitation, gel-filtration and affinity purification using magnetic beads (Ding

etal., 2018; Tang et al., 2017; Patel et al., 2019).
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2.3.3 Exosomal MicroRNAs

MiRNAs that are part of exosome cargo are known as exosomal miRNAs or
are widely described as circulating miRNAs. Other than using exosomes for
transportation, miRNAs utilize the cargo for protection from degradation, thus,
increase their stability and resistance against the action of ribonucleases (Sakha

et al., 2016).

Localization and sorting of miRNASs into exosomes has been associated
with a few modes consisting of ceramide pathways, also recognized as neutral
sphingomyelinase 2 (nSMase2)-dependent pathways, sequence motifs present
in the mature miRNAs permitting particular binding by sumoylated protein
heterogeneous nuclear ribonucleoprotein A2B1 (hnRNPA2B1), EXOmotifs,
3’-end miRNA sequence-dependent pathway and miRNA-induced silencing
complex (miRISC)-related pathway. These sorting mechanisms are important
in determining the consensus of miRNAs taken up by neighboring or distant

cells (Villarroya-Beltri et al., 2013).
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2.3.4 Exosomes Mediate Intercellular Communication

Cell communication is the process by which cells interact with adjacent or
distant cells via signaling processes. The presence of exosomes in normal
biological fluids indicates that they are involved in numerous physiological
processes and implicated in immunological and non-immunological processes.
Likewise, exosomes are also traceable in the blood of cancer patients and are
known to be associated with tumor metastasis, immune response suppression
and relapse (He and Zeng, 2016). Even though exosome content released from
healthy and cancer cells is very distinct, both can affect each other, creating a

bidirectional exchange (Dioufa et al., 2017).

Exosomes have been reported to orchestrate the cellular communication
between cancer cells and ADMSCs in the microenvironment. Meanwhile, their
exosomal miRNAs are shown to act as signaling molecules that control entire
gene networks and are commonly expressed in a cell-type-specific and cancer
subtype-specific manner (Shi et al., 2017; Wang et al., 2019). Conventional
cell-to-cell signaling pathways involving paracrine signaling by soluble
proteins such as cytokines have been the focus of the interaction between
ADMSCs and cancer cells. However, more recently, the attention has been

shifted to exosomes.
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2.3.5 Exosomes as Circulating Biomarkers of Cancer

Exosomes have attracted a lot of attention because of their main roles as
mediators of intercellular communication and their potential clinical
application as non-invasive biomarkers. As carriers of tumor-specific antigens,
tumor-derived exosomes, which are readily available from body fluids, have
received a lot of attention as a source of novel biomarkers. Exosomal miRNAs
secreted by MSCs from various sources have been shown to act as tumor

suppressors or oncogenes (Ono et al., 2014; Reza et al., 2016).

Dysregulation of oncogenes and tumor suppressor genes by miRNAs
are well associated with tumor formation, growth and metastasis either as
promoters or suppressors (Sakha et al., 2016). Exosomes also play a crucial
role in resistance against cancer therapy by carrying miRNAs responsible for

dormancy and protection against cancer drugs (Ono et al., 2014).

The non-invasive collection of body fluids such as blood serum, urine,
saliva or milk has made exosomal miRNAs evolve as ideal biomarkers for
cancer diagnosis (Zhang et al., 2019). Furthermore, detection of circulating
miRNAs can aid in predicting the chances of tumor relapse, enable
personalized, targeted therapies and monitor the outcome of the therapeutic

regime.
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2.4 Co-culture Interaction Model

Co-culture is a system employed for remodeling cellular microenvironment
and interaction in vitro and to study the effects of co-culture on individual cell
populations. There are two methods to study the cellular interaction in vitro,
direct and indirect co-culture. A direct co-culture technique is used for mixing
cell types together, whereby the cell types are in direct contact with each other.
Although it is commonly employed, analysis of individual cells is complex in
general, and at times, changes in protein expression and the like can only be
examined at the cell population level. In addition, to monitor activity through
direct contact, the indirect effects of humoral factors may also interfere. Thus,
although it is an easy procedure to perform, interpreting the analytical methods

and results is difficult.

Meanwhile, indirect co-cultures using a transwell system incorporates a
physical separation between cell types, such as a semi-permeable membrane.
This allows indirect interaction between distinct cell types through paracrine
effects. Without cell-cell contact, communication occurs through the secretion

and exchange of soluble molecules into the surrounding microenvironment.

Intercellular communication between distinct cell types can occur as
one-way interaction. One cell type affects the biology and physiology of
another cell type or bi-directional way when both cell types affect each other
(Bogdanowicz and Lu, 2013). The maintenance, repair of biological tissues and

cell development rely on the interaction of cells with different cell types within
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their microenvironment. Thus, establishing a model of indirect co-culture
system is an experimental platform for studying cancer progression in vitro.
Besides, this platform is highly relevant for cancer studies because it reflects
the disease progress. Also, the use of human or patient-specific cells to create
cellular environments is more representative of human rather than animal-

derived cells (Goers et al., 2014; Caddeo et al., 2017).
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CHAPTER 3

MATERIALS AND METHODS

3.1 Overview of Methods

An indirect co-culture transwell system was conducted between two types of
cells, ADMSCs and BCCs subtypes. MCF7 and MDA-MB-231 cells were used
to mimic the microenvironment of cancer cells and investigate the effects of
non-contact interaction on cancer progression and metastasis. To further
investigate the factors responsible for the co-culture effects, exosomes and its
content released by the cells into the microenvironment during the interaction
were isolated and analyzed. The presence and intercellular transfer of
exosomes were characterized by quantification of acetylcholine esterase
enzyme (AChE), transmission electron microscopy (TEM) immunogold
staining and membrane staining with Vybrant DiO fluorescence dyes.
Meanwhile, the presence of miRNAs was identified based on RNAs integrity
and SYTO64™ fluorescence dye staining prior to transcriptomic profiling.
Small RNA composition was profiled and dysregulated miRNAs responsible
for the biological effects were identified from specific signaling pathways.
Finally, the particular roles of miR-941 on BCCs’ proliferation and metastasis
were evaluated by overexpression of mimic miR-941. The procedures are

simplified in Figure 3.1.
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Indirect co-culture of ADMSCs and BCCs (MCF7/MDA-MB-231)

U

PART 1: Effects of co-culture interaction of ADMSC on proliferation
and metastasis of breast cancer cells

Cell cycle analysis

Cell proliferation

Migration

Invasion

Wound healing

Chemoresistant MTT assay

Analysis of multidrug-resistant (MDR), cancer stem cells (CSC)
and DNA repair genes

8. Analysis of epithelial and mesenchymal genes expression level

Noook~owhE

U

PART 2: ADMSCs-derived exosomes suppressed breast cancer
progression and metastatic ability via exosomal miRNAs transfer

1. Isolation and characterization of exosomes and RNAs
e AChE enzyme analysis
e TEM immunogold staining
e Vybrant DiO and SYTO64™ fluorescence tracking dyes

2. Transcriptomic profiling
e Library construction
e Sequencing of small RNAs
e Bioinformatics analysis
= Identification of dysregulated miRNAs
= Prediction of miRNAs-targeted genes
= Analysis of GO and KEGG signaling pathways
e Validation by gPCR

3. Role of specific miRNASs via overexpression study
e Overexpression of mMiRNA mimic
Cell proliferation
Migration
Invasion
Wound healing
Analysis of epithelial and mesenchymal genes expression

Figure 3.1. Flow chart of research methodology of the study
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3.2 Cells Culture

3.2.1 Breast Cancer Cells Lines

The human breast cancer cell lines, MCF7 (ATCC® HTB-22™) and MDA-
MB-231 (ATCC® HTB-26™) were bought from American Type Culture
Collection (ATCC, USA). Both epithelial cell lines were selected according to
their metastatic characteristic with MCF7 (low metastatic) and MDA-MB-231
(highly metastatic). According to the documentation, MCF7 was derived from
69 years old Caucasian female mammary adenocarcinoma and molecularly
classified as luminal A subtype with the presence of estrogen receptor (ER) and
progesterone receptor (PR) but lack of HER2 (human epidermal growth factor
receptor 2) expression. MCF7 represented the less aggressive and better
prognosis breast cancer model. Meanwhile, the MDA-MB-231 cell was
derived from 51 years old Caucasian female with metastatic mammary
adenocarcinoma. This cell is widely known as triple-negative breast cancer
(TNBC) due to the lack of all three receptors; ER, PR and HER2 expression.
MDA-MB-231 represents the more aggressive form of breast cancer attributed

to highly invasive and poorly differentiated (Xu et al., 2018).
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3.2.2 Adipose-Derived Mesenchymal Stem Cells

Primary human ADMSCs were obtained from Cryo Cord Sdn Bhd. The cells
were given at passage two and the source is from a young age donor. These
ADMSCs were selected for this interaction model due to their feasibility to be
expanded in culture. The research was approved by the UTAR Scientific and
Ethical Review Committee (U/SERC/14/2012) in compliance with the

guidelines regarding the use of primary stem cells for research.

3.2.3 Preparation of Culture Media

Basal media Dulbecco's Modified Eagle Medium (DMEM) with high glucose
and Roswell Park Memorial Institute (RPMI) 1640 medium (Sigma, USA)
were prepared following the manufacturer’s instruction. DMEM high glucose
powder was dissolved in 900 mL of deionized water supplemented with 3.7 g
of sodium bicarbonate (NaHCO3) (Merck Millipore, USA). RPMI was
dissolved in 900 mL of deionized water supplemented with 2 g of sodium
bicarbonate. The pH of the medium was adjusted to 7.2 + 2 before topping up

with 1 L of deionized water.

The medium was filtered-sterilized through a 0.22 pm cellulose acetate
filter unit (Sartorius) attached to a vacuum pump system (Gast, Michigan,
USA). Complete culture medium for cancer cell lines was further

supplemented with 10% (v/v) exosomes-depleted fetal bovine serum (FBS)
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(System Biosciences, USA) and 1% of 100 U/mL Penicillin-Streptomycin
(Gibco). Exosomes-depleted FBS was preferred instead of normal FBS to
minimize the level of bovine exosomal miRNAs contamination in the
supplemented media and subsequently to avoid misinterpretation of analyzed

data.

3.2.4 Thawing of Cryopreserved Cells

Cryopreserved vials stored in a liquid nitrogen tank were thawed immediately
in a 37°C water bath (Memmert, Germany). Vials were handled with an aseptic
technique using 70% ethanol and continued with cell culture procedures in a
Class Il Biosafety cabinet (ESCO, Singapore). The thawed cells were
transferred into sterile 15 mL centrifuge tubes (BD Biosciences) containing 9

mL of pre-warmed complete medium.

The cell suspensions were centrifuged at 2,000 rpm for 5 minutes using
a benchtop centrifuge (Allegra® X-15R, Beckman Coulter). After
centrifugation, the supernatants were discarded and the cell pellets were
suspended in 1 mL of complete medium and transferred to T75 culture treated
flasks in a ratio of 1:3. The cells were maintained at 37°C in a 5% CO>

incubator (ESCO).

51



3.2.5 Cell Maintenance and Subculture

Breast cancer cell lines MCF7 and MDA-MB-231 were cultured as 2D
monolayer and maintained in a complete medium of RPMI-1640 and DMEM
high glucose, respectively, at 37°C with 5% of CO,. Meanwhile, primary
ADMSCs were maintained in MesenPRO RS medium (Thermo Fischer Sc.,
UK) supplemented with 2 mM GlutaMAX (Invitrogen) with 5% CO. at 37°C
and the passage number was maintained under 12. MesenPRO medium
contains a low serum concentration (2%) formulated to cater to the growth of
human ADMSC. The mediums were changed twice weekly and subcultured

upon 80% confluent.

Briefly, the medium was discarded and the cells were rinsed with 1x
phosphate buffer saline (Amresco, USA) to remove traces of serum. Phosphate
buffer was discarded and 1 mL of TrypLE solution (Thermo Fischer Sc) was
added into the flask. The flasks were incubated at 37 °C to allow the cells to
detach from the flask and dissociate into single cells. The flask was monitored
under an inverted light microscope (Nikon, USA) to check for detachment.
Next, a complete medium was added into the flask to inactivate the enzymatic
activity. The cell suspension was spun at 2,000 rpm for 5 minutes. Unwanted
culture supernatant was removed and the pellet was re-suspended in complete

medium before 10% of the cells were re-seeded back into the new flask.
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3.2.6 Mycoplasma Test

All cell lines were routinely mycoplasma tested using Myco-
Alert™ Mycoplasma Detection Kit, Catalog #: LT07-118 (Lonza, USA).
Briefly, cells culture supernatant was centrifuged at 200 x g for 5 minutes and
100 pL cleared supernatants were transferred to a 96-well plate loaded with

100 pL MycoAlert reagent.

After 5 minutes of incubation, the plates were read using luminescence
Infinite® 200 PRO plate reader (Tecan, Switzerland) at an interval of 1s.
Subsequently, 100 pL of MycoAlert substrate were added to the wells and the
second reading was taken after 10 minutes. Viable mycoplasma present in cell
supernatant will be lysed and the enzyme will react with reagent substrate to
converts ADP to ATP which can be detected by luciferase enzyme. A ratio of
less than 0.9 was considered mycoplasma-free after dividing the second

reading with the first.
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3.3 Transwell Co-culture Assay

ADMSCs were seeded in 6 well-transwell inserts (Corning, USA) containing
polycarbonate membranes (1.0 um pore size) at a density of 2 x 10° cells/mL
with MCF7 or MDA-MB-231 cells pre-plated in the basolateral compartment
at a density of 3 x 10° cells/mL (Figure 3.2). The cells were co-cultured for 48
hours in DMEM complemented with 10% exosome-depleted fetal bovine
serum (System Biosciences, USA), 100 U/mL penicillin and 100 ug/mL
streptomycin at 5% CO> at 37 °C. BCCs that were cultured alone were used as

the negative control.
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(Donor cells)

(Recipient cells)

Figure 3.2. Schematic representation of transwell indirect co-culture
between breast cancer cells and ADMSCs containing polycarbonate

membranes 1.0 um pore size.
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3.4 Mesenchymal Stem Cells Characterization

3.4.1 Immunophenotyping

Human ADMSCs phenotypes were determined using flow cytometry by
detecting the cell surface markers expression using fluorochrome-conjugated
primary cocktails containing CD90+, CD44+ and CD105+ from FlowCellect™
human MSC characterization kit (Merck, USA). Cells were incubated with 18
pL of antibody working solution (Anti-human CD105-conjugated with FITC,
anti-human CD90-conjugated with PE and anti-human CD44-conjugated with
Alexa fluor 647) for 30 minutes in the dark at 4°C and analyzed using BD

FACs Canto™ [l Flow Cytometer (BD Biosciences, USA).

The antibody panel used was composed of antibodies against CD90
CD44 and CD105 as positive MSC markers present on the surface of
ADMSCs. The purity of ADMSCs was determined as >85% positive for
CD90, CD44 and CD105 surface antigen expression prior to co-culture. The

list of antibodies used has been listed in Appendix A.
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3.4.2 Multipotent Differentiation

The multipotency of ADMSCs was assessed for lipid droplets (adipocytes) and
calcium deposition (osteoblasts). For in vitro differentiation into osteoblasts,
cells were induced with osteogenic induction medium (OIM), composed of
DMEM complemented with 10% FBS, 50 mg/mL ascorbate-2 phosphate, 108
M dexamethasone, and 10 mM B-glycerophosphate. For in vitro differentiation
into adipocytes, cells were induced with adipogenic induction medium (AlM),
composed of DMEM complemented with 10% FBS, 50 mg/mL ascorbate-2
phosphate, 10’M dexamethasone, 50 mM indomethacin, 0.45 mM 3-isobutyl-
1-methylxanthine (IBMX) and 10 mg/mL insulin. Change of medium was
performed every three days until 21 days, when the matrix mineralization and

lipid droplets were fully formed.

3.5 Analysis of Exosomes

3.5.1 Isolation of Exosomes

Prior to exosome collection, cells were seeded in exosome-depleted FBS
(System Biosciences, USA) containing medium and further co-cultured for 48
hours until 80-90% confluency. The conditioned medium was harvested
through serial centrifugation at 300 x g at 4°C for 10 minutes and followed by

3000 x g at 4°C for 15 minutes to precipitate cell debris.
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The cell-free supernatant was pre-filtered using a 0.4 um syringe filter
before exosome isolation using ExoEasy Maxi kit (Qiagen, Germany). The kit
uses membrane affinity spin columns and specialized buffers to efficiently

isolate and purify exosomes from the pre-filtered cell culture supernatant.

Briefly, isolated supernatant was mixed with exosome isolation buffer
XBP at (1:1) and the tube was gently inverted five times. Next, the mixture was
aliquoted to the column and centrifuged for 1 min at 500 x g in a swinging
bucket rotor. A 10 mL of buffer XWP was added to wash the column and
centrifuged at 5,000 x g for 5 minutes and the flow-through was discarded.
Exosome was eluted in 100 pL of phosphate-buffered saline (PBS) for further

exosome characterization. The isolation process was summarized in Figure 3.3.
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Figure 3.3. Schematic representation of exosome isolation process. Cells supernatant was pooled and collected into tubes, cells
pellets and debris were removed by serial centrifugation, followed by ultrafiltration to further eliminate the larger vesicles. Finally,

the supernatant were run through membrane affinity column ExoEasy Maxi kit to concentrate the exosomes.



3.5.2 Characterization of Exosomes

To further confirm the presence of exosomes extracted from culture
supernatant, size distributions, morphology and protein surface markers of

isolated exosomes were assessed.

3.5.2.1 Quantification of Acetyl Choline Esterase enzyme (AChE)

To measure AChE enzyme activity that is highly enriched within exosomes,
AChE Colorimetric Assay Kit (Abcam, USA) was purchased. The protocol
uses DTNB to measure the thiocholine byproduct from the breakdown of
acetylthiocholine by AChE. The absorption concentration of 5,5’-dithio-bis-2-
nitrobenzoic acid (DTNB) adduct at a wavelength of 410 nm that is
comparative to the AChE activity was used to quantify the amount of
thiocholine formed. Briefly, assay buffer, 20x DTNB, 50 units/mL
Acetylthiocholine stock solution and 1000 mU/mL standard solution were
prepared. A serial dilution of acetylcholinesterase standard was performed. A
volume of 50 pL of acetylthiocholine reaction mixture was incubated with
AChE standard and culture medium for 30 min before absorbance was taken at
415 nm using Infinite® 200 PRO plate reader (Tecan, Switzerland). The
average absorbance was determined from standard and the dose-response curve
was plotted. From the trendline equation of the AChE standard, the value of
AChE activity of the culture medium was calculated to represent the number of

exosome particles.



3.5.2.2 Transmission Electron Microscopy with Immunogold-Labeling

To further assess the size distributions, morphology and protein surface
markers of nano-scale biological structures such as exosomes, it requires the
use of very high-resolution microscope, such as a transmission electron
microscope (TEM) for visualization. The short wavelength of electron beams is

used to illuminate the sample and form images (Zhang et al., 2018a).

Before visualization, sample processing steps are necessary which
primarily involve fixation, antibody staining and dehydration. Briefly, isolated
exosomes were diluted in PBS and fixed in a solution containing 4%
paraformaldehyde. For immunogold-staining, a fixed exosome was mounted
onto formvar/carbon-coated copper 300 mesh grid for 5 minutes at room
temperature. Grids were blocked with PBS-BSA for 5 minutes upon removal of
the surplus samples using filter paper. Next, the grids were incubated with
primary anti-mouse monoclonal CD63, CD81 and CD9 (15 pL; 1:5 dilution in
PBS-BSA) for 1 hour at 37°C. After incubation, grids were rinsed thrice with
PBS-BSA, followed by incubation with secondary antibody goat-anti mouse
IgG conjugated to 10 nm gold particle (15 pL; 1:20 dilution in PBS-BSA) for
another 1 hour at 37°C. After washing, the grids were fixed in uranyl acetate
[1% (w/v)] for 5 minutes and air-dried before being viewed using TEM at 80-
120k Volt (Hitachi HT7700, Japan). Negative staining was used as a control.

The list of antibodies used has been listed in Appendix A.
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3.6 Characterization of Co-culture Breast Cancer Cells

3.6.1 Internalization of Exosomes and RNAS

To track the transfer of exosomes containing RNAs from one cell to another,
cells were fluorescently labeled with cell membrane labeling solution Vybrant-
DiO and nucleic acid labeling solution SYTO64™ (Thermo Fischer Sc., UK).
ADMSCs were pre-stained with 5 uM of Vybrant-DiO or 1 pM of SYTO64™

in a flask and incubated at 37°C for 2 hours.

After removing fluorescence dyes, stained cells were harvested and co-
cultured with breast cancer cells for 48 hours. The uptake of exosomes and
RNA was observed using a fluorescence microscope (Carl Zeiss, Germany)
with green (484-501 nm) and red wavelength (599-619 nm) filters. Next, an
opposite staining method was performed on another group of breast cancer
cells in order to confirm the direction of exosome and RNAs uptake. Cancer
cells were pre-stained with Vybrant-DiO or SYTO64™, harvested and co-

cultured with unstained ADMSCs (Santos et al., 2018).
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3.6.2 Cell Proliferation Analysis

Cell proliferation was measured using Cell counting kit-8 (CCK-8) (Sigma-
Aldrich, USA) by utilizing the water-soluble tetrazolium salt WST-8 (2-(2
methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazo-

lium-monosodium salt). A volume of 100 pL of cells (1.0x10* cells/well) was
seeded in 96-well plates and incubated in an incubator for 24 hours, 37°C at 5%

CO..

After 48 hours of co-culture treatment, 10 pL of CCK-8 reagent was
mixed with cells and incubated for 4 hours. The reduced formazan crystal
(orange color) was measured using Infinite® 200 PRO microplate reader
(Tecan, Switzerland) at a wavelength of 450 nm. The amount of the formazan
dye produced in cells by dehydrogenases is relative to the number of alive

cells.

3.6.3 Cell Cycle Analysis

The cells were harvested and washed with 1x PBS following treatment using
BD Cycletest™ Plus DNA Kit (BD Biosciences, USA). Briefly, cells were
dissociated with 250 pL of solution A (trypsin) for 10 minutes at room
temperature. Next, the cells were treated with 200 pL of solution B (trypsin
inhibitor with RNase A) for 10 minutes and finally with 200 pL of solution C

(propidium iodide) for 10 minutes in the dark and on ice. The cells were

63



analyzed using BD FACS Canto™ Il Flow Cytometer (BD Biosciences, USA).
A total of 10,000 events were recorded and the results were analyzed using BD
CellQuest software (BD Biosciences). The experiment was performed in

triplicates.

3.6.4 Chemoresistant MTT Assay

Control and co-culture breast cancer cell lines with a concentration of 5 x
103 cells in 100 pL per well were seeded into 96-well plates at 5% CO»,
37°C for 24 hours, at a cell density of 70% confluence. The cells were
separately treated with doxorubicin, tamoxifen, cisplatin and 5-Hydroxy-[1,4]

Naphtho-quinone (5HNQ) also known as juglone.

After 48 hours of incubation, 20 uL of 5 mg/mL tetrazolium salts (3-
(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide) MTT solution
(Sigma-Aldrich) was added to each well and further incubated for 4 hours. The
formed formazan precipitate was dissolved in 100 uL of dimethylsulfoxide
before absorbance at 570 nm was taken with Infinite® 200 PRO microplate
reader (Tecan, Mannedorf, Switzerland). All experiments were carried out in
triplicate. The viability of the cells was calculated as shown in the formula
below. The dose-response graph of concentrations of the drug versus
percentage of viability of the cells was constructed and ICso values were

determined using Microsoft Excel.
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3.6.5 3D Spheres Formation Assay

To investigate the effects of cells interaction with ADMSCs on sphere forming
ability of cancer cells, co-cultured cancer cells were enriched to form 3D
tumorspheres. Approximately 5000/ mL single cells of control and co-cultured
cancer cells were seeded in a non-adherent ultra-low attachment plate, serum-
free  medium of DMEM/F12 complemented with 20 ng/mL human
recombinant epidermal growth factor and basic fibroblast growth factor
(Invitrogen, USA), 1 x B27 (Thermo Scientific, USA), 10 pg/mL insulin, 0.5
pg/mL hydrocortisone, 100 U/mL penicillin and 100 pg/mL streptomycin and

0.4% bovine serum albumin (Sigma, UK).

Tumorspheres were maintained at 5% COz, 37°C. One mL of fresh stem
cell media was added every 2-3 days. After 21 days, the spheres were counted
and disaggregated into singles cells and re-seeded to generate a secondary
spheroid. The number of spheres with diameter size larger than 50 um was

counted under an inverted microscope.

Absorbance of treated well
Absorbance of control well ~ *100%

Cell Viability =
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3.6.6 Expression of Multidrug Resistant (MDR), Cancer Stem Cells

(CSC) and DNA Repair, Epithelial and Mesenchymal Genes

3.6.6.1 Total Ribonucleic Acids (RNASs) Extraction

RNAs extraction was performed using Qiagen RNeasy ® Mini Kit (Qiagen,
Germany) according to the manufacturer’s protocol. Approximately 3 x 10°
cells were harvested via trypsinization and the resulted pellets were lyzed in
600 ul RLT Buffer. B-mercaptoethanol was added to the RLT buffer prior to
usage. Cells were disrupted and homogenized using QIlAshredder (Qiagen,
Germany) and centrifuged at maximum speed, at room temperature for 2
minutes. The flow-through was collected and transferred to the column, followed
by centrifugation at 5,000 x g for 5 minutes. The flow-through was collected
again and one part of 70% ethanol (~600 ul) was added to the flow-through

and resuspended.

Then, the mixture was transferred to the RNeasy spin column ina 2 mL
collection tube, spun for 8,000 x g for 15 seconds and the flow-through was
discarded. Next, 700 puL of RW1 buffer was added to the column and
centrifuged at 8,000 x g for 15 seconds. Flow-through was discarded after
centrifugation followed by washing with 500 pL of RPE buffer. After
centrifugation, flow-through was discarded and another 500 puL. of RPE buffer
was further added to the column. The column was centrifuged at 8,000 x g for

2 minutes and flow-through was discarded.

66



The column was then placed in a new microcentrifuge tube and 20 pL
of RNase-free water was added to it. The column was incubated for 2 minutes
at RT before centrifugation at 8,000 x g for 1 minute to elute the RNAs. The

eluted RNASs were stored at -80°C for future use.

3.6.6.2 Quantification of Total Ribonucleic Acids (RNAS)

The concentration of the extracted RNAs was quantified using Qubit 2.0
Fluorometer (Invitrogen, USA). Briefly, the extracted RNAs were diluted to 5
ng in 2 uL of nuclease-free water and mixed with 198 uL of Qubit working
reagent. The low and high standard tubes were simultaneously prepared with
10 puL of standard reagent mixed with 190 uL of Qubit working reagent. The
mixtures were vortexed and incubated at room temperature for 2 minutes
before the measurement was taken using Qubit. The final concentration of
samples was calculated by multiplying the value with the dilution factor

performed earlier.

Next, the purity of the extracted RNAs was determined by measuring
the reading ratio of absorbance 260 and 280 nm (A2s0/Az20) usSing
NanoPhotometer UV/Vis spectrophotometer (Implen, Germany). RNAs
isolates with a ratio between 1.8 and 2.0 were used for the downstream gene

expression study.
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3.6.6.3 cDNA Conversion of Messenger RNAs

Reverse transcription was performed to convert extracted RNA into cDNA
prior to PCR experiments. Total RNAs were first converted into cDNAs using
iScript™ Reverse Transcription Supermix (BioRad, USA). Reverse
transcription mixture was prepared as outlined in Table 3.1 and run on a PCR
thermal cycler (Takara Bio, USA) at 25°C for 5 minutes, followed by reverse

transcription at 46°C for 20 minutes and inactivation at 95°C for 1 minute.

Table 3.1. Reverse Transcription Reaction Mixture

Component Volume/Reaction
Total RNA X uL (up to 1 ug)
5X iScript Reverse Transcription Supermix 4 uL
RNase-free water Add to 20 uL
Total volume 20 uL
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3.6.6.4 Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR)

Cells were assessed for the expression levels of multidrug-resistant (MDR),
cancer stem cells (CSC) and DNA repair genes via qPCR. Quantitative PCR
(gPCR) enables determination of the relative concentration of the amplified
DNA in the sample by utilizing: i) the fluorescent reporter dye (SYBR®
Green) that binds to double-stranded DNA (dsDNA) or ii) fluorogenic single-
stranded oligonucleotide probe that binds only the DNA sequence between the

two PCR primers (TagMan® probe).

Both quantification methods are reliable and commonly used in RT-PCR.
In this study, both platforms were employed for gPCR. It was not intended to
compare the efficiency or sensitivity between the two different methods but
rather due to the availability of interest primers. Next, the fluorescent signals
were plotted against the quantitation cycle (Cq), reflecting the copy number of
the target. Briefly, the synthesized cDNAs were diluted to 200 ng and
amplified using MDR, CSC and DNA repair primers (Appendix B, Integrated

DNA Technologies, Singapore).

The mRNA expression level of MDR, CSC, epithelial and mesenchymal
genes was quantified using SYBR-Green mix (PCR Biosystems, UK)
according to the volumes in Table 3.2. No template control (NTC) was
included in each assay by substituting the cDNA with RNase-free water.
Amplification was run for in ABI thermal cycler (StepOne Plus, Thermo Fisher

Scientific, USA) as outlined in Table 3.3.
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Meanwhile, the DNA repair genes expression was evaluated via
TagMan™ Gene Expression Assays (Applied Biosystems, USA) containing a
pair of PCR primers and a TagMan probe with a FAM™ dye label on the 5’
end and minor groove binder (MGB) and nonfluorescent quencher (NFQ) on
the 3’ end in a single tube. Briefly, Tagman® Gene Expression Assay (20x),
cDNA samples and Tagman® Fast Advanced Master Mix (2x) were mixed
together. An appropriate number of replicates and reactions were prepared
according to the volumes in Table 3.4 and run in the thermal cycler (StepOne

Plus, Thermo Fisher Scientific, USA) as outlined in Table 3.5.

The melt curve analysis was carried out for each assay in both gPCR
platforms. Relative quantification was analyzed by geometric average Cq of
the mRNAs normalized by the average of reference mRNAs (ACTB). The fold

expression was calculated using the 224 method.
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Table 3.2. SYBR Green PCR Biosystems reaction set-up (mMRNA)

Components Volum(_e per Final concentration
reaction

2X SYBR Green PCR Mix

S5uL 1x
(ROX-high)
Forward primer (10 uM) 0.4 uL 200 nM
Reverse primer (10 uM) 0.4 uL 200 nM
cDNA template (100 ng/uL) 2 ulL 200 ng
RNase-free water 2.2 uL -
Total volume 10 uL

Table 3.3. Thermal Cycler protocol for SYBR Green PCR Biosystems

gPCR
Step Temperature Duration Cycle
DNA Polymerase Activation 95°C 2 min 1
Denaturation 95°C 5 sec
40
Annealing/Extension 62°C 25 sec
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Table 3.4. TagMan® gRT-PCR reaction set-up

Component Volume/ Final
Reaction Concentration
TagMan® Fast Advanced Master Mix (2x) 10 uL 1x
TagMan® Gene Expression Assay (20x) 1 uL 1x
cDNA template (10 ng/uL) 2 uL 20 - 50 ng
RNase-free water 7 uL -
Total volume 20 uL

Table 3.5. Thermal Cycler protocol for TagMan® gPCR

Step Temperature  Duration Cycle
UNG incubation 50°C 2 min Hold
DNA Polymerase Activation 95°C 20 sec Hold
Denaturation 95°C 1 sec
40
Annealing/Extension 60°C 20 sec
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3.7 Cell Metastases

3.7.1 3T3 Condition Medium

To stimulate the invasion and migration of MCF7 cells, a chemoattractant of
conditioned medium from NIH-3T3 fibroblasts was used in the transwell
invasion and migration assays. Cells were maintained in HG-DMEM
supplemented with 10% fetal bovine serum (Thermo Fischer Sc, USA), 100
U/mL penicillin and 100 pg/mL streptomycin at 5% CO> at 37°C. When cells
are nearly confluent, conditioned medium was harvested, sterile-filtered and

stored at 4°C.

3.7.2 Transwell Invasion and Migration Assays

Transwell invasion assay was carried out by coating 8.0 um pore size
polycarbonate membrane inserts of 24-well (Corning) with matrigel basement
membrane matrix (BD Biosciences) at 37°C for a minimum of 3 hours. Control
or co-culture cells were suspended in 200 pL of serum-free medium and seeded

at a density of 1.0 x 10° cells/well in the upper chamber.

Meanwhile, the lower chamber contained a growth medium with 10%
FBS or NIH-3T3 condition medium. Cells were further incubated for 24 hours
to allow them to invade the matrigel. After removing media from both the

lower well and the transwell insert, the migrated cells were fixed with 4%
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formaldehyde for 2 minutes, permeabilized with 100% methanol for 20
minutes and stained with diluted crystal violet 15 minutes in the dark. In
between, the fixed cells were rinsed with PBS. Non-invaded cells at the surface
of the membrane were scraped off using a cotton swab. Migration assay was
performed similarly, without matrigel. Images of cells that migrated and
invaded through the membrane were captured at wavelength 590 nm using an

inverted microscope (Nikon, USA).

3.7.3 'Wound Healing Assay (Scratch Assay)

To monitor cell migration with a third independent method, an in vitro wound-
healing assay was performed. After 48 hours of cancer cells cultured with
ADMSCs, the culture insert was detached, followed by the creation of
wound/gap using a P1000 pipette tip by scratching the center of the well. The
cells were rinsed with PBS to clear the detached cell and replenished with a
new medium. Wound/gap was monitored at 24 hours interval (0 hours, 6 hours
and 24 hours) using an inverted microscope at 10x magnification (Nikon,
USA) and the percentage of migration was assessed by calculating the ratio of
gap distance relative to the original wound area in at least five fields using

Image J software (NIH).
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3.7.4 Expression of Epithelial (CD24) and Mesenchymal (CD44) Surface

Markers by Flow Cytometry Analysis

The epithelial (CD24) and mesenchymal (CD44) surface markers of cancer
cells were analyzed using a flow cytometer. Control and co-cultured MCF7 and
MDA-MB-231 cells were harvested and dissociated using tyrpLE to produce
single-cell suspension as described in Section 3.2.5. Later, they were
concentrated and resuspended in 100 puL of 0.5% BSA — PBS solution buffer at
a concentration of 5 x 10° cells/mL per tube. Cell surface levels were
determined with combinations of fluorochrome-conjugated monoclonal
antibodies obtained from BD Biosciences (San Diego, USA) against human

CD44, CD24 and their respective isotype controls.

A volume of 10 puL of CD44-conjugated FITC antibody and 10 uL
CD24-conjugated PE were mixed with the cells and incubated at 4°C in the
dark for 30 minutes. Separate tubes were prepared to run individual surface
markers. Afterward, cells were centrifuged and washed in the wash buffer and
the pellets were suspended with 300 uL wash buffer prior to acquisition on a
BD FACS Canto™ Il Flow Cytometer (Becton Dickinson, USA). The list of

antibodies used has been listed in Appendix A.
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3.7.5 Expression of Epithelial and Mesenchymal mRNA Level

Total Ribonucleic Acids (RNAs) were extracted, quantified and converted to
cDNA as previously described in Section 3.6.6. The epithelial and
mesenchymal mRNAs expression level of control and co-cultured cells were
screened using primers from Integrated DNA Technologies, Singapore as
stated in Appendix C. The expression level was quantified using SYBR-Green
mix (PCR Biosystems, UK). Relative quantification was analyzed by
geometric average Cq of the mRNAs normalized by the average of reference
mRNAs (ACTB). The differences in fold expression were calculated following

the 2722t method.

3.8 Exosomes Functionality Study

To further confirm the role of exosomes mediating crosstalk between ADMSCs
and cancer cells in the co-culture microenvironment, isolated exosomes from
the co-cultured medium were collected as described previously in Section
3.5.1. Next, breast cancer cells were pre-seeded in 6 well-plates at a density of

3 x 10° cells/mL, 24 hours prior to the addition of exosomes.

An aliquot of 100 pL of exosomes was added into the culture of breast
cancer cells to allow exosome uptake by cancer cells. (Tang et al., 2018). After
48 hours of interaction, exosome functionality assay was conducted on

recipient cancer cells focusing on similar biological activities; cell
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proliferation, migration, invasion, wound healing properties as well as RNA
expression of epithelial and mesenchymal genes as described in Section 3.6.2,

3.7.2,3.7.3,and 3.7.5.

3.9 MicroRNAs Expression Study

3.9.1 Isolation of Cellular and Exosomal miRNAs

MicroRNAs populations from cells and exosomes were extracted using
miRNeasy ® Mini Kit (Qiagen, Germany), allowing purification of miRNA
with total RNA for qRT-PCR and sequencing applications. Pellets of cells were
lysed with QIAzol reagent and homogenized using QIAshredder (Qiagen,
Germany) centrifuged at maximum speed, at room temperature for 2 minutes.
The flow-through was collected and transferred to the column, followed by

centrifugation at 5,000 x g for 5 minutes at room temperature.

Meanwhile, exosome aliquots were transferred to the column, followed
by centrifugation at 5,000 x g for 5 minutes without going through QlAzol
lysation. A total of 90 puL of chloroform was added to the lysates and shaken
vigorously for 15 seconds to form three layers of phase separation. Lysates
were centrifuged at 12,000 x g for 15 minutes at 4°C. Subsequently, the
colorless top layer of lysates was carefully transferred into a new
microcentrifuge tube and mixed with 1.5 x volumes of 100% ethanol to form

precipitates.
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The mixtures, including precipitates, were transferred to elution column
and were washed with 700 puL. of RWT buffer and centrifuged at 8,000 x g for
15 seconds. Flow-through was discarded after centrifugation. Next, 500 pL of
RPE buffer was added to wash the column and centrifuged at 8,000 x g for 15
seconds. After the centrifugation, flow-through was discarded and another 500

pL of RPE buffer was added to the column.

The column was centrifuged at 8,000 x g for 2 minutes and flow-
through was discarded. The miRNeasy spin column was transferred to a new
collection tube and centrifuged at full speed, at room temperature for 1 minute
to remove any possible carryover. The column was then placed in a new
microcentrifuge tube and 20 puL. of RNase-free water was added to the column.
The column was incubated for 2 minutes at room temperature before
centrifugation at 8,000 x g for 1 minute to elute the miRNA. The eluted

mMiRNA was stored at -80°C for future use.

3.9.2 Quantification of Small RNAs and Their Integrity

The concentration and purity of the extracted total RNAs were measured using
Qubit 2.0 Fluorometer (Invitrogen, USA) as described earlier in Section
3.6.6.2. Prior to sequencing, RNAs integrity was examined using Total RNA
6000 Pico assay together with Agilent 2100 bioanalyzer (Agilent Tech,
Germany). This crucial step ensures the integrity and the concentration of small

RNA meet the minimal requirement for sequencing.
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For cellular RNAs, a minimum ratio of 18S to 28S ribosomal subunits
RNAs integrity number (RIN) must be above 7 to be classified as intact RNASs
and any value lower than that was considered degraded RNAs. As for
exosomal RNAs, the RIN of all samples was below 7, primarily due to the
deficiency of ribosomal RNAs in the exosome itself. The small RNAs fraction
(<200 bp) contains MIRNAs in their primitive (pri-miRNA), precursor

(premiRNA) and mature (miRNA) forms.

79



3.9.3 MicroRNAs Profiling via Next-Generation Sequencing (NGS)

3.9.3.1 Library Construction and Sequencing of Small RNAs

1) Total RNAs with small RNAs retention

N

2) RNA ligation with 3” adapter

NS

3) Primer hybridization

NS

4) RNA ligation with 5’ adapter

NS

5) st strand synthesis with RT-PCR

A4

6) PCR amplification

NS

7) PCR purification

NS

8) PAGE size selection

NS

9) Gel purification and sample pooling

A4

10) Library validation

Figure 3.4. Small RNAs library preparation for sequencing. RNA samples

were constructed into a library using NEBNext® Multiplex small RNA.
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To evaluate the differences in the miRNA profile among cells and their
respective exosomes of the co-culture conditions, small RNA sequencing
technology was employed using miSeq (Illumina, USA). A total of 100 ng of
cellular and exosomal RNAs were prepared for small RNA sequencing library
following manufacturer’s protocol, NEBNext® Multiplex small RNA library

prep set for Illumina (New England Biolabs, USA).

As outlined in Figure 3.4, starting with 3’ adapter ligation, 1 uL of 3'-
SR adapter was combined with 100 ng total RNA in a 6 uL volume, heated to
70°C for 2 minutes and directly placed on ice. In a separate microcentifruge
tube, 10 puL of 3’-ligation reaction buffer were mixed with 3 uL of 3’-ligation
enzyme and added to the RNA/3'adapter mix and incubated at 25°C for 1 hour.
Then, 4.5 pL of nuclease-free H20 and 1 pL SR RT primer was added and
further heated for 5 minutes at 75°C, 15 minutes at 37°C followed by 15

minutes at 25°C.

Next, 5° adapter ligation was carried out. After denaturation of 5’-SR
adapter at 70 °C for 2 minutes and directly placed on ice, 1 uL of 5’-ligation
reaction buffer and 2.5 pL of 5’-ligation enzyme mix were combined with 3’-
ligated sample and incubated for 1 hour at 25°C. Reverse transcription of the
sample was carried out to synthesize first-strand cDNA by mixing with 8 puL of
first-strand synthesis buffer, 1 pL of murine RNase inhibitor and 1 pL of

ProtoScript Il reverse transcriptase and incubated for 1 hour at 50°C.
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The cDNA was further amplified by mixing with 50 uL of Long Amp
Taq master mix, 2.5 pLL of SR primer, 2.5 pL of designated Index primer (1-12)
and 5 pL of nuclease-free HO to make a total volume of 100 uL. The PCR
amplification was run on a thermal cycler (Takara Bio, USA) as outlined in

Table 3.6.

Table 3.6. Thermal Cycler protocol for NGS library construction-PCR

amplification
Step Temperature Duration Cycle
Initial denaturation 94°C 30 sec 1
Denaturation 94°C 15 sec
Annealing 62°C 30 sec 15
Extension 72°C 15 sec
Final extension 70°C 5 min 1
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The resulting PCR products were purified using a QIAQuick PCR
purification kit (Qiagen, Germany) and the concentration was subsequently
checked using High Sensitivity DNA chips (Agilent, Germany) and a
bioanalyzer. Purified PCR samples (25 pL) with a similar range of
concentrations were grouped together, mixed with 5 uL of gel loading dye and
run on a 6% Polyacrylamide gel. The gel was run for 1 hour at 120 V with

DNA-Mspl Digest as molecular weight standards for gel electrophoresis.

Isolation of miRNAs was performed via size selection by staining the
gel with SYBR gold nucleic acid gel stain for 15 minutes and cutting the gel in
between 140-150 nucleotides bands. The library was extracted from the gel
using 250 uL. DNA gel elution buffer. The eluted miRNAs were washed in

ethanol and air-dried to yield the pellet before re-suspended in Tris-HCI buffer.

A final quality check of the purified library was performed on a
bioanalyzer using High Sensitivity DNA chips. A total pool of 4 nM of
different libraries with equimolar ratios was combined into a single
multiplexed library and sequenced using a MiSeq Reagent Kit v3 150 cycle

and run using Miseq System (Illumina, USA).
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3.9.3.2 Bioinformatics Analysis of miRNAs Sequencing Data

The analysis pipeline presented here aims to measure miRNAs expression
profiles and assess differential expression between samples as simplified in
Figure 3.5. Raw reads were preprocessed by removing a 3’ adapter using
Cutadapt version 1.16 (Martin, 2011) and filtered using Fastx toolkit version

0.0.14 (Gordon and Hannon, 2010).

The remaining reads were inspected for quality control using Fast QC

software (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), a

quality control tool for analyzing high-throughput sequence data and then the
reads were assigned to separate output files based on different barcodes used.
The clean data were obtained by filtering out low-quality reads and bases with
less than 16 and more than 26 nucleotides prior to mapping miRNA read

sequences to the human genome.

Reads were aligned to the human reference genome (UCSC 38) using
Mapper and precursor mature miRNA reference (miRBase 21) using
miRDeep2 version 2.0.0.8. (Friedlander et al., 2011). After data processing,
expression statistical significance (p-value) for the normalized reads was
calculated to generate differential expression profiles. Differentially expressed
genes were selected if the fold changes (FC) in expression was > 2 with a p
value < 0.05. The sequencing data are available in the NCBI Gene Expression

Omnibus (GEO) database under the series accession identifier GSE156380.
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Figure 3.5. Flow chart of miRNASs sequencing analysis pipeline
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3.9.3.3 Prediction of Highly Dysregulated miRNAs Target Genes

A target gene prediction platform, miRSystem was used to predict the potential
regulation of mMRNAs by dysregulated miRNAs available freely at

http://mirsystem.cgm.ntu.edu.tw/. The program integrates seven prediction

platforms: DIANA, miRanda, miRBridge, PicTar, PITA, rna22, and
TargetScan allowing query of multiple miRNAs for the associations between
them and their target genes (Lu et al., 2012). Hierarchical cluster analysis
(HCA) is an algorithmic approach to identify groups with varying degrees of
(dis)similarity in a data set represented by the color matrix (heat map) and
diagram that shows the hierarchical relationship (dendrograms). Both heat
maps and dendrograms generated by hierarchical clustering were carried out

using Heatmapper (Babicki et al., 2016).

3.9.3.4 Gene Ontology and KEGG-Pathway Enrichment Analysis

To gain a better understanding of the potential role of exosomal miRNAs in co-

culture interaction, Panther DNA database (http://pantherdb.org) was used to

carry out functional annotation and enrichment analysis of their target genes
identified in the GO enrichment analysis. Functional annotation was
categorized by biological process and molecular function. The selection
focused on the top 10 GO terms with the smallest p-value. The selected GO

terms signify the annotation of the functional enrichment of targeted genes,
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while a lower p-value indicates a superior functional enrichment of a relative

term (Mi et al., 2013).

Meanwhile, the biological pathways enrichment, Kyoto Encyclopedia of
Genes and Genomes (KEGG) were performed using the miRSystem RNA
database among the genes targeting by queried miRNAs that integrate

information from pathway prediction program KEGG (http://www.kegg.jp)

(Lu et al., 2012). The workflow is summarized in Figure 3.6.
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Figure 3.6. Overview of target genes prediction and enrichment analysis.
Target genes, functional annotation (KEGG and GO) and heat map were

generated using miRSystem, Panther and Heatmapper platforms.
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3.9.3.5 Validation of miRNAs Sequencing by gRT-PCR

Five differentially expressed miRNAs from NGS results were selected for
further verification by qRT-PCR (Appendix D) using samples from cells and
exosomes from both MDA-MB-231 and MCF7 cell lines. The miRNAs were
selected for validation based on statistical significance (P < 0.05) and their
crucial role in biological or signaling pathways altered in co-cultured treatment
with respect to control condition. Isolated miRNAs as described in Section
3.9.1 were first converted into cDNA using All-in-One™ miRNA First-Strand

cDNA Synthesis Kit (GeneCopoeia, USA).

Briefly, a solution with 2 pg of total RNA, 1 uL of 2.5 U/uL Poly A
Polymerase, 1 uL of RTase Mix and 5 puL of 5xPAP/RT Buffer and RNAse-
free water to a final volume of 25 pLL was prepared. The reaction was incubated

for 60 minutes at 37°C and at 85°C for 5 minutes in a thermal cycler.

Subsequently, the synthesized cDNAs were further diluted (100ng) and
amplified using the specific primers from GeneCopoeia, USA (Table 3.10).
The miRNA expression level was quantified using SYBR-Green mix (PCR
Biosystems, UK) as described earlier in Section 3.6.6.4 with gRT-PCR reaction
set-up (Table 3.7) and similar thermal cycler protocol (Table 3.3). Relative
quantification was analyzed by geometric average Cq of the miRNAs
normalized by the average of reference miRNAs (RNUG6b) and fold expression

was calculated using the 2724t method.
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Table 3.7. SYBR Green PCR Biosystems gRT-PCR reaction set-up

(MiRNAS)

Components Volum(_a per Final concentration

reaction

2X SYBR Green PCR Mix 5uL 1x
(ROX-high)
All-in-One™ miRNA gPCR 1 uL 200 nM
primer
Universal Adapter (2 uM) 1 uL 200 nM
cDNA template (100 ng/uL) 2 ul 200 ng
RNase-free water 1 uL -
Total volume 10 uL
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3.10 Transfection of MicroRNAs

Upon bioinformatics and miRNAs verification, miR-941 was selected for
transfection study on the basis that it was previously reported to contribute to
the suppression of cell proliferation, migration and invasion of hepatoma and
gastric cancer cells (Zhang et al., 2014b; Kim et al., 2014). For the transient
gain of function experiments, with the aim to ectopically overexpress the miR-
941, breast cancer cells were transiently transfected using the reverse
transfection protocol as recommended following HiPerFect Transfection

Reagent (Qiagen) instructions.

A specific miR-941 mimic (10 nM, Syn-Hsa-mir941, Qiagen) was used
for transfection with the following sequence: MIMATO0004984:
5'CACCCGGCUGUGUGC-ACAUGUGC-3’.A 25 nM of AllStars Cell Death
siRNA (Cat.no: 1027298) or AllStars Negative Control siRNA (Cat.no:
1027280) (Qiagen, USA) or miR-941 mimic was mixed with 3 pL of
HiPerFect (Qiagen, USA) transfection reagent and vortexed. The complexes
were incubated at room temperature for 10 minutes before introduced into the
cells. Transfected cells were incubated under normal conditions (37°C, 5%

COy) for 48 hours.

After successful transfection, downstream assays consist of proliferation,
migration, invasion, wound healing properties as well as MRNAs expression of

epithelial and mesenchymal genes were performed as described previously in
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Section 3.6.2, 3.7.2, 3.7.3, and 3.7.5. Transfection efficiency was measured by

observation of the level of cell death at the transfection endpoint.

3.11 Statistical analysis

All experiments were repeated a minimum of three times and data were
presented as mean * standard deviation. For the comparisons between two
groups, a Student's t-test approach was used. Comparisons between more than
three groups were statistically calculated using one-way ANOVA followed by
Bonferroni's post hoc testing. All data were analyzed for significance using

GraphPad Prism version 8.0.1 with p-value < 0.05 was considered significant.
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CHAPTER 4

RESULTS

PART 1: Effects of Co-culture Interaction of ADMSCs On Proliferation,

Metastasis and Dormancy of Breast Cancer Cells

4.1 Indirect Co-culture Allow Interaction Between ADMSCs and Breast

Cancer Cells In The Microenvironment

Non-contact co-culture model using the transwell system was set up to
recapitulate the interaction between stromal ADMSCs and breast cancer in the
microenvironment (Figure 3.2). Transwell inserts made of 1.0 pum porous
polycarbonate membranes were used to isolate the two distinct cells and allow
them to communicate through secreted signaling molecules in an immediate
environment. Prior to co-culture, ADMSCs characterization was performed.
ADMSCs displayed fibroblast-like morphology with a long-spindle shape at

passage 5 (Figure 4.1 A).

Positive staining of Alizarin Red and Oil Red O shows that the cells
were able to convert to calcium deposition osteocytes and lipid vacuoles
adipocytes in a week after differentiation, respectively (Figure 4.1 B, C).
Immunophenotyping analysis shows that most cells are positive for CD90,
CD44 and CD105 surface antigen expression with >85% before co-culture

(Figure 4.1 D, E). These results confirmed the properties of ADMSCs.
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Figure 4.1. Characterization of ADMSCs. A) Primary ADMSCs after
reaching confluence at passage 5. B) Osteogenic differentiation marked with
Alizarin Red dye following calcium deposition. C) Adipogenic differentiation
marked with Oil Red O dye to visualize the lipid droplets following
differentiation. Scale bar= 100 um. D, E) Representative images of ADMSCs

analyzed for CD105, CD90 and CD44 expression level using flow cytometer.
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4.2 Co-culture Promotes Cancer Dormancy and Chemoresistance

4.2.1 Co-culture Inhibits The Proliferation of Cancer Cells Leading to

Dormancy

The effects of co-culture interaction on cancer proliferation were assessed
using a CCK-8 colorimetric assay. We speculated that the proliferation effect
on cancer growth might be correlated with the distribution of the cell cycle.
After 48 hours of co-culture, significant inhibition of MDA-MB-231 and
MCEF7 cell proliferation was found in ADMSCs’ presence compared to when
being cultured alone (Figure 4.2). Furthermore, the MDA-MB-231 cells'
morphology shifted from spindle-shaped fibroblast to cobblestone epithelial-
shape with scattered colonies and lesser adherence. In MCF7, the shape mostly
remains the same, but there is an increase in the appearance of apoptotic and
detached cells. In addition to that, the analysis of the cell cycle showed
significant (p<0.05) GO/G1 phase arrest in both cancer cells (Figure 4.3) and

was accompanied by a decline in cell growth (S phase).

To demonstrate the concept of reversible dormancy, post-co-cultured
BCCs were re-cultured in 96-well plates without the presence of ADMSCs.
Results show that both cells display higher proliferation activity when re-
cultured alone (Appendix E). This illustrates that ADMSCs may serve as an

inhibitory niche that inhibits cell growth of BCCs.

95



MCF7

MDA-MB-231

. Control
B2 Co-culture

Proliferation (%)

MCF7  MDA-MB-231

Figure 4.2. Inhibition of breast cancer cells’ proliferation. A) Cell
proliferation of MCF7 at 48 hours before and after co-culture. B) Cell
proliferation of MDA-MB-231 at 48 hours before and after co-culture (10 x
magnification). C) Percentage of cell proliferation. The results were analyzed
using a t-test with mean values £ SD. *p<0.05 and **p<0.01 compared with

the non-co-culture group.
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Figure 4.3. Distribution of cell cycle. Cell proliferation of both cancer cells
was arrested at Go/G1 phase after 48 h of co-culture. The results were analyzed
using a t-test with mean values + SD. *p<0.05 and **p<0.01 compared with

the non-co-culture group.
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4.2.2 Co-culture Promotes Breast Cancer Chemoresistance

Meanwhile, after co-culture, both cells demonstrated higher 1Cso values of
doxorubicin (DOXO), tamoxifen, cisplatin and SHNQ compared to non-co-
culture cells after 48 hours of incubation (Table 4.1). After cells expansion in
spheres-enriched condition medium, co-cultured MCF7 cells formed small
(~50 um in length), densely packed spheres and extremely low in number
compared to co-cultured MDA-MB-231 where they formed large (70-170 pm
in length), loose clusters of cells and significantly higher spheres forming

ability (Figure 4.4 and Appendix F).

Gene expression of multiple drug resistance (MDR)-ABC transporter
genes, CSC genes and DNA repair genes were screened after co-culture
treatment. Two of three MDR genes, ABCC2 and ABCG2 were consistently
up-regulated in both cells. The expression levels of CSC-associated surface
markers, CD44 and ALDH1 were significantly down-regulated in MDA-MB-
231 cells. Meanwhile, two of four genes involved in DNA repair and cell cycle,
PARP1 and CCND2, were significantly dysregulated in both cells (Figure 4.5).
Overall, all genes involved in the development of chemoresistance and the

regulation of cell survival were significantly dysregulated.
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Table 4.1. Chemotherapy resistance in breast cancer cells before and after

co-culture interaction with ADMSC:s. Inhibition concentration at 50% (1Cso)

values of drugs in co-culture-treated cells increased after 48 hours of

incubation. The results were analyzed using a t-test with mean values + SD.

**p<0.01 and ***p<0.001 compared with the non-co-culture group.

DOXO Tamoxifen

Cisplatin

@M @D M SHNQ (M)
MCF7 16+ 03 951 12 315 £ 43 85% 14
MCF7 co-culture 124 £ 2.7%%% 188 +10% 420 43%x* 141+ 17
MDA-MB-231 051 02 106 + 04 475+ 25 60% 0.8
MDA-MB-231 1502 213 1 2000 630 T 3.0%0F 211 T 1@k
co-culture
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Figure 4.4. Representative images of spheroids formed in 3D culture.
Bright-field microscopy images of spheroids formed on day 14 in a spheroidal
culture of BCC lines MCF7 and MDA-MB-231 before and after co-culture,
with 10X magnification. (Bars=length in um). Percentage of spheres forming
efficiency in a bar chart. The results were analyzed using a t-test with mean

values £ SD. **p<0.01 compared with the non-co-culture group.
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Figure 4.5. Dysregulation of MDR

in co-cultured Breast Cancer Cells; A) MCF7 and B) MDA-MB-231 cells.

The results were analyzed using a t-test with mean values + SD. *p<0.05 and
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4.3 Co-culture Suppresses Breast Cancer Metastasis Through

Mesenchymal-Epithelial Transformation

Transwell assay demonstrated that co-culture with ADMSCs decreased the
migratory and invasiveness of breast cancer cells (Figure 4.6 A, B). The mouse
origin medium was used as the chemo-attractant and inducer in invasion and
migration assays as both of cells have low invasion and migration abilities. It
has been reported previously that the use of NIH-3T3 medium as chemo-
attractant displayed enhanced migration and invasion of MCF cells. As shown
in Figure 4.6 (C), co-culture delayed the migratory distance of cancer cells in
the wound gap created in scratch assay compared to the control cells for the

time course over 24 hours.

In conjunction with that, we speculate that ADMSCs may alter the
expression of epithelial (CD24) and mesenchymal (CD44) surface markers and
genes associated with epithelial (E-cadherin, OLCN) and mesenchymal
(SNAIL, ZEB2, Vimentin and SMAD4) regulatory networks. To explore the
involvement of the EMT/MET regulatory network in suppressing cancer
progression, epithelial and mesenchymal surface markers gene expressions
required for initiation of metastasis were evaluated. The majority of MCF7
cells expressed epithelial surface marker, CD24 before and after co-culture, yet
no significant increase on the level of the mesenchymal marker, CD44 (less

than 8%) (Figure 4.7).
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In  addition, stable expression of epithelial  genes E-
cadherin and OCLN and a significant reduction in all mesenchymal genes were
detected (Figure 4.8). In the case of MDA-MB-231 cells, ADMSCs increased
the expression of CD24 by 32%, increased E-cadherin and OLCN by three and
seven-folds respectively and reduced SMADA4. Overall, ADMSCs maintain the
epithelial identity and suppress the expression of mesenchymal genes in MCF7
cells. Meanwhile, ADMSCs enhanced the expression of epithelial in MDA-
MB-231 cells while suppressing the mesenchymal markers. In MDA-MB-231,
ADMSCs lead the transition of EMT to MET state, whereas, in MCF7, the

cells maintain the MET state accordingly.
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Figure 4.6. Metastasis capacity of cancer cells co-cultured with ADMSCs. Representative images of breast cancer cells analyzed for (A)

migration ability, (B) invasion ability (20x magnification) (C) wound healing ability (10x magnification).
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Figure 4.7. Alteration in epithelial (CD24) and mesenchymal (CD44)
surface markers expressions. Representative image of CD24 and CD44
expression in Breast Cancer Cells before and after co-culture interaction with

ADMSCs analyzed using flow cytometer.
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Figure 4.8. Alteration in epithelial and mesenchymal genes expression
level. The results were analyzed using a t-test with mean values £ SD. *p<0.05

and **p<0.01 compared with the non-co-culture group.
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4.4 Indirect Co-culture Allow Interaction Between ADMSCs and Breast

Cancer Cells via Exosome Transfer

Earlier, we found that culturing breast cancer with ADMSCs reduced
proliferation and metastasis of cancer cells, suggesting that a factor secreted by
ADMSCs was responsible for acquiring the dormant state of MCF7 and MDA-
MB-231 cells. Thus, exosomes secreted during the co-culture interaction were

further investigated.

Exosomes collected from supernatants of ADMSCs, MCF7, MDA-MB-
231 and the respective co-cultures were successfully isolated using serial
centrifugation followed by membrane affinity spin column. The presence of
exosomes was verified through the detection of AChE enzymatic activity of
exosome membrane protein. The enzyme assessment of exosomes indicated a
slightly higher number of vesicles secreted by ADMSCs and co-culture cells

than cancer cells alone (Figure 4.9 A).

Another way to confirm the presence of exosomes is by looking at the
size and structure via electron microscopy imaging (TEM) (Figure 4.9 B).
Representative images show that isolated vesicles are primarily exosomes
enriched with tetraspanin membrane protein markers CD81, CD9, CD63 and
TSG101 shown by conjugated-gold particles in all exosome samples. Next,
fluorescence dye staining with Vybrant Dio and SYTO64™ was carried out to
track the direction of exosome and RNA transfer. Culturing cells with

fluorescence-labeled exosomes in only one cell type and detecting the presence
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of fluorescence in cells in another chamber allowed the confirmation of
exosomes passing through the transwell filter. Interestingly, both unstained
cancer cells fluoresce green and red after 48 hours of co-culture with pre-

stained exosomes-ADMSCs.

Meanwhile, minimal fluorescence signals were detected in unstained
ADMSC when cancer cells were pre-stained and co-culture for 48 hours with
ADMSCs (Figure 4.10). This indicates that most exosomes particles that carry
RNA molecules were secreted by ADMSCs (act as donor cells) into the
microenvironment and were taken up by breast cancer cells (act as recipient

cells).
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Figure 4.9. Characterization of exosomes. (A) A graph showing the
enzymatic activity AChE of isolated co-culture exosomes. (B) Representative
images of transmission electron microscopy (TEM) of cells-derived exosomes;
i) negative staining, ii-v) exosomes stained with gold-conjugates secondary
antibody to anti-CD81, anti-CD9, anti-CD63 and anti-TSG101 (80k x
magnification). The arrow indicates the golden particles of the secondary
antibody. The results were analyzed using t-test and ANOVA with mean values

+ SD. **p<0.01 and ***p<0.001 compared with the control group.
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Figure 4.10.

exosomes and RNAs was visualized through membrane and RNAs staining

with Vybrant DiO and SYTO64™ fluorescence dyes (10x magnification).
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4.5 Intercellular Transfer of Exosomes and RNAs From ADMSCs to
Breast Cancer Cells Facilitate Dormancy Acquisition and Metastasis

Inhibition

To investigate the presence of two-way cross-talk and functionality of
exosomes in mediating the interaction, we treated BCCs with exosomes
derived from the culture medium of; i) ADMSC-derived exosomes, ii) MCF7
co-culture-derived exosomes and iii) MDA-MB-231 co-culture-derived
exosomes. The results were analyzed against control (no addition of exosome).
Comparable to indirect transwell co-culture, the addition of exosomes aliquot
from 48 hours of co-culture resulted in the transformation of breast cancer
phenotypes; changes in morphology, reduction in proliferation (Figure 4.11),
migration (Figure 4.12 A), invasion (Figure 4.12 B) and wound healing (Figure

4.13).

Overall, co-culturing cancer cells with exosomes-derived co-culture
showing similar effects on cells” morphology, proliferation rate and metastasis
ability. Similar results but with lesser inhibition levels were seen in cells
treated with exosomes of ADMSCs. It explains the importance of cell
communication in exerting specific effects on cancer progression. During co-
culture, cancer cells interact with ADMSCs in response to changes in the

microenvironment that inhibit the progression of cancer cells.
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Figure 4.11. Exosomes functional test on cell proliferation. The changes in the morphology and proliferation of breast cancer cells were

observed after treatment with exosomes derived from ADMSCs and co-culture cells. The results were analyzed using t-test and ANOVA with

mean values + SD. *p<0.05 compared with the control group.
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Figure 4.12. Exosomes functional test on cell migration and invasion.
Representative images of breast cancer’ A) migration and B) invasion abilities
were observed after treatment with exosomes derived from ADMSCs and co-

culture cells.
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Figure 4.13. Exosomes functional test on wound healing ability. A gap was created on breast cancer cells, followed by treatment with
exosomes derived from ADMSCs and co-culture cells. The results were analyzed using t-test and ANOVA with mean values + SD. *p<0.05,

**p<0.01 and ***p<0.001 compared with the control group.
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RESULTS

PART 2: Evaluation of EMT/MET Pathway from miRNAs Expression

Profile of Indirect Co-culture Cells Using Next-Generation Sequencing

4.6 The Distribution of Small RNAs Between Cells and Exosomes

To further investigate the role of exosomes in mediating communication
between ADMSCs and breast cancer cells, it is crucial to examine the RNAs
content inside the vesicles that may play a role in cancer dormancy. Total RNA
was isolated from exosomes released by ADMSCs, breast cancer and co-
culture cells. The results of the bioanalyzer show that exosomes and cells
consist of a different composition of RNA population. Ribosomal RNA
(rRNA) population (28S and 18S subunits) is highly enriched in cellular RNA,
while exosomes majorly consist of short nucleotides. (Figure 4.14 A). The
miRNA population in both cells and exosomes was confirmed to be present at
less than 40 nucleotides, with exosomes enriched in tRNAs at approximately

60 nucleotides.

Prior to sequencing using NEB and Illumina platforms, a minimum cut-
off RNA integrity number (RIN) for cells was set to be seven and <three for
exosomes due to the low amount of rRNA detected in exosomal RNA. The
variation in RNA size distribution between exosome and cell was detected.

Intense bands of shorter than 200 nucleotides were observed in exosomes
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indicating a small RNAs population, while longer length (1.9-4kb) nucleotides

were observed in cellular RNAs (Figure 4.14 B).

After demultiplexing and trimming, the quality was assessed using
FastQC > 30. All reads from 30 samples (including replicates) were mapped to
known small RNAs of the human genome and annotated to mature miRNA.
The small RNA population mainly consists of 5S rRNA, transfer RNA (tRNA),
micro RNA (miRNA), small nucleolar RNA (snoRNA), messenger RNA

(mMRNA), small nuclear RNA (snRNA) and yRNA (Figure 4.15).

The proportion of small RNA population is different between exosomal
and cellular RNA, where miRNA and tRNA dominate exosomal RNA and
miRNA and rRNA dominate cellular RNA. This presumably explains that
miRNAs are one of the significant components that are being transported
between the cells. Nevertheless, the “unknown” or unannotated sequence
fragments accounting for a quarter of mappable reads in all cells and exosomes
libraries (11-34%) were secreted into exosomes by the cells, indicating a
significant number of novel small RNAs or miRNAs candidates that could

potentially have regulatory functions.
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Figure 4.14. Characterization of RNAs and small RNAs composition. (A) Representative peaks of total RNAs in cells and exosomes by
bioanalyzer, respectively. Exosomes lack detectable 18S and 28S rRNAs compared to cell total RNAs, while the miRNA population is present in

both at <40 nucleotides. (B) Length distribution of total RNAs in all samples of exosomes and cells.
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4.7 Alteration of miRNAs Expression Profile in Cells and Exosomes

Following Co-culture

Even though exosomes are enriched in small RNA fragments, the relative
miRNA composition is smaller in exosomes (8-20%) than in cells (38-57%)
(Figure 4.15). Based on the differentially expressed miRNA heat map and
hierarchical clustering, three distinct patterns between parental cells, co-culture
cells and exosomes were detected (Figure 4.16). Among the cells, parental
MCF7 and MDA-MB-231 have a clear separation from ADMSCs, co-culture

MCF7 and co-culture MDA-MB-231 cells.

The fact that ADMSCs are in the same cluster as the co-culture cancer
cells show that the donor (ADMSCs) and recipient (co-culture cancer) cells
share similar miRNA expression. To conclude the role of exosomes as carriers
in transporting miRNASs between cells, their content should closely resemble
those of the parent cells. In this case, hierarchical clusters of co-culture
exosomes are closer to ADMSCs than parental cancer cells, portraying that co-
culture exosomes' content is mainly derived from ADMSCs rather than later.
Interestingly, even though exosomes libraries are clustered within the same
hierarchical group, there is a distinct miRNAs signature between exosomes

derived from breast cancer subtypes, ADMSC and co-culture cells.

The change in miRNA levels of exosomes and cells following co-culture
is crucial to be explored as it may contribute to the overall effects of ADMSCs

on breast cancer cells proliferation and migration. To do so, differential

120



expression in co-culture exosomes miRNA profiles were normalized against
ADMSCs exosomes and overlapped with co-culture cells normalized against
non-co-culture cancer cells, which resulted in the changes of consensus

miRNAs (Figure 4.17).

Based on the constructed Venn diagram of top 50 miRNAs differentially
expressed with fold change > 2 or <-2, 14 miRNAs were found to be
upregulated and 13 miRNAs were downregulated in MCF7 cells. Meanwhile,
nine mMiRNAs were upregulated and two miRNAs were downregulated in
MDA-MB-231 cells (Table 4.2). Of the 38 miRNAs differentially expressed in
both cells, subsequent overlapping resulted in only five miRNAs common to
both cancer cells (miR-200a-5p, miR-941, miR-629-5p, miR-10b-5p and miR-
486-5p), indicating that both sets of dysregulated miRNAs exclusively target
different groups of genes (Table 4.3). Taken together, alteration in the content
and regulation level of miRNAs in exosomes after co-culture interaction for 48

hours sequentially affects the miRNAs content of recipient cancer cells.
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Figure 4.16. Differential miRNA expression of cells and exosomes derived
from ADMSCs, breast cancer and co-culture. Heat maps and dendrograms
generated by hierarchical clustering of miRNAs expression profiles signifies

the different expression pattern and cluster of cells and exosomes.
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Figure 4.17. Top 50 of highly dysregulated miRNA in cells and exosomes
derived from ADMSCs, breast cancer cells and co-culture. The Venn
diagram represents the differentially expressed miRNA (Up- and down-
regulated) in exosomes (co-culture normalized against ADMSCSs) overlapped
with cells (co-culture normalized against breast cancer cells). Further
overlapping of the mutually dysregulated miRNA generates five miRNAs
shared by both cancer cells (highlighted in Table 4.2). Predicted target genes

were generated from the dysregulated miRNAs (Table 4.3).
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Table 4.2. List of differentially expressed miRNAs in exosomes. Co-culture-
treated cells were normalized against ADMSCs overlapped with co-culture-
treated cells normalized against A) MCF7 and B) MDA-MB-231. MicroRNAs

highlighted in bold are five mutually dysregulated in both cancer cells.

A)
Up/down- Exo-ADMSC  p-value Cell-MCF7 p-
regulated Fold change > 2 Fold change>2 value
miRNA

hsa-miR-200a-5p 4.99 0.006 9.84 0.000
hsa-miR-203a-3p 3.01 0.179 8.24 0.000
hsa-miR-941 3.10 0.066 7.62 0.005
hsa-miR-200a-3p 3.50 0.062 6.93 0.000
hsa-miR-629-5p 2.89 0.100 6.86 0.000
hsa-miR-200b- 4.43 0.002 6.81 0.000

3p
hsa-miR-589-5p 2.00 0.441 6.17 0.002
hsa-miR-200c-3p 5.30 0.012 5.69 0.002
hsa-miR-3615 3.32 0.122 5.60 0.002
hsa-miR-7-5p 3.20 0.005 4.73 0.000
hsa-miR-185-5p 3.91 0.017 3.65 0.001
hsa-miR-1268b 2.22 0.315 3.57 0.058
hsa-miR-1268a 2.22 0.315 3.57 0.058
hsa-miR-375 3.76 0.045 341 0.018
hsa-miR-222-5p -2.06 0.232 -5.18 0.001
hsa-miR-10a-5p -2.30 0.028 -5.24 0.000
hsa-miR-221-5p -3.61 0.026 -5.54 0.000
hsa-miR-143-3p -2.58 0.032 -5.87 0.000
hsa-miR-199b- -2.00 0.259 -6.19 0.000

3p
hsa-miR-199a-3p -2.00 0.259 -6.20 0.000
hsa-miR-199a-5p -2.31 0.173 -7.06 0.000
hsa-miR-100-5p -2.28 0.000 -7.19 0.000
hsa-miR-486-5p -2.89 0.004 -7.46 0.000
hsa-miR-125b-1- -2.00 0.000 -7.89 0.000

3p
hsa-miR-155-5p -13.68 0.000 -9.34 0.000
hsa-miR-10b-5p -2.80 0.011 -10.22 0.000
hsa-miR-224-5p -3.30 0.001 -23.77 0.000
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B)

Up/down- Exo-ADMSC  p-value Cell-MDA-MB- p-

regulated Fold change > 2 231 value
miRNA Fold change > 2

hsa-miR-941 3.58 0.114 12.89 0.000
hsa-miR-629-5p 4.82 0.006 9.61 0.000
hsa-miR-146a-5p 6.31 0.000 8.46 0.000
hsa-miR-1180-3p 4.13 0.128 8.39 0.001
hsa-miR-1246 4.15 0.008 7.64 0.000
hsa-miR-1290 4.74 0.027 7.46 0.002
hsa-miR-200a-5p 3.05 0.150 6.85 0.000
hsa-miR-1301-3p 3.07 0.308 6.04 0.034
hsa-miR-7704 6.22 0.000 6 0.002
hsa-miR-486-5p -2.72 0.052 -6.97 0.000
hsa-miR-10b-5p -3.93 0.004 -11.16 0.000
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Table 4.3. Top 10 exclusive dysregulated miRNA-targeted genes.

Predicted genes highlighted in bold are mutually targeted by miRNAs in both

cancer cells.
Target gene Gene description Dysregulated | O/E ratio
(MCF7) MiRNAs
ACVR2A activin A receptor, type 1A 10 0.916248
CBL Cbl proto-oncogene,E3 8 0.52331
ubiquitin protein ligase
CAPRIN1  cell cycle associated protein 1 7 0.562918
MAP3K7 mitogen-activated protein 6 1.13509
kinase Kinase kinase 7
CDC42 cell division cycle 42 6 0.777232
PTEN phosphatase and tensin 6 0.633646
homolog
SMAD2 SMAD family member 2 6 0.400451
IGF1R insulin-like growth factor 1 6 0.392482
receptor
ErbB4 v-erb-b2 avian erythroblastic 6 0.372997
leukemia viral oncogene
homolog 4
NFAT5 nuclear factor of activated T- 6 0.308160
cells 5, tonicity-responsive
Target gene Gene description Dysregulated = O/E ratio
(MDA-MB- MiRNAS
231)
CADM1 cell adhesion molecule 1 3 0.841896
NFAT5 nuclear factor of activated T- 3 0.378196
cells 5, tonicity-responsive
GAB1 GRB2-associated binding 2 0.977964
protein 1
MAP3K7 mitogen-activated protein 2 0.92871
kinase kinase kinase 7
BRCA1 breast cancer 1, early onset 2 0.768397
PTEN phosphatase and tensin 2 0.518440
homolog
ARHGAP5 Rho GTPase activating 2 0.494601
protein 5
CD28 CD28 molecule 2 0.428873
CAPRIN1  cell cycle associated protein 1 2 0.394774
SMAD2 SMAD family member 2 2 0.327642
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4.8 Biological Pathway Potentially Influenced by Dysregulated miRNAs-

Mediated Breast Cancer Cells’ Dormancy

Earlier, it is noted that the majority of exosomes trafficking directed from
ADMSCs towards cancer cells contributed substantial dysregulation in
miRNAs expression of recipient cancer cells. Thus, we further analyzed the
potential biological function of that direction for both MCF7 and MDA-MB-
231 cells. MiRNAs regulate the expression of specific genes via hybridization

to mMRNAs to promote their degradation to inhibit their translation or both.

Bioinformatics searches showed a total of 3857 and 832 putative target
genes were identified in MCF7 and MDA-MB-21 and 554 genes shared by
both. The top 10 targeted genes with highly significant O/E ratios were
summarized in Table 4.3. From that, five of the target genes were mutually
predicted in both cells. Predicted genes targeted by dysregulated oncomiRs or
tumor suppressor miRNAs were mainly targetting cell cycle regulators such as
CAPRIN1, CDC42, PTEN, IGF1R, BRCAl and CD28, which could lead to
cancer dormancy. Other predicted genes such as CBL, MAP3K7, SMAD2 and
ErbB4 regulate multiple cellular processes; apoptosis and cell proliferation.
Meanwhile, CADM1 and NFAT5 are critically involved in the migration and

invasion of cancer cells.

Of the top 10 predicted targets in the 10 Gene Ontology (GO) terms in
molecular function (MF), the percentage of binding and catalytic activity are

the same for both cells (80%). However, 20% of the genes differed in
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molecular transducer activity in MCF7 and transcription regulator activity in
MDA-MB-231 cells (Figure 4.18). The predicted genes associated with the
biological process (BP) for both cells type were primarily enriched in cellular
process, biological regulation, metabolic process, response to stimulus and

signaling.

KEGG annotation revealed the exclusive and shared pathways of the ten
most enriched KEGG pathways in both cancer subtypes (Table 4.4). The
shared pathways are related to tumor development and EMT-related pathways
such as TGF-p and Wnt signaling, cancer classical pathways (ErbB, MAPK,
pathways in cancer) and pathways related to primary intercellular signaling

(neurotrophin signaling).

MCF7 exclusively targeted the predicted genes involved in proliferation
and EMT/MET pathways, such as axon guidance and focal adhesion, together
with cancer metabolic processes (insulin signaling pathways). On the other
hand, MDA-MB-231 targeted predicted genes involved in physiological
functions such as toll-like receptor (TLR), B cell receptor and T cell receptor
and protein related to cancers (chemokines signaling pathways). Although
some of the cascade and signaling pathways are dissimilar between two cells,
they were all crucially involved in regulating cancer proliferation, metastasis
and dormancy, leading to resistance. Taken together, exosomes from co-culture
mediate the transfer of miRNAs that contribute to the dormant state of breast

cancer cells.

128



MCF7

MDA-MB-231

GO:MOLECULAR FUNCTION

Catalytic Activity (GO:0003824)

Binding (GO:0005488)
Molecular Transducer Activity :I
(GO:0060089)
0 2 4 8§

Number of genes

GO:BIOLOGICAL PROCESS

Cell Population Proliferation (GO:0008283)
Metabolic Process (GO:0008152)
Locomotion (GO:0040011)
Developmental Process (GO:0032502)
Signaling (GO:0023052)
Response to Stimulus (GO:0050896)
Biological Regulation (GO:0065007)
Localization (GO:0051179)
Cellular Process (GO:0009987)

Cellular Component Biogenesis. . ;

0 2 4 6

Number of genes

GO:MOLECULAR FUNCTION

Catalytic Activity (GO:0003824)

Binding (GO:0005488)

Transcription Regulator Activity
(GO:0140110)

0 1 2

Number of genes

GO:BIOLOGICAL PROCESS

Cellular Component Biogenesis. . .
Biological Regulation (GO:0065007)
Metabolic Process (GO:0008152)

Multicellular Orgamismal Process. .
Cellular Process (GO:0009987)
Immune System Process (GO:0002376)
Signaling (GO:0023052)
Response to Stimulus (GO:0030896)

Nu%uber of génes

Figure 4.18. GO annotation for predicted target genes of differentially expressed miRNAs. Most significant GO annotation associated with

molecular function and biological process, respectively, along with the number of genes that matched each GO term.
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Table 4.4. KEGG pathway enrichment for predicted target genes of
differentially expressed miRNAs. Ten most enriched KEGG pathways
displaying mutual signaling pathways shared by both and exclusive pathways

according to breast cancer type.

KEGG pathways
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Axon Gudance

MCEF7
1

Toll-like Receptor Signaling Pathway
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4.9 Specifically Upregulation of miR-941 in the Co-culture of Exosomes

and Cellular Breast Cancer Cells

49.1 miR-941 Expression in Co-culture of Exosomes and Cellular Breast

Cancer Cells

Among the commonly dysregulated miRNAs, miR-941 (the highest fold
change in recipient cells) was selected as an upregulated miRNA marker that
could represent both BCC types, which are significantly involved in exosomal
trafficking. Also, we selected miR-941 on the basis that it was previously
reported to contribute to the suppression of cell proliferation, migration and
invasion of hepatoma and gastric cancer cells (Kim et al., 2014; Zhang et al.,
2014). Specific mir-941 miRNA-pathway network analyses showed that miR-
941 participates in regulating B and T-cell receptor signaling, ErbB and MAPK

signaling pathways (Appendix G).

To confirm our selection of miR-941 and validate sequencing findings,
the miRNAs expression level in cells and exosomes was performed using gRT-
PCR. As compared to control, miR-941 was significantly upregulated
(p*<0.05) in co-cultures and exosomes, therefore is a potential upregulated

miRNA diagnostic marker (Figure 4.19).

131



z

MCF7 MDA-MB-231
47 * 6 *
E E;
Z ("
— 31 T -
3 34 -
= o
£ 2 ]
z 2 2
ERE E
3 _. 3
°= -
0= T 0= T
> & N <
*‘.\60 "D\'lkei 'DQ"*B &é
¢ ¢ R
B) Exo MCF7 Exo MDA-MB-231
4_ *®
2.59 _—
< —_ - l
2 204 T f 34 o
-~ o = -
3 154 = o =
2 E 54 o
E E :
o 107 v o
= ':: 1 -E-
0.0~ — 0- o
A, ) a
& & ¢ &
P& & s N L
“"?P' _..__% o Q"' .g“-
% S & qﬁ'& &5
g

Figure 4.19. Relative miRNA-941 expression in cells and exosomes. Both
co-culture-treated A) cells and B) exosomes expressed a higher level of

miRNA-941 compared to control (non-co-culture) (*p<0.05).
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4.9.2 Validation of Transcriptomic Sequencing using gPCR

To confirm the findings obtained from miRNA sequencing, qPCR is utilized.
Two mutual miRNAs expressed in both MCF7 and MDA-MB-231 cells, miR-
941 and miR-10b-5p were selected for validation. In addition, another three
miRNAs (miR-760, miR-146a-5p and miR-205-5p) were chosen based on their
suppression ability on breast cancer metastasis. An internal control RNU6b
was employed for the assay. Overall, Figure 4.20(A) shows that miR-941 was
the most steadily upregulated, whereas miR-10b-5p was the only
downregulated miRNA of validated gPCR analysis. Meanwhile, miR-146a-5p
was highly upregulated in the co-culture of MDA-MB-231 cells and exosomes

but was downregulated in MCF7 cells.

The results suggest that ADMSCs can selectively signal the secretion of
specific miRNAs into the microenvironment via exosomes depending on the
breast cancer subtype. Similarly, cancer cells can selectively uptake specific
miRNAs depending on the cancer subtype. In conclusion, qRT-PCR results
correlated well with sequencing data (Figure 4.20(B)), indicating the reliability
of sequencing-based expression analysis. ADMSCs secrete exosomes that
suppress metastasis through miRNAs specific effect impeding migration,

invasion and proliferation activities of breast cancer cells.
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analysis.
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4.10 Tumor Suppressor miRNA (miR-941) Regulates Dormancy by
Suppressing Cancer Cells Viability and Metastasis via MET

Regulations

4.10.1 miR-941 Inhibits the Viability and Metastasis Ability of Brest

Cancer Cells

We next sought to determine the role of miR-941 as tumor suppressor miRNA
and a potential biomarker for breast cancer survival. We overexpressed miR-
941 mimic into two breast cancer subtypes for 48 hours and assessed their
relative levels. As shown in Figure 4.21, both cells have successfully been
transfected and induced with significantly higher levels of miR-941 than the
negative control. Overexpression of miR-941 has negatively impacted the
viability and proliferation rate of both subtypes (Figure 4.22). Furthermore,
overexpression of miR-941 reduced cell migration (Figure 4.23(A)) and
invasion (Figure 4.23(B)). In the wound healing assay, wound closure by miR-
941 cells transfected with the negative control was almost complete by 12/24

hours and comparable to the untreated controls.

On the contrary, both miR-941 mimic transfected-cells traveled into the
wound site at a slower rate. Their ability to repopulate wounded areas was
greatly reduced compared to untreated and negative control cells (Figure 4.24).
In general, overexpression of miR-941 developed a similar, low metastatic

potential in both breast cancer subtypes and was comparable to co-culture cells.
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Figure 4.21. Relative expression of miR-941 in breast cancer cells after
transfection. Cells were transfected with non-targeting negative control (NC)
miRNA (AllStar Negative Control siRNA) or miR-941 mimic for 48 hours and
analyzed with RT-PCR. The results were analyzed using a t-test with mean

values £ SD. **p<0.01 compared with the control group.
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Figure 4.22. The effect of miR-941 mimic transfection on the proliferation of breast cancer cells. The viability and proliferation of miR-941
mimic- transfected-cancer cells were significantly inhibited compared to non-targeting negative control (NC) miRNA transfected-cells (AllStar
Negative Control siRNA). Images were viewed using an inverted microscope (magnification x10) and analyzed using t-test and ANOVA with

mean values + SD. *p<0.05 and **p<0.01 compared to the control group.
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Figure 4.23. The effect of miR-941 mimic transfection on migration and
invasion of breast cancer cells. Suppression of A) migration and B) invasion
was observed in miR-941 mimic transfected-breast cancer cells compared to
non-targeting negative control (NC) miRNA (AllStar Negative Control siRNA)

transfected-BCCs (magnification x10).
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Figure 4.24. The effect of miR-941 mimic transfection on wound healing and migration. Suppression of wound healing and migration
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the control group.



4.10.2 Validation of Differentially Expressed Genes Associated in

Epithelial-Mesenchymal Process

To identify the role of miR-941-induced MET regulation, epithelial and
mesenchymal markers were screened. Overexpression of miR-941 significantly
enhanced E-cadherin and impaired Vimentin, SMAD4 and SNAI1 expression in
both cells (Figure 4.25). OCLN expression was enhanced in MDA-MB-231
cells but not MCF7 cells. Meanwhile, the expression of the ZEB2 gene was
suppressed only in transfected-MCF7 cells. Taken together, these observations
illustrate that miR-941 may facilitate the inhibition of breast cancer cell
migration and invasion via MET regulation and strongly suggest that miR-941

has tumor suppressor function in both breast cancer subtypes.
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Figure 4.25. The effect of miR-941 mimic transfection on EMT markers
expression. Mir-941 mimic led to the reduction of mesenchymal genes and an
increase in epithelial genes expression level. The results were analyzed using

ANOVA with mean values + SD. *p<0.05 and **p<0.01.
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CHAPTER 5

DISCUSSION AND CONCLUSION

5.1 Indirect Co-culture Promotes Dormancy of Breast Cancer by

Inducing Cell Cycle Arrest

In breast cancer research, MCF7 and MDA-MB-231 cells are the classic cell
lines of two clinical breast tumor subtypes. Their regulation depends on their
interaction with surrounding cells present in the tumor microenvironment. The
interaction can affect cancer progression and thus influences patient prognosis
and survival. Although ADMSCs represent the most prominent cell type in the
breast tumor microenvironment, very little attention has been given to the
ADMSCs population. Interestingly, growing research interest was noted in
exploiting ADMSCs in the cancer biology field due to their dual role as cancer

promoters and suppressors (Chen et al., 2019; Reza et al., 2016).

Breast cancer cells are likely to disseminate during cancer progression
and interact with ADMSCs in TME, releasing molecular signals contributing to
the emergence of a subpopulation of cells that may go into the dormancy stage.
The cell's subpopulation can avoid chemotherapy treatment and reawaken in
response to signals and transform into the aggressive phenotype, resulting in
recurrence and metastasis. The risk of developing distant metastasis may vary

over time across different subgroups of breast cancer cells.
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Several types of in-vitro co-culture models have been developed to
study the interaction between cancer cells and microenvironment components
such as extracellular matrix (ECM), fibroblast and MSCs. These components
have demonstrated the importance of the microenvironment in governing
cancer cell growth (Bartosh et al., 2016; Koh et al., 2019; Hwang et al., 2019).
The most common interaction models to elucidate the interaction between two
distinct cells include direct co-culture (Koh et al., 2019) and indirect co-

culture.

The indirect method employs culture insert separating cells in space but
sharing similar culture conditions, similar to our study (Bliss et al., 2016).
There are also previous studies that have been carried out using conditioned
mediums from MSCs and were incubated with cancer cells (Farahmand et al.,
2018; Wang et al., 2019). However, this method lacks feedback-loop-
dependent signaling or bi-directional cross-talk. There is also a 3D co-culture
model established to recapitulate the complexity of interaction between breast
cancer and bone marrow MSCs where it promotes dormancy (Marlow et al.,

2013; Bartosh et al., 2016).

Even though in vivo animal is a better model in representing the
complexity and significance of the interaction between the cells, in vitro model
is still required for preliminary study. Very few models have been developed
concentrating on cellular dormancy and metastasis property (Ono et al., 2014;

Bliss et al., 2016). Despite those remarkable findings, the complex interaction
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of ADMSCs on metastasis and dormancy of breast cancer subtypes remain

unanswered.

In this study, an indirect co-culture transwell system was used to
simulate and investigate non-contact interaction between ADMSCs and breast
cancer subtypes affecting cancer progression and metastasis. The findings
demonstrated that when both breast cancer subtypes interact with ADMSCs
indirectly, a reduction in cell proliferation, drastic change in MDA-MB-231

cells' cell morphology, and induction of cell cycle arrest was noted.

Tumor dormancy was reported to occur when cancer cells exit the cell
cycle, survive in a quiescence state and cease to divide under an unfavorable
microenvironment (Yuan et al., 2018). This implies that ADMSCs promote
dormancy of breast cancer by suppressing cancer proliferation mediated by cell
cycle arrest. The present findings were consistent with that reported by Yuan et
al. (2018) where umbilical cord MSCs successfully prevented lung cancer
cycle regulation, decreased cellular activity and increased the dormant

population.

144



5.2 Indirect Co-culture Promotes Chemoresistance in Breast Cancer

Cells

The decrease in metabolic and cellular activities of dormant cells can be further
linked to the increase in drug resistance against doxorubicin, tamoxifen,
cisplatin and 5SHNQ. This could be due to the design of drugs that target the
rapidly proliferating cells, resulting in less effective chemotherapy drugs in
eliminating resting dormant cells (Yadav et al., 2018). Besides, it was found
that the ADMSCs served as the guardians for the breast cancer cells, thus

protecting them from chemotherapy effects.

It was previously described that CD44+/CD24— breast cancer stem cells
(CSCs) have a slow proliferating population, tumorigenicity and higher
resistance to drugs (Boo et al., 2017). However, the associated features of
dormancy do not indicate CSCs in the co-culture of breast cancer with
ADMSCs. It was confirmed by aldehyde dehydrogenase-1 (ALDH1) gene
expression, a functional regulator of CSCs and the surface marker expression
CD44+/CD24— of the cells population. Both characteristic markers of breast
CSCs significantly decreased in co-culture of MDA-MB-231 cells that

acquired dormant phenotypes.

Additionally, the proliferative activity of both co-culture subtypes
(MCF7 and MDA-MB-231) was restored when the cells were placed in the
non-inhibitory culture environment without the presence of ADMSCs

(Appendix E). The results supported the concept of dormancy, where cells can
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re-entering cell regulation when conditions become favorable (Ono et al.,

2014).

3D sphere formation assay was used to enrich and select the slow
proliferating cells that include both CSCs and dormant cells and evaluate their
ability to grow from single cells into colonies in a favorable environment.
Indeed, cells cultured in a 3D model system more closely mimick the in vivo
conditions and address most of the factors that can impact cancer dormancy,
such as cell-to-cell and cell-to-microenvironment interactions, tissue
architecture, proteomic and metabolomics profiles and oxygen levels. When
subjected to the 3D sphere enrichment model, co-cultured MDA-MB-231 cells
displayed higher sphere forming ability than MCF7. The MCF7 cells
maintained their slow-proliferation and epithelial characteristic in contrast to
MDA-MB-231 cells that could exit dormancy and restore their mesenchymal

appearances once removed from the inhibitory niche.

It was also noted that co-cultured MDA-MB-231 cells were able to
form spheres much more quickly after reverting to their proliferating state. On
the contrary, MCF7 had a lower sphere formation capability than its parental
counterpart after exiting the resting stage. This explains the higher recurrence
and the lowest survival rate of MDA-MB-231 basal subtype in the first five
years of treatment in contrast to lower recurrence and higher survival period
(>10 years) in MCF7-luminal patients (Ignatov et al., 2018). This confirms that
ADMSCs serves as an inhibitory niche for breast cancer, resulting in a

temporary cell-cycle arrest. At the same time, the upregulation of drug
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resistance gene (ABCG2), DNA repair gene (PARP1) and regulator Cyclin D2
(CCND2) indicates the resistance to apoptosis leading to cell survival. It is
supported by the previous finding which suggested the association between
drug resistance and dormancy that represent an inhibitory phenotype of breast

cancer (Yuan et al., 2018).

5.3 Exosomes Mediate the Transfer of microRNAs During Intercellular

Communication Between ADMSCs and Breast Cancer Cells

Mechanisms by which ADMSCs inhibit breast cancer proliferation through the
transfer of exosomes carrying miRNAs from ADMSCs to breast cancer were
elucidated in this study. Changes in microenvironment following co-culture
translate into rearrangements in the miRNA cargo within exosomes.
MicroRNAs which can be found in cells and exosomes was shown to act as
signaling molecules that control entire gene networks and were commonly
expressed in a cell-type-specific and cancer subtype-specific manner (Shi et al.,

2017).

With the aid of fluorescence tracking dyes, we discovered that
throughout co-culture interaction, cells communicate via the transfer of
exosomes in a direction from ADMSCs to breast cancer cells creating a
feedback loop. The transmission direction depends on the cell-specific

interaction and the signal released by the cells (Dioufa et al., 2017).
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Findings from this study further revealed that cell-to-cell interaction is
the key to communication between ADMSCs and breast cancer that inhibited
cancer progression and facilitated dormancy acquisition. When cancer cells
were subjected to non-co-culture exosomes isolated from ADMSCs, a less
inhibitory effect was observed relative to co-culture-derived exosomes. It
should be noted that the findings could also be due to other factors beyond

exosomes.

The inhibition effect of co-cultured exosomes on proliferation,
metastasis, invasion and wound healing property closely resembles the
inhibitory activity of exosomes from indirect transwell culture compared to
non-co-cultured exosomes. This event indicates that inhibition effects on breast
cancer are majorly attributed to the soluble factors released during the
interaction between those two cells types in the same microenvironment. The
soluble factors that are readily excreted by ADMSCs without interaction with
cancer cells are also contributing to the inhibitory effect but at a lesser degree.
This confirms that interaction with surrounding cells in TME is important for

tumor progression and metastasis.

Interpretation of the miRNAs heat map profiles showed an interaction
between ADMSCs and breast cancer resulted in different clusters of miRNAs
being exported, transported and received by recipient cells compared to
miRNAs-derived exosomes from ADMSCs alone which may cause the
disparity in cancer suppression level and dormancy effects among these cells

(Fig 5A).
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Results from this study were consistent with that reported previously
for a related research on the implication of miRNAs from ADMSCs derived
exosomes which showed induction of cycling dormancy and early BCC
quiescent in the bone marrow that gives rise to drug resistance. Nevertheless,
the distinction in breast cancer subtypes was not emphasized (Bliss et al.,

2016).

The latest technique of transcriptomic study using the Next Generation
Sequencing (NGS) has shown the differences in miRNAs and gene expression
profiles between the subtypes which explained the stronger invasiveness of the
MDA-MB-231 cell line compared to MCF-7 cells (Shi et al., 2017). Using a
similar platform, miRNAs expression of indirect co-culture exosomes and cells
were profiled in this study to investigate the effects of miRNAs specific

subtypes signaling mechanism on cancer proliferation and dormancy.

Sequencing results revealed a distinct proportion of small RNA
population in exosomes and cells, while miRNAs were found to be one of the
main RNA populations involved in a cell-to-cell transfer. Furthermore, global
microRNA expression profiles exhibited differential and subtype-specific

microRNA expression profiles upon co-culture.
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54 Exosomal microRNAs Regulate  Mesenchymal-to-Epithelial

Transition and Inhibit Breast Cancer Progression

The fundamental step in cancer metastasis involves EMT transition, where
MSCs have been reported to affect the transition in the invasive and metastatic
types of cancers (Scioli et al.,, 2019). A mesenchymal phenotype is
characterized by its increased motility, metastatic expansion and all the
essential adaptations required in facilitating circulatory survival. Conversely,
MET is the reverse of EMT where cells acquire epithelial features and lose
mesenchymal characteristics, including spindle-shaped and flattened
phenotypes. The transition was known to impact cells in a metastatic niche to
develop secondary tumors and has been associated with the acquisition of

chemoresistance and recurrence (Roche, 2018).

Both breast cancer subtypes MCF7 and MDA-MB-231 are of epithelial
origin. MCF7 cells express the epithelial phenotype in contrast to MDA-MB-
231 cells that are more mesenchymal (Gjerdrum et al., 2010). MDA-MB-231
cells acquire fibroblast-like properties and exhibit reduced cell-cell adhesion

and increased motility via EMT.

During co-culture, ADMSCs induce MET in MDA-MB-231 and
establish maintenance of epithelial in MCF7. MET is a type of plasticity
characterized by long-lasting morphological and molecular changes in
mesenchymal cells due to transdifferentiation towards an epithelial cell type.

The stabilization of either an epithelial or mesenchymal phenotype depends on
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interaction and signaling factors released by ADMSCs during co-culture. The
MET transition in breast cancer cells was consistent with the morphologic
changes following co-culture with ADMSCs. Furthermore, data from this study
revealed that dysregulation of miRNAs subset following co-culture affects not
only the growth of breast cancer but also metastasis events by inhibiting EMT

regulation.

As part of MET, dysregulation of miRNA maintained the epithelial
phenotype by blocking mesenchymal transcriptional regulators, specifically
ZEB-2, Vimentin, SMAD4 and SNAIL. The substantial miRNAs that have been
dysregulated in co-culture MCF7 includes tumor suppressor miRNAs (miR-
200 family, miR-941, miR-629-5p, miR-7, and miR-185-5p) and oncomiRs

(miR-155-5p, miR-224-5p, miR-486-5p and miR-10b) (Table 3).

Meanwhile, in co-culture MDA-MB-231 cells, tumor suppressor
miRNAs (miR-146a-5p, miR-941, miR-629-5p) and oncomiRs (miR-10b and
miR-486-5p) were dysregulated. This resulted in the repression of Vimentin
and SMADA4 of mesenchymal transcription factor and substantial augmentation
of OCLN and E-cadherin of epithelial transcriptional regulators. Increased
expression of tumor suppressor miRNAs and reduced expression of oncogenic
mMIRNAS in co-culture cells prevented cancer progression by miRNAs’
participation in a complex regulatory network which affected the epithelial
acquisition. An increase in epithelial gene expression and reduction in

mesenchymal gene expression has led to a mesenchymal transition to epithelial
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in MDA-MB-231 cells and maintenance of epithelial characteristics in MCF7

co-cultured cells.

Among the cluster of dysregulated miRNAs in co-culture MCF7 cells,
miR-200 family has been identified as the master key where it has been linked
to chemoresistance, tumor metastasis and dormancy by targeting the signaling
pathways including Wnt and transforming growth factor B (TGF-B), thus
impeding metastasis, cell adhesion and epithelial-to-mesenchymal transition
(EMT). As an EMT inhibitor, miR-200 targets ZEB2 transcription factors
controlled the expression of gene clusters, including E-cadherin and Vimentin

(Chen and Zhang, 2017).

Likewise, the downregulation of oncomiR-155 contributed to the
increase in chemoresistance through TGF-B-induced MET and MAPK
signaling pathways (Yu et al., 2015). Also, it has been reported that
upregulation of miR-7 and miR-185 contributed to a similar outcome where
miR-7 was negatively connected with Vimentin expression levels in breast
carcinoma tissues by inhibiting EMT via focal adhesion pathway (Cui et al.,

2017; Shietal., 2017; Yin et al., 2018).

Meanwhile, in MDA-MB-231, selective enrichment of miR-146a-5p
was found in co-culture exosomes and cells, suggesting a possible involvement
of miR-146a in pathogenesis and recurrence. The miR-146a-5p implicates toll-
like receptors and chemokines signaling pathways that prompt the entry of

cells into dormancy. The present result was in agreement with that reported in
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the previous study where miR-146a-mediated downregulation of SMADA4 target
gene could inhibit proliferation, migration, invasion and EMT in TNBC via

TGF-pB and Notch pathways (Si et al., 2018).

Another study has found that serum miR-146a level was correlated with
drug resistance and higher recurrence, while their expression was classified as
subtype-specific in breast cancer (lacona and Lutz, 2019). Therefore, a
therapeutic approach targeting miR146a could be a promising treatment for
high recurrence and poor prognosis in MDA-MB-231 cells. The output from
cluster analysis of microRNA expression in breast cancer subtypes in this study

showed a complete separation of luminal and basal into two separate groups.

Apart from the uniquely expressed miRNAs present in both cells, five
other miRNAs were detected as mutually dysregulated in MCF7-luminal and
MDA-MB-231-basal cancer cells. The expression of oncomiR miR-10b-5p and
miR-486-5p was downregulated and tumor suppressors such as miR-941, miR-
200a-5p and miR-629-5p were upregulated accordingly. High expression of
miR-629-5p has been linked to drug resistance and inhibition of metastasis and

cancer growth, but none was related to the EMT regulation (Yan et al., 2019).

Meanwhile, the expression of miR-486-5p which is a cancer type-
specific, acts as a tumor suppressor in lung cancer and oncomiR in colorectal
cancer (Loh et al., 2019). It was found in this study that miR-486-5p expression
was downregulated in both subtypes and can be classified as oncomiR. miR-

486-5p were predicted to target tumor suppressor genes such as MAP3K7 and
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NFATS5. Recently, it was reported that miR-486-5p inhibited EMT by down-
regulating SMAD2 and EMT regulators, Vimentin and E-cadherin in breast
cancer (EIKhouly et al., 2020). Reduced E-cadherin expression was attributed
to increased miR-10b expression leading to the mesenchymal acquisition and

vice versa (Sheedy and Medarova, 2018).

As discussed earlier, miR-200a-5p that belongs to the miR-200 family
can suppress EMT. Also, Yu et al. (2018) demonstrated that miR-200a
promoted chemoresistance by inhibiting DNA damage-induced apoptosis in
breast cancer (Yu et al., 2018). In another study, overexpression of miR-941
was shown to cause substantial inhibition of metastasis in hepatoma and gastric
cancers (Kim et al., 2014; Zhang et al., 2014b). To date, the effect of miRNAs
on breast cancer cells, particularly in EMT regulation has not been reported

despite miRNAS' ability to suppress tumor growth.

Interestingly, both subtypes shared 7 out of 10 of the most enriched
KEGG pathways despite having only five mutually dysregulated miRNAs.
This implies that although different clusters of miRNAs were uniquely
expressed in the co-culture of MCF7 and MDA-MB-231, the enriched gene
sets led to similarly associated pathways related to MET and tumor dormancy
pathways. The group of dysregulated miRNAs controlled cell dormancy by
inhibiting mitogen-activated protein kinase (MAPK), TGF-$3 and Wnt signaling
pathways, followed by the initiation of MET transcriptional regulation,

epithelial phenotype stabilization and cellular proliferation and metastasis
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repression which may lead to chemoresistance and relapse in treatment (Li et

al., 2013; Yuan et al., 2018; Prunier et al., 2019).

Other signaling pathways that can indirectly contribute to the
aforementioned effects include ErbB, a pathway in cancer and neurotrophin
signaling, which plays a crucial role in the initiation and progression of many
cancers (Appert-Collin et al., 2015; Triaca et al., 2019). Axon guidance, focal
adhesion and insulin signaling pathways were reported to affect multiple cell
types connected through the tumor microenvironment and act as the major
mediator of signal transduction in the metastasis and promotion of tumors (Luo

and Guan, 2010; Wang et al., 2016; Hopkins et al., 2020).

Subsequent activation of Toll-like-receptors (TLRs) in cancer cells and
the resulting signaling cascade effect along with chemokine production could
play an important role in promoting cancer cell survival and chemoresistance
(Huang et al., 2005). Besides, the participation of B and T cell receptors in the
regulation of immune cells-mediated metastatic dormancy with the direct
involvement of the immune system in protecting cancer cells was reported by

(Romero et al., 2014).

Overall, the present study has successfully identified exosomal
miRNAs signatures from the interaction of ADMSCs that can differentiate
between MCF7 and MDA-MB-231 subtypes. A portion of those signatures
miRNAs has been identified as EMT regulators, which regulate cancer

progression, metastasis activity and chemoresistance, as illustrated in Figure
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5.1. Although most of the miRNAs listed in Table 5.1 have been widely shown
to be involved in cellular communication between MSC and cancer cells via
exosomes, little attention has been focused on miR-941. Despite miR-941
involvement in mediating EMT regulation, DNA methylation and histone
phosphorylation in cancer, it has not been specifically associated with MSC
and cancer interaction (Kim et al., 2014; Zhang et al., 2014b; Surapaneni et al.,
2020). In this study, miR-941 has been successfully identified in exosomes
secreted by ADMSCs and taken up by both breast cancer subtypes during co-

culture interaction.
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Table 5.1. Comparison of the functional miRNAs identified in cross-talk between MSCs and cancer cells. The table summarized miRNAs

signatures identified in this study vs. data from other findings from various sources of MSCs and cancer types. The listed miRNAS' signatures

have been assessed to modulate EMT regulation and cancer progression (N/A=Not available).

MicroRNA
Identified in following co-culture Role Co-culture cells from other Associated Events Reference
ADMSCs and Breast Cancer Subtype of mMiRNA published data
MiRNA BC Subtypes
miR-200 a,b,c MCF7 Tumor Adipose MSC with Overexpression inhibits metastasis and EMT (Xu etal., 2012)
suppressor Breast cancer MCF7 transition
miR-155-5p MCF7 OncomiR Adipose MSC with Low expression promotes drug resistance and | (Abd Elmageed et al.,
Prostate cancer EMT transition 2014)
miR-7 MCF7 Tumor MSC with Overexpression inhibits metastasis and (Shang et al., 2019)
suppressor Hepatocellular carcinoma proliferation
miR-185-5p MCF7 Tumor MSC with Overexpression inhibits cancer proliferation, (Wang et al., 2019)
suppressor Oral cancer angiogenesis and induce apoptosis
miR-146a-5p MDA-MB-231 Tumor Human umbilical cord MSC Overexpression increase sensitivity to (Qiu et al., 2020)
suppressor with chemotherapy,
Ovarian cancer inhibit cancer growth
miR-941 Both Tumor N/A Overexpression inhibits cancer proliferation N/A
suppressor and metastasis
miR-629-5p Both Tumor Adipose MSC with Overexpression impede cancer migration and (Zhang et al., 2018b)
suppressor Hepatocellular carcinoma modulate EMT regulation
miR-10b Both Oncomir Adipose MSC with Overexpression promotes cell invasion and (Singh et al., 2014)
Breast cancer metastasis
miR-486-5p Both Dual role Bone Marrow MSC with Drug resistance

Prostate cancer

(EIKhouly et al., 2020;
Qiu et al., 2018)
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Figure 5.1. Schematic diagram of breast cancer cells interact with
ADMSCs in the microenvironment. The interaction leading the cells to
maintain/acquire epithelial characteristics and become dormant cells. During
the reversible process, a consensus of exosomal miRNAs is postulated to acts
as a switch to modulate signaling pathways responsible for the cells' transition

to MET state that allow cells to enter dormancy.



The limitations of cell lines in breast cancer research are well-
documented including the fact that immortalized cells may acquire genetic
variances during the unlimited passaging compared to patient-derived tissues
(Van Staveren et al., 2009). However, the use of cell lines is important as an in
vitro model. It emerges as a feasible alternative to overcome sample size
limitations and clearance consent from patients. In addition, the collection of
tumor tissue of adequate quality for analysis is difficult to source, particularly
the metastatic breast cancer tissue, as patients who develop the symptoms
usually are already at stage IV. Besides, establishing the procedures and
facility for tissue collection is challenging to implement; still, it is required to
ensure the collection of sufficient high-quality samples as assurance for the

success of downstream molecular analysis (Gelao et al., 2013).

Following advancements in cancer diagnostic using approaches such as
transcriptome sequencing analysis of biomarkers, breast cancer can be detected
before pathological symptoms develop. The use of more than single breast
cancer-related marker can enhance the sensitivity and specificity of cancer
detection for early diagnosis. This information can greatly contribute to the
personalized clinical approaches in which specific treatment regimens can be
designed based on the clinical history and stage of cancer identified from

profiles of markers discovered in cell lines (Verma, 2012).

Furthermore, the involvement of exosomes as biomarker carriers has
significantly contribute to the advancement of breast cancer diagnostic and

management (Ono et al., 2014; Dioufa et al., 2017; Wang et al., 2019).
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Transition into the clinical phase requires the isolation of circulating exosomes
from bodily fluids and serum, and their miRNA content has been shown to
reflect their breast cancer cells’ origin (Bliss et al., 2016). Therefore, it is
reasonable to rationalize the use of cell lines to assess the progression of breast

cancer and crucially contribute to clinical predictive values.

Amongst the mutually dysregulated miRNAs that are critically involved
in the associated pathways of MET and dormancy, miR-941 was selected as
molecular markers to represent both cancer subtypes for further investigation.
In the current study, the downstream effects of miR-941 overexpression in
MCF7 and MDA-MB-231 cells were proven based on three pathways:
inhibition of proliferation; inhibition of migration, invasion and wound healing;

and promotion of MET.

In agreement with findings from this study, miR-941 was shown to act
as a tumor suppressor by suppressing cancer growth and migration of gastric
and hepatoma cells via direct target of EMT inducers SNAIL1, ZEB1 and ZEB2
and promotes E-cadherin expression in the cancer cells (Kim et al., 2014,
Zhang et al., 2014b). It was confirmed that the expression of mesenchymal
regulators was suppressed and epithelial regulators were augmented using the

gPCR technique.

Association of miR-941 with cell proliferation and other biological
processes through regulation of components involved in dormancy such as

MAPK, TGF-p and Wnt signaling pathways was identified through
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bioinformatics analysis. However, the direct relationship between miR-941 and
the dormancy was not confirmed. From the findings, exosomal transfer of miR-
941 and its suppression of mesenchymal characteristics was proposed as one of
the principal mechanisms contributing to inhibiting cell proliferation and

metastasis of luminal and basal breast cancer subtypes.

The unique mMiRNAs signatures between subtypes may allow
researchers and clinicians to select the best regimen for breast cancer treatment,
particularly for metastatic chemoresistant cells like TNBC. From there,
researchers can develop miRNAs-based therapeutic strategies through miRNA
replacement therapy using miRNA mimics or anti-miRNA therapy to target
tumor suppressor miRNAs or oncomiRs (Nygren et al., 2014; Shu et al., 2015).
Furthermore, the easy accessibility of circulating miRNAs may help in clinical
settings as biomarkers for early diagnosis of cancer relapse and prognosis of
treatment outcome. To sum up, miRNAs therapy can assist in addressing the

alarming rate of cancer relapse and mortality linked with breast cancer cells.
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5.5 Conclusion

In conclusion, the findings revealed the role of the miR-200 family, miR-146a-
5p and miR-941 as molecular mediators of MCF7-luminal, MDA-basal
subtypes and both subtypes, respectively. Owing to the complexity of
exosomes contents, other small RNAs populations such as tRNAs, unknown
small RNAs, proteins and DNA, which are not highlighted in this study may
also contribute to the ability of BCCs to induce MET, dormancy and

chemoresistance. This, however, requires further research.

To date, this is the first inclusive microRNA expression profiling study
of MCF7-luminal versus MDA-MB-231-basal BCCs interaction with
ADMSCs involving exosomes. This research delivers further understanding
and framework for future clinical studies focusing on differential regulation of
microRNA expression in breast cancer patients. It may help in the
differentiation of breast cancer subtypes, lineages and malignant

transformation.

Inhibition of breast cancer cell progression resulted from intercellular
communication between ADMSCs and breast cancer cells has been reported
many times describing the changes in breast cancer metastatic properties and
phenotypes (Schweizer et al., 2015; Kucerova et al., 2013). However, this is
the first study highlighting the miRNAs-dormancy markers that are unique and

shared by both breast cancer subtypes, MCF7 and MDA-MB-231. Although
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the question of when the dormant population of breast cancer transforms into

an aggressive phenotype or stays permanently quiescent remains uncertain.

The influence of co-culture-derived exosomes and their corresponding
miRNAs shows qualitative changes in breast cancer associated with a dormant-
epithelial phenotype and low rates of metastasis contributing to high
chemoresistance. Therefore, corresponding exosomal miRNAs are suitable
miRNA biomarkers candidates for managing breast cancer metastasis and

relapse.

Understanding the complex interaction of breast cancer cells and their
microenvironment, their control by multifunctional miRNAs and the potential
involvement of miRNAs contributes to the biological significance of cell-cell
interaction between ADMSCs and breast cancer MCF7 and MDA-MB-231
cells. The study mimic the in vivo biological, spatial, biochemical, and
biophysical features of tumor tissues. At the same time, it highlights the
miRNAs and pathways involved in tumor dormancy and chemoresistance and
the role of ADMSCs in paving the way for novel anti-cancer therapies. The
development of miRNA-based treatment strategies specifically preventing
recurrence and targeting the chemoresistant is an attractive therapeutic target

for clinical application.
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CHAPTER 6

LIMITATION AND FUTURE DIRECTION

There has been growing evidence in vitro and in vivo unfolding the potential
role of ADMSCs as therapy for numerous diseases, particularly for cancer
treatment. With their ability to be recruited to the tumor microenvironment,
differentiate into various cell types and multiple effects in regulating EMT
transcription factors leading to inhibition of breast cancer metastasis and
induction of dormancy, ADMSC-based therapies have brought new hope to

cancer patients by offering more targeted anti-cancer treatments.

As a model of breast cancer study, it is worthy to study the interaction
of ADMSCs with breast cancer of different subtypes MCF7 and MDA-MB-
231 and to elucidate the functional role of exosomes in transporting consensus
of miRNAs. Furthermore, the study showed the effect of particular miRNAs
signaling on metastatic and dormancy of breast cancer and the discovery of
miRNAs biomarkers for breast cancer diagnosis and early intervention of

relapse.

Despite its ability to mimic the interaction between ADMSCs and
breast cancer in the tumor microenvironment, this classical two-dimensional
(2D) co-culture has its limitations. The cell-extracellular environment

interactions and architecture are not fully represented as they would be in the
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tumor mass. For future study, an alternative cells interaction platform, a three-
dimensional (3D) culture system, is an excellent model to better represent in
vivo. Having said that, even a 3D system has its disadvantages. It is a complex
system that restricts the number of cell populations used and requires a
thorough experimental technique and analysis. Since it is still relatively new,
researchers have difficulty standardizing and generating replicable and

comparable results across a wide range of techniques.

Understanding the interaction between ADMSCs and breast cancer cells has
shed light on the application of ADMSCs-derived exosomes as the clinical
approach in cancer diagnosis and improving the clinical safety of MSC-based
therapeutic approaches. Yet, there is still a great challenge to translate in vitro
and in vivo studies to clinical. For future studies, the results need to be
transferred to in vivo models to enlighten the interactions of breast cancer cells
and ADMSCs in a systemic environment. Although countless fundamental
researches have been conducted, more preclinical and clinical evidence is

needed to determine their efficacy, safety, and impact on cancer progression.
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APPENDICES

APPENDIX A
List of Antibodies
Primary antibody Dilution Company,
(TEM) catalogue number
Anti-CD63 1.5 Santa Cruz
Biotechnology, USA
Anti-CD81 1:5 Santa Cruz
Biotechnology, USA
Anti-CD9 1:5 Santa Cruz
Biotechnology, USA
Secondary antibody Dilution Company,
(TEM) catalogue number
Goat anti-mouse 1gG 1:20 ab39619,
(10nm gold) Abcam, USA
Primary antibody Dilution Company,
(Flow cytometry) catalogue number
Anti-CD24-PE 1:11 130-095-953,
Miltenyi Biotec, USA
Anti-CD44-FITC 1:11 130-095-195,
Miltenyi Biotec, USA
Anti-CD90-PE 1:20 CS208185,
Merck, USA
Anti-CD44- Alexa 1:20 CS208200,
Fluor® 647 Merck, USA
Anti-CD105-FITC 1:20 CS208189,
Merck, USA
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APPENDIX B

List of multidrug resistant (MDR), cancer stem cells (CSC) and DNA
repair genes primers used in gRT-PCR

Genes Target Sequence (5°23°)
Reference gene
FP: 5’-~AGAGCTACGAGCTGCCTGAC-3’
ACTB
RP: 5’-AGCACTGTGTTGGCGTACAG-3’
Multi drug resistant-ABC transporter genes
FP: 5’>-TGCAGCCTCCATAACCATGAG-3’
ABCC2
RP: 5’-GATGCCTGCCATTGGACCTA-3’
FP: 5’-CAGGTCTGTTGGTCAATCTCACA-3’
ABCG2
RP: 5°-TCCATATCGTGGAATGCTGAAG-3’
FP: 5°>-CAAAACCCTGGATCACGTGTT-3’
ABCA3
RP: 5’-CCTCCGCGTCTCGTAGTTCT-3’
Cancer stem cell genes
FP: 5>-AGCAGGAGTGTTTACCAAAGA-3’
ALDH1A1
RP: 5>-CCCAGTTCTCTTCCATTTCCAG-3’
FP: 5>-CACAAATGGCTGGTACGTCTT-3’
CD44
RP: 5>-TTCATCTTCATTTTCTTCATTTGG-3’
DNA repair genes
TagMan® probe Assay ID
PARP1 Hs00242302_m1
PARP3 Hs00193946_m1
MLH1 Hs00979919 m1l
CCND2 Hs00153380_m1
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APPENDIX C

List of epithelial and mesenchymal gene primers used in qRT-PCR

Genes Target Sequence (5°23)
ACTB FP: 5>-AGAGCTACGAGCTGCCTGAC-3’
RP: 5’-AGCACTGTGTTGGCGTACAG-3’
E-cadherin FP: 5>-ACAGGAACACAGGAGTCATCAG-3’
RP: 5’- CCCTTGTACGTGGTGGGATT-3’
OCLN FP: 5>-TGCCTAGCTACCCCCATCTT-3’
RP: 5°-TGC ACC CAG CACAGATCAAT-3
SNAIL FP: 5>-AGTGGTTCTTCTGCGCTACTG-3”
RP: 5’-TGCTGGAAGGTAAACTCTGGATTAG-3’
SMAD4 FP: 5°>-CTCCAGCTATCAGTCTGTCA-3’
RP: 5’-GATGCTCTGTCTTGGGTAATC-3’
Vimentin FP: 5’-CCTGCAATCTTTCAGACAGG-3’
RP: 5’-CTCCTGGATTTCCTCTTCGT-3”
ZEB2 FP: 5-TTTCAGGGAGAATTGCTTGA-3’

RP: 5>-CACATGCATACATGCCACTC-3’
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APPENDIX D

List of miRNA primers used in RT-gPCR validation of NGS

MiRNA Sequence Target Sequence
accession
number
hsa-miR-146a-5p MIMAT UGAGAACUGAAUUCCAUGGGUU
0000449
hsa-miR-941 MIMAT CACCCGGCUGUGUGCACAUGUGC
0004984
hsa-miR-10b-5p MIMAT UACCCUGUAGAACCGAAUUUGUG
0000254
hsa-miR-760 MIMAT CGGCUCUGGGUCUGUGGGGA
0004957
hsa-miR-205-5p MIMAT UCCUUCAUUCCACCGGAGUCUG
0000266
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APPENDIX E

Percentage of cell proliferation (%)

Percentage of cell proliferation (%)
Cell Type Replicate SD
Average
1 2 3
MCF7 100 100 100 100 0
MCF7 69.77 80.00 73.33 74.37 5.19
Co-culture
MCF
Re-culture 81.3 85 92.3 86.20 5.60
without
ADMSCs
Percentage of cell proliferation (%6)
Cell Type Replicate SD
Average
1 2 3
MDA-MB-231 100 100 100 100 0
MDA-MB-231 52.78 62.96 54.69 56.81 5.41
Co-culture
MDA-MB-231
Re-culture 110.00 108.89 97.89 105.59 6.69
without
ADMSCs
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APPENDIX F

Spheroid-forming ability (SFA)

Replicate
Cell Average | SD
Type 1 2 3
50 48 37
Number of
spheres /10,000 | /10,000 | /10,000
MCF7
fSphefre 050 | 048 | 037 | 045 | 007
orming
efficiency %
30 20 24
Number of
MCE7 spheres /10,000 | /10,000 | /10,000
co-
culture Sphere 030 | 020 | 024 | 025 | 0.05
forming
efficiency %
57 78 60
Number of
spheres /10,000 | /10,000 | /10,000
MDA-
MB-231 Sphere
. 0.57 0.78 0.60 0.65 0.11
forming
efficiency %
118 156 135
Number of
MDA- spheres /10,000 | /10,000 | /10,000
MB-231
co-
culture Sphere 118 | 156 | 1.35 136 | 0.19
forming
efficiency %

Three independent experiments were carried out. (Equivalent to Figure 4.5)
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APPENDIX G
Pathway ranking summary of miR-941.
The pathway network analyses shows that miR-941 participates mainly in

MAPK, regulation of B and T-cell receptor signaling and ErbB signaling
pathways.

Total Union
KEGG Pathway Genes of -

Term Term
MAPK Signaling Pathway 272 3 3.227
Renal Cell Carcinoma 70 2 3.058
B Cell Receptor Signaling Pathway 75 2 2.999
ErbB Signaling Pathway 87 2 2.872
T Cell Receptor Signaling Pathway 108 2 2.689
Neurotrophin Signaling Pathway 127 2 2.552
Natural Killer Cell Mediated 140 2 2.47

Cytotoxicity

Lysine Degradation 44 1 1.564
Long-Term Potentiation 70 1 1.369
VEGF Signaling Pathway 76 1 1.335
FC Epsilon RI Signaling Pathway 79 1 1.319
Apoptosis 88 1 1.274
Gap Junction 90 1 1.265
GnRH Signaling Pathway 101 1 1.218
Axon Guidance 129 1 1.119
Insulin Signaling Pathway 137 1 1.095
Whnt Signaling Pathway 150 1 1.059
JAK-STAT Signaling Pathway 155 1 1.046
Calcium Signaling Pathway 177 1 0.994
Chemokine Signaling Pathway 189 1 0.968
Focal Adhesion 199 1 0.949
Pathways in Cancer 325 1 0.768
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APPENDIX H

Consent letter for mesenchymal stem cells use for research purpose

R cryocord?

prvaie vem coll Bank 15

16" August 2013

Urivaraiti Tunku Abdul Rahman
Lot FT 21144, Jalan Sungal Lang,
Bardar 5. Lorg, Cheras,
43000 Kajang, Selangor,

Cimar Sir,

RE: & Collaboration between Cryccosd Sdn. Bhd. and Assaciate Prof, Dr. Akan Ong Han Hiat an
Reseanch Projects Irvalving Laboratary Cuftured Human Mesenchymal Stem Calls

With regards 1o the matter above, | would Bke to infarm that Cryacond Sdn, BRd, B cumently
callaborating with Assaciate Frod, Dr, Alan Dng Han Kiat from Universiti Tunku Abdul Rahman an
research projects inmoking laboratory cultured Fuman mesanchymal stam calls. In this collabaratian,
Crycoed Sdn, Bhd, will provide labarabary cultured human mesenchymal stem cells derked from
bone marrow, umnbilical cord, dental pulp or adipose tissue, These kuaman mesenchymal stem cells
Bre free from HIV, Hepatits B and Mepatitis

The dances af the mesenchymal stem cells provided by Cryocord Sdm, Bhd, for these ressarch
progects had gaen their inlored cordent allowing the use of these cells far research purposes

Pleage do not hesitabe 1o cortact me if you hawe any questions.

Thank pau,
e M—"
i
o
lamies Than
Managing diractar
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