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ABSTRACT

Introduction

Cancer is a public health burden which continues to cause many deaths and an
economic burden worldwide. New and improved ways of thinking about anti-cancer
drug design and development are needed now and in future. Recent reports
demonstrate the key role played by the tumour microenvironment (TME) in tumour
progression and the development of drug resistance. This study investigated the
interactions between cancer cells and the stroma within the TME, specifically
fibroblasts, mesenchymal stem cells (MSC), cancer stem cells (CSCs) as well as the
extracellular matrix (ECM), with the goal to develop an in vitro model that mimics solid

tumours in terms of cellular characteristics and drug response.

Mesenchymal stem cells were investigated as potential sources of cancer-associated
fibroblasts (CAFs) in solid tumours. The expression of CAFs markers, a-SMA and
vimentin, increased significantly in MSCs co-cultured with oesophageal and breast
cancer cells indicating conversion of MSCs into cell-like CAFs. WHCO1 (oesophageal)
and MDA MB 231 (breast) cancer cells co-cultured with MSCs survived paclitaxel and
cisplatin treatments better than cancer cells alone. To assess the prognostic value of
CSCs, the expression and malignant behaviour of CSC markers were also examined
in clinicopathologically-confirmed oesophageal cancer biopsies and in vitro.
Oesophageal cancer biopsies stained strongly for the cancer stem cell markers, CD44
and ALDH1A1, demonstrating the presence of CSCs in these tumours. FACS-isolated
side population cells exhibited high levels of cancer stem cell markers, self-renewal
markers and drug resistance proteins and were associated with increased drug

resistance versus cancer cells.

In order to measure how ECM proteins affect oesophageal cancer cell response to
chemotherapeutic drugs, 3D cell-derived ECMs was used as a model. The analysis of
ECM proteins using qRT-PCR in oesophageal cancer biopsies showed that collagens,
fibronectin, and laminins were overexpressed in tumour tissue compared with adjacent
normal tissues. The culture of cancer cells on decellularised ECMs reduced the effect
of drugs on cancer cells compared to those plated on plastic (control). The reduction



of the effects of drugs was associated with significant activation of survival signalling
pathways. Knockdown of collagen and fibronectin with siRNA combined with drugs
resulted in increased sensitivity of cancer cells to drugs and lower colony formation
and cancer cell migration. Lastly, this study utilized multi-cell tumour spheroids
(MCTS) from WHCO1 and MDA MB 231 cells co-cultured with WI38 and CT1
fibroblasts to mimic tumour cell-stromal cell interactions as observed within the in vivo
tumour microenvironment. The data show that spheroids were more resistant to drugs
than monolayer cultures of the same cells. MCTS displayed characteristics similar to
in vivo tumours in terms of response to drugs. Associated with these findings were

increased levels of CSCs in MCTS compared to monolayer.

This study demonstrated that MSCs are a possible source of ‘CAFs’ in vivo and can
support cancer cell growth. This study also demonstrated the presence of CSCs in
tumours and that the targeting of these cells can shrink tumours and prevent potential
metastasis and relapse of tumours. This study revealed that ECM proteins play major
roles in the response of cancer cells to chemotherapy and suggest that targeting ECM
proteins, especially type | collagen and fibronectin, can be an effective therapeutic
strategy against chemoresistant tumours. MCTS, as shown in this study, is a valuable
tool for the evaluation of the therapeutic effect of drugs. Overall, this study
demonstrates the critical role played by the tumour microenvironment in tumour growth

and metastasis and provides new insights into cancer treatment.



CHAPTER 1:
LITERATURE REVIEW

1.1 Cancer Burden

Cancer remains one of the largest causes of mortality and morbidity worldwide.
Cancer develops when normal cells undergo genetic and epigenetic alterations,
resulting in aberrant cell proliferation. There are over a hundred different forms of
cancer, each with its own particular behaviour and treatment response [1]. Globally,
more people die of cancer than that from HIV/AIDS, tuberculosis, or malaria put
together [2, 3]. Significant strides have been recorded in the fight against cancer, with
the development of many new chemotherapeutic agents, mainly targeted therapies
against many cancers [4]. However, a major hurdle to successful cancer treatment is
the development of therapy resistance and metastasis [5, 6]. Cancer cells display
great plasticity, adaptive behaviour and tumour heterogeneity, requiring a diversity of
treatments. Whilst several therapeutic strategies have been developed to target
cancer cells, the main approaches remain those targeting DNA repair mechanisms

and the replication machinery [7].

It is possible that over time cancer cells migrate and invade the surrounding tissues
and enter circulation and metastasise to distant organs[8, 9]. Mutations in cancer cells
to several oncogenes and tumour suppressor genes, including c-Myc, p53, and
transforming growth factor- (TGF-), have been shown to play important roles in tumour
migration, invasion, and metastasis in a variety of cancers, including oesophageal and
breast cancer. [10]. In addition, most oncogenes and tumour suppressor genes also
contribute toward therapy resistance [11].

Oesophageal cancer is among the least studied and most deadly types of cancer in
the world [12]. Over the last decade, its incidence has been rising in western countries,
making it the 7th most common cancer worldwide and the 6th leading cause of death,
overall [13]. Squamous cell carcinoma (which occurs in the upper 2/3 of the
oesophagus) and adenocarcinoma (which occurs in the lower region of the

oesophagus) are the two most common types of oesophageal cancer (Figure 1.1) [14].



It is unclear how the latter develops. According to research, factors such as alcohol
consumption, helicobacter poli, smoking, or gastro-oesophageal reflux, which cause
inflammation, can promote the development of cancer [14].

Upper
esophageal
sphincter

Esophagus

Lower
esophageal
sphincter

Stomach

Figure 1. 1. Oesophageal cancer. Oesophageal cancer can be classified according to the type of cells that are
involved. Oesophageal squamous cell carcinoma (OSCC) occurs in the upper and middle of the oesophagus.
Oesophageal adenocarcinoma (OAC) occurs mainly in the lower third of the oesophagus. (Source:
https://www.thocpa.com/specialties/esophageal-cancer/).

Although oesophageal cancer has been better diagnosed and treated, no significant
improvements have been made in mortality rates. It is considered one of the most
aggressive and refractory cancers with a 5-year survival rate of about 10% [15]. A
wide variety of conventional oesophageal cancer treatments are used, and some are
successful, however, about half of cases result in a cancer recurrence and patients
succumb to the disease.[16]. The cellular and molecular mechanisms underlying the
initiation and progression of oesophageal cancer, which is typically detected late, are
poorly understood. Several recent studies have suggested that development of
therapy-resistant cancer cells, as well as the absence of effective chemotherapy drugs
that directly target cancer cells, is a major cause behind post-therapeutic recurrence
and metastasis of oesophageal cancer. [17].



1.2 Treatment strategies for cancer

Most cancer patients present late for cancer treatment and current treatment options
lead to a low survival rate, making cancer treatment extremely challenging. Cancer
treatment depends on several factors including the type of cancer, the primary location
of the tumour, metastatic region, patient’'s medical history, age and health status of the
patient. The successful treatment of cancer must aim to prevent repetition of
metastasis that might occur in the future and improve the long-term survival chances
for the patient. Conventional cancer treatment includes surgery, radiation, and
chemotherapy either alone or in combination.

1.2.1 Surgery

Surgery is often and generally the first line of approach for cancer treatment. Surgery
involves the removal of tumour and the nearby tissues during an operation. For many
cancer types, a biopsy is used as the main diagnostic tool for cancer. It can also be
used for staging to determine the size of the tumour and if or where cancer has spread.
Surgery is combined with other cancer therapies such as chemotherapy or radiation
therapy for many cancer patients. These therapies may be administered before
surgery (neoadjuvant) or after surgery (adjuvant). This is to help prevent cancer

growth, metastasis and recurrence.

1.2.2 Radiotherapy

Radiotherapy is one of the three routine methods in conventional cancer therapy [27].
Radiotherapy is used when the tumour is localised and has not metastasized to other
parts of the body. Although radiotherapy damages both normal cells and cancer cells,
normal cells are able to recover from radiation damage faster than cancer cells [18]. It
can be applied alone or in combination with other conventional methods such as
surgery or chemotherapy to get better results for patients. In recent decades,
advanced radiotherapy techniques have been developed, including 3D conformal
radiotherapy (3DCRT), which employs computed tomography (CT) imaging to define
target volumes, as well as the widespread use of computer-controlled treatment
planning [19]. Intensity-modulated radiation therapy (IMRT), a form of high-precision
conformal radiation therapy, specifies the intensity of radiation beams by calculating
computer-driven optimization to ensure the desired dose distribution [19].



1.2.3 Chemotherapy

Chemotherapeutic drugs interfere with DNA synthesis by inhibiting cellular processes
involved in the cell cycle, leading to programmed cell death. Alkylating agents are the
first type of chemotherapeutic agents that have been used since the 1940s. Alkylating
agents bind directly to DNA and proteins, interfering with replication and transcription
and/or resulting in mutations. These agents induce DNA damage in cancers leading
to apoptosis [20]. Alkylating agents can act at any point in the cell cycle. A subgroup
of alkylating agents called the platinum-containing compounds, include Cisplatin,
Carboplatin and Oxaliplatin [21].

Antimetabolites are another type of chemotherapeutic agent. Antimetabolites are
classified as folic acid, pyrimidine, and purine analogues based on their structure and
function. Antimetabolites interfere with DNA and RNA synthesis during the S phase of
the cell cycle by acting as false metabolites that are incorporated into newly
synthesised DNA and RNA or inhibit enzymes required for nucleic acid production.
Methotrexate, 5-Fluorouracil, and Cytosine Arabinoside are some examples of
antimetabolites [22]. Chemotherapeutic agents can be used in combination with other
cancer treatments, such as surgery and radiation therapy. Cancer patients can be
treated with different drugs simultaneously, where these drugs differ in their

mechanism of action.

Taxanes are derived from naturally occurring chemicals found in the yew tree's bark
and have been shown to have potent cytotoxic effects on a variety of tumour types
[23, 24]. The classic mechanism of action underlying taxanes' antitumour activity has
been attributed to their inherent ability to bind and stabilize the microtubules [24, 25].
As a result of taxane binding to B-tubulin, the microtubule assembly is promoted [24,
25] and this causes cell mitosis to be blocked, leading to apoptosis. Paclitaxel,
docetaxel and cabazitaxel are example of taxane anticancer drugs that have been
successfully used in chemotherapy for a variety of cancers [26].

Vinca alkaloids are naturally derived molecules found in the leaves of the Madagascar
periwinkle Catharanthus roseus [27] and include vincristine, vinblastine, and
vinorelbine. Vinca alkaloids are antimicrotubule agents, similar to taxanes, but instead

of stabilizing the structure they bind to the B-tubulin subunit, preventing the molecule's



structure from being straightened, blocking the polymerization of the molecule with
microtubular a-tubulin [25]. The vinca alkaloids have been generally included in
combination chemotherapy regimens for medicinal treatment agents for testicular

carcinoma and both Hodgkin and non-Hodgkin lymphomas [28].

1.2.4 New anti-cancer strategies

As a result of the sequencing of the human genome and advancements in genetic
technology, we know more about cancer's genetic changes, initiation and proliferation,
as well as therapeutic mechanisms and new treatment targets [29]. The core of
modern medicine's approach to cancer therapy is understanding the pathophysiology
of the disease, human genes, and discovering new molecular targets. Development
of targeted therapies is one of the most promising cancer therapy strategies. By
focusing on cancer cells, these targeted therapies cause less harm to healthy cells
than conventional therapies [30]. As with chemotherapeutic drugs, these therapy
agents are expected to target cell cycle, oncogenic pathways, and metastatic cells,

but they are expected to kill only malignant cells and not normal ones [31].

The process of angiogenesis allows cancer cells to develop new blood vessels for
growth. Various angiogenic factors are released during blood vessel formation,
causing endothelial cells to proliferate, migrate, and invade in new vascular structures
[32, 33]. Vascular endothelial growth factor (VEGF), basic fibroblast growth factor
(bFGF), platelet-derived growth factor (PDGF), transforming growth factor (TGF),
insulin-like growth factor and angiopoietin are examples of well-known pro-angiogenic
factors that mediate the angiogenic switch [32, 34]. The development of anti-
angiogenic therapies has recently mostly concentrated on inhibiting the activities of its
receptors, including VEGF, FGF, PDGF, and TGF receptors [35].

Growth factors and their receptors are abundant in human tumours. One of the most
commonly studied receptor families is the epithelial growth factor receptor (EGFR)
[31]. A mutation in the EGFR gene can cause it to grow excessively, which can lead
to cancer [36]. Gefitinib and erlotinib are EGFR inhibitors that can inhibit the signal
EGFR that activates cells to grow rapidly [31, 37]. Targeting immune system properties
provides a method for increasing the selectivity of anticancer treatment. There is a

noticeable value to trastuzumab in patients with HER2-positive metastatic breast



cancer [38]. This humanised monoclonal antibody targets the HER-2 gene and
stimulates the immune system, inhibiting the physiological activity of the HER2-
signaling network [31]. It is known that breast cancers with an amplification of the HER-

2 gene are more aggressive and have a worse prognosis [39].

A different approach to immunotherapy is adoption cell transfer (ACT) that involves
isolating T-cells (T-lymphocytes) with the best anticancer activity, expanding them ex
vivo, and rehydrating them. The development of genetically modified T cells through
ACT, such as chimeric antigen receptor (CAR)-T, has made substantial progress in
treating malignant tumours [40]. CAR-T cell therapy recognizes specific antigens
expressed on cancer cells' surfaces using antibody fragments [40]. There are various
methods for genetically modifying T-cells, including viral transduction, non-viral
methods such as DNA-based transposons, CRISPR/Cas9, or other methods that
transfer DNA or mRNA to the cells [41]. There has been evidence that CAR T-cell
therapy for end-stage acute lymphocytic leukaemia patients led to a full recovery in up
to 92% of patients [42].

Defective apoptotic cell death is a major barrier to effective treatment. A member of
the BCL-2 family of proteins is responsible for regulating programmed cell death [43].
The pro-apoptotic members, Bak and Bax, effectively dissipate mitochondrial
membrane potential when activated, allowing cytochrome release and activating
caspases, which eventually leads to cell death [44]. Bcl-xI and Bcl-2, anti-apoptotic
family members, bind to Bak and Bax and inhibit their activation [44]. New therapeutics
have been developed that directly activate the apoptosis process, referred to as BH3-
mimetics [43, 44]. Apoptosis in cancer cells is activated by BH3-mimetics that bind
and inhibit BCL-2 family members that promote survival [44, 45]. ABT-737 is an
experimental anticancer agent that works via this mechanism [45]. Co-administration
of ABT-737 with doxorubicin, gemcitabine, and cisplatin results in a synergetic effect
in dedifferentiated thyroid carcinoma cells of different histology origins [46].

1.3 Chemoresistance

The majority of cancer patients present in the late stages of the disease, when cancer
has already evolved and progressed to an advanced stage with metastatic capabilities,
is usually very aggressive, and does not respond to commonly prescribed radio and
chemotherapeutic agents.



The treatment of oesophageal cancer by chemotherapy involves destroying or killing
abnormally dividing cells by using various drugs. Through inducing apoptosis and
inhibiting the progression of the cell cycle, these drugs kill cancer cells [47]. Despite
this, cancer cells are able to acquire numerous strategies to compromise the efficacy
of many therapeutic agents, resulting in chemoresistance [48]. Chemoresistance has
been demonstrated to be mediated by a number of mechanisms, as shown in Figure
1.2. Enhancement of survival signalling pathways, inactivation of drugs, reduced
uptake of drugs, DNA repair and inhibition of apoptosis are some examples [49].
Furthermore, recent studies have revealed that the tumour microenvironment

contribute to resistance of drugs [48].

Drug inactivation

Reduced drug Enhancec_i DNA
intake repair

Chemoresistance

Inhibition of Tumour
apoptosis microenvironment

Enhanced survival
signaling pathways

Figure 1. 2. A schematic diagram of the mechanisms involved in chemoresistance. Many signalling pathways
that contribute to cell proliferation and cell survival are altered in cancer cells. By activated DNA repair pathways,
these alterations contribute to drug resistance by increasing the expression of nuclear antiapoptotic and
proliferation genes during the cell cycle. Due to their ability to increase efflux and inactivation of drugs, cancer cells
have also been observed as being resistant to chemotherapy.

Many drug discovery assays are conducted using in vitro models that do not mimic the
tumour microenvironment found in vivo. Our understanding of tumour behaviour in 3D
environments is limited by lack of good in vitro models. Within the tumour
microenvironment, immune cells, stromal cells and extracellular matrix form a dynamic

biological repertoire. In many cases, this results in drug candidates being



misinterpreted as effective. To avoid such circumstances, drug candidates should be

tested in vitro on models that mimic the in vivo tumour microenvironment.

1.4 The Tumour Microenvironment

In cancer patients, the tumour microenvironment (TME) is an important determinant in
the proliferation and metastasis of cancer cells, as well as the effectiveness of anti-
cancer drugs [50, 51]. There several stromal components in the TME such as
endothelial cells, lymphocytes, macrophages, fibroblasts, mesenchymal stem cells
(MSCs) cancer stem cells (CSCs), as well as the extracellular matrix (ECM) (Figure
1.3).

Resistance to anticancer drugs and apoptotic pathways can be influenced by the
mechanics of interaction between stromal cells and tumour cells. This interaction
involves growth factors, cytokines, and ECM. Hypoxia in the TME is associated to the
activation of genes involved in cancer cell survival and angiogenesis, as well as
chemoresistance in many cancer cells, because many chemotherapy agents generate
free radicals that damage DNA in the presence of oxygen [52]. Hypoxia can cause
drug resistance by increasing the expression of genes encoding P-glycoproteins,
which are involved in drug inactivation [53]. Furthermore, the cytotoxicity of anticancer
drugs can be influenced by the pH of the tumour microenvironment and many
chemotherapeutic drugs can be inhibited by an acidic microenvironment. [54]. The
distribution of many anticancer medications is influenced by the pressure gradient

inside the microenvironment.
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Figure 1. 3. The components of the tumour microenvironment. There several stromal components in the TME
such as endothelial cells, lymphocytes, macrophages, fibroblasts, mesenchymal stem cells (MSCs) cancer stem
cells (CSCs), as well as the extracellular matrix (ECM). Image created using Biorender (https://biorender.com/).

1.4.1 Cancer-associated Fibroblasts in the Tumour Microenvironment

One of the landmark publications by Virchow described fibroblasts as cells with a
spindle shape and responsible for the synthesis of ECM proteins such as collagen
[55]. Several other reports also show that fibroblasts are the dominant cells within the
TME and can undergo transformation under conditions such as inflammation, fibrosis
and wound healing [56]. Inflammation and fibrosis are major processes linked with
cancer initiation and development, making fibroblasts critical players during these

processes [57, 58].

Normal fibroblasts in a tumour mass can become activated over time and are
therefore referred to as cancer-associated fibroblasts (CAFs) or tumour-associated
fibroblasts (TAFs) (Figure 1.4) [56]. In the early stages of cancer formation, fibroblasts
can be anti-tumourigenic, however, when activated to CAFs, these cells become pro-
tumourigenic through several mechanisms that are not yet fully understood [59]. CAFs
will eventually dominate the stromal cells within the TME and contribute to tumour

progression by releasing various growth factors as well as synthesising the ECM. [60].
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The source of CAFs is still clouded with controversy, with many reports showing that
several stromal cells can become CAFs. The transformation of stromal cells leads to
the formation of large spindle-shaped cells that display increased stress fibres and
enhanced cellular-ECM connections [61]. In some cases, CAFs show similar
characteristics to normal fibroblasts, with the exception that CAFs have increased
ribosomes and rough endoplasmic reticulum (rER) [61]. Some of the markers used in
the characterisation of CAFs include a-smooth muscle actin (a-SMA), vimentin and
desmin [62]. Other significant differences between normal fibroblasts and CAFs
include increased proliferation rate, migratory behaviour and ECM synthesis in CAFs
[63]. In addition, the activities of CAFs within the TME result in remodelling of the TME,
a process sometimes referred to as desmoplasia, associated with fibrosis and the
stiffening of tissue [64].

a. Fibroblast b. Cancer-associated fibroblast
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Figure 1. 4. A diagram of a normal and activated fibroblast. (A) Normal fibroblasts are the most common types
of cells embedded within the ECM and are responsible for the synthesis of collagens and fibrillar proteins.
Fibroblasts maintain tissue homeostasis and interact with the surrounding the microenvironment through integrins.
Various growth factors such as TGF- 8, PDGF and FGF, chemokines and ECM proteases mediate the activation
of fibroblasts. (B) Once activated, fibroblasts undergo a phenotype change and become cancer-associated
fibroblasts (CAFs) expressing several markers such as FSP1, periostin and a-SMA. The activated phenotype is
also associated with enhanced proliferative activity and increased secretion of ECM proteins such as collagen |,
fibronectin with the different domain an (EDA-fibronectin), tenascin C and SPARC (secreted protein acidic and rich
in cysteine). Image created using Biorender (https://biorender.com/).

CAFs and desmoplasia are linked with cancer initiation and relapse and may
contribute to cancer progression and resistance to therapy [65]. TME remodelling is
linked with the presence of CAFs and other stromal cells such as cancer-associated

12



macrophages and endothelial cells [66]. CAFs create and maintain the TME as well
as remodelling the ECM, whereas remodelling is also required for both generating and
maintaining CAFs [66]. The equilibrium that exists between ECM synthesis and
degradation is distorted by CAFs, with increased synthesis of ECM. High ECM
proteins have been shown to block immune cells from infiltrating into the tumour, thus
limiting an immune response to tumours [67]. The ECM provides an ideal environment

for cancer cell-stromal-ECM interactions and allows angiogenesis [67].

CAFs also promote angiogenesis through the release of enzymes such as MMPs.
MMPs are involved in remodelling the TME via degradation of the ECM, releasing the
VEGF-A sequestered by the ECM during this process [68]. VEGF-A is known to
promote vascularisation, which the growing tumour needs to exchange nutrients and
toxic substances[68]. Many growth factors and cytokines are also released by CAFs,
which regulate inflammation and promote tumour cell immune evasion [69]. A better
knowledge of the source of CAFs and their role in the TME will result in the
development of novel and better anti-cancer strategies [70, 71].

Many reports have suggested that CAFs may originate from stromal cells such as
macrophages, endothelial cells and mesenchymal stem cells [56, 72]. It is not
surprising, therefore, that CAFs demonstrate significant heterogeneity within the TME.
Normal fibroblasts have been shown to be activated within the vicinity of the cancer
cells, whilst other stromal cells, including MSC and macrophages, either infiltrate into
the tumour or are recruited to the tumour. Other sources of CAFs include pericytes
undergoing transdifferentiation, epithelial cells via the process of epithelial-
mesenchymal transition (EMT) and endothelial cells through the process called
endothelial to mesenchymal transition (EndMT) [73]. For example, fibrocytes from the
bone marrow can be recruited via the circulation to the tumour and eventually
transform into CAFs [74]. Other reports link MSCs to CAFs in several cancers [75].
For example, the presence of osteopontin has been shown to mediate TGF-3

dependent transformation of MSCs into CAFs in breast cancer [76].

Furthermore, local and recruited MSCs can interact with cancer cells leading to their
transformation into CAFs. In addition, liver and pancreatic stellate cells have also been
shown to be activated and transform into CAFs [73, 77]. Increased ECM synthesis

leading to fibrosis are shown to activate and transform epithelial cells within the vicinity
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of cancer cells into CAFs [78]. Thus, epithelial cancers can also contain increased
levels of CAFs that drive tumour progression. Endothelial cells have also been shown
to become activated into CAFs through EndMT [79]. Due to their different potential
sources, there are no universal markers for CAFs [78, 79].

Other stromal cells, including adipocytes and pericytes, undergo a transdifferentiation
process leading to the formation of CAFs [80]. Thus, most cells localised near a
growing tumour and those recruited to tumour sites can be transformed into pro-
tumourigenic cells, including CAFs. The accurate picture of the involvement of stromal
cells and the ECM in tumour initiation and progression is just beginning to become
apparent, with a lot still to be revealed. In addition, detailed mechanisms involved in

tumour formation and therapy resistance are also still emerging.

As a result, it is not surprising that CAFs are highly heterogeneous, with various
subsets demonstrating diverse phenotypes and roles within the TME, and CAF
heterogeneity varying depending on the stage of tumour formation and progression
[81]. CAFs demonstrate DNA alterations, increased ROS generation and the presence
of hypoxia, leading to CAFs evolving with cancer cells during tumour growth [59]. The
ECM present within the TME also evolves over time as the cellular component of the
TME changes. Therefore, the ECM within a growing tumour is synthesised by both
stromal cells and cancer cells and is pro-tumourigenic compared to normal ECM [82].

Recent research on the presence of molecular and functional CAF heterogeneity in
pancreatic ductal adenocarcinoma (PDAC) has uncovered three subtypes of CAFs. In
There were two distinct CAF subtypes in PDAC, characterized by either
myofibroblastic or inflammatory phenotypes involving transforming growth factor
(TGF)-B and IL-1/1JAK-STAT signalling [83]. The myofibroblastic CAFs (myCAFs),
located adjacent to the cancer cells and demonstrating high levels of a-SMA
expression and low levels of inflammatory mediators [84]. They also described another
subtype of CAFs as inflammatory CAFs (iCAFs), located more distantly from cancer
cells, which have low expression of a-SMA and high expression of inflammatory
mediators, such as interleukin-6 (IL-6) [84]. Additionally, a new population of CAFs,
which express major histocompatibility complex (MHC) class |l and CD74, allowing
antigen-dependent T-cell receptor ligation in CD4+ T cells [85].
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It is well established that distinct CAF subtypes can interconvert during cancer
development, however, it is unclear how this occurs and which CAF subtype is
associated with prognosis and therapeutic sensitivity. It has been reported that iCAFs
in pancreatic cancer cells can transform into myCAFs when TGF-B signalling is
activated or IL-1-induced JAK/STAT signalling is inhibited [86]. This indicates that both
of these subtypes of cells are plastic. Additionally, the response of fibroblasts and the
a-SMA promoter to extracellular cues, including substrate stiffness, suggests that the
a-SMA-high, matrix-producing-high state can be reversed [87]. In order to improve our
understanding of CAF plasticity, in-depth research on CAF subtypes is required.

1.4.1.1 Cancer-associated fibroblast markers

Subsets of different CAFs have been identified within the TME. These can be spatially
distributed throughout the tumour, with distinct markers such as a-SMA, fibroblast
activation protein-alpha (FAP) and PDGF receptor-f (PDGFR-B) expressed by
subsets of CAFs [60]. Thus, two or more markers are usually used in CAF
characterisation.

Several markers are used to identify CAFs, and one of the best-known markers is a-
SMA, a marker also used to characterised of other cells such as smooth muscle cells
and pericytes [59]. Cancers such as breast, pancreatic and liver cancers contain CAFs
expressing enhanced levels of a-SMA [77]. Unfortunately, several other cells also
express this marker, complicating its use in the characterisation of CAFs. a-SMA is
involved in the maintenance of cell structure as well as in cell migration and
contraction. Vimentin is another CAF marker that is highly upregulated in CAFs, for
example, in breast and prostate cancers [88]. Some of the known functions of vimentin
include promoting cellular migration and maintaining cellular integrity [89]. Another
marker used in CAF characterisation is desmin which has been shown to be
downregulated in CAFs [90].

Caveolin-1 (Cav-1) is a scaffold and structural protein involved in caveolae formation
in cellular membranes. It is expressed throughout the body, with endothelial, epithelial,
adipocyte, fibroblast, and CAF cells exhibiting the highest levels of Cav-1 [91]. It has
been reported that high expression of Cav-1 facilitates tumourigenesis by inhibiting
apoptosis, facilitating anchorage-independent growth, drug resistance, as well as
facilitating metastasis [91]. In addition, clinical studies have shown that tumour

15



prognosis is poor when caveolin-1 is downregulated on stromal CAFs [92]. A decrease
in Cav-1 protein expression in CAFs is associated with poor clinical outcomes,
metastases, and tumour recurrence in breast cancer [93]. Other CAF markers that
have been used recently include CD10 and G-protein-coupled receptor 77 (GPR77).
These two markers are highly expressed in CAFs and promote cellular stemness and
breast cancer chemoresistance [94]. A hindrance to the use of CD10 and GPR77 is

the expression of these markers in other stromal cells and neutrophils [94].

Another marker used in CAF characterisation is a fibroblast-specific protein (FSP) or
S100A4. FSP has been found to be expressed in fibroblasts and, through its serine
protease activity, can remodel the TME [95]. Fibroblasts that express FSP also have
the ability to synthesise large quantities of ECM and thus can hinder drugs from
reaching cancer cells, contributing to chemoresistance. FSP-expressing stromal cells
have been found to be highly malignant [96]. FSP is expressed both in cancer cells
and CAFs in breast cancers [97]. Another marker expressed by CAFs is PDGFR-f3
[98]. A crucial role for PDGFR- signalling is the activation of CAFs, which promote
breast cancer growth and progression [99]. It has been shown that colorectal cancer
cells can acquire PDGFR-f during EMT, and the activation of this receptor contributes

to their ability to metastasise [100].

In conclusion, CAFs display significant heterogeneity with different cellular origins as
well as many functions in tumours. One hindrance to the utilisation of CAFs in cancer
treatment is the lack of reliable markers for CAFs that can be used in therapeutic
targeting. Recent data demonstrates that the presence of CAF subsets increase the
challenge encountered [59, 101]. Overall, regardless of origin and location within a
tumour, CAFs are an important cell type in tumours, and markers must be found to

identify and target these cells during cancer diagnosis and treatment.

1.4.1.2 Cancer-associated fibroblasts and Carcinogenesis

Several studies have demonstrated the critical role of TME in tumour progression and
metastasis [67]. Most TME components start as anti-tumourigenic but with time
become pro-tumourigenic via the synthesis and release of growth factors and
deposition of excessive ECM [72, 82]. Normal stromal cells, including normal

fibroblasts, display anti-tumourigenic behaviour on cancer cell growth in vitro [102].
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PTEN expression by stromal cells plays a significant role in this inhibitory effect,
especially on epithelial tumours [103]. Some of the known growth factors and
cytokines released by stromal cells include VEGF, SDF-1, TGF-$ and IL-6, which are
involved in the remodelling of the TME [72]. Furthermore, hypoxia and the generation
of ROS are also known to play a part in transforming of normal cells into pro-
tumourigenic cells [104]. CAFs, for example, impact cancer cell proliferation,
angiogenesis inflammation, migration, invasion, chemoresistance and immune

evasion by releasing many growth factors and cytokines (Figure 1.5) [105].

Normal stromal cells can be induced to synthesise and release growth factors and
other inflammatory proteins by cancer cells [106]. In addition, the hypoxic conditions
present in tumours result in the generation of increased levels of ROS. Indeed, ROS
generation has been shown to induce the release of hypoxia-inducible factor 1-a
(HIF1-a) and CXC-chemokine ligand 12 by several stromal cells, leading to increased
metabolic activity and migration [107]. Another important cytokine released by CAFs
is IL-6, which activates the JAK-STAT signalling [108]. The activation of JAK-STAT
signalling in CAFs can promote cancer cell invasive behaviour besides the JAK-STAT
signalling cascade being important in maintaining the CAF phenotype [109].
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Figure 1. 5. Summary of differential CAF marker expression in different cancers. In several primary tumours,
CAFs (heterogeneous cellular population) express several markers such as ACTA2, FAP, CD10, PDGFR-$ and
S100A4.
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Several pieces of evidence demonstrate the symbiotic relationship between CAFs and
cancer cells. CAFs express and release large amounts of TGF-3, and cancer cells
respond to the TGF-B released by the CAFs [110]. CAFs are also responsible for
synthesising and releasing increased amounts of MMPs and urokinase-type
plasminogen activator (uPA) [111, 112]. MMPs released by CAFs influence the
amount of ECM proteins present in a tumour, thus affecting cancer cell migration and
invasion into the surrounding tissues. For example, increased amounts of collagen

levels within the TME are associated with cancer cell invasiveness [113].

The degradation of ECM proteins by CAF-derived MMPs can also create the space
needed by tumour cells to burrow through and invade new tissues and organs [71,
82]. Tumour growth and invasion require that new blood vessels be synthesised to
sustain tumour growth with all the required nutrients and the removal of toxic
substances [114]. As CAFs synthesise increased amounts of ECM proteins, they also
impact ECM stiffness, influencing blood vessels and the flow of blood [82, 115].
Furthermore, the equilibrium between the expression of anti-angiogenic factors and
pro-angiogenic factors determines the formation of blood vessels and, ultimately,
tumour growth [116, 117]. Pro-angiogenic factors are upregulated during tumour
formation resulting in dysregulated blood vessel formation [118]. CAFs, leukocytes,
and macrophages are the major sources of pro-angiogenic factors, including VEGFA,
PDGFC, FGF2, osteopontin and MMPs [119, 120].

1.4.1.3 Cancer-associated fibroblasts and Therapy Resistance

Cancer cells can be drug-resistant through several mechanisms. One of the
mechanisms is intrinsic, mediated via the expression of several proteins, especially
the transporter proteins, including the ABC proteins. In addition, genetic alterations
can also impact drug uptake and export. Another mechanism is the evolution of cancer
cells resulting in previously responsive tumours becoming unresponsive. The TME
has emerged as a contributor to therapy resistance. The interaction between cancer
cells, stromal cells, and the ECM is critical in the development of chemoresistance.
CAFs have received increased attention as the dominant stromal cells within the TME.
CAFs' increased synthesis of ECM proteins can prevent drugs from reaching cancer
cells. High ECM proteins surrounding cancer cells can also limit blood vessels
formation within the tumour [121].
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Whilst limitation of blood vessel formation might appear anti-tumourigenic, high
concentrations of drugs will not be able to reach cancer cells that are on the inside of
the tumour mass. In addition, CAFs can bind to fibronectin in a process referred to as
cell-adhesion-mediated drug resistance (CAM-DR), that has been implicated in drug
resistance [122]. The versatile IL-6 cytokine has been implicated in resistance to
chemotherapy in lung cancer [123]. Besides cancer cells being resistant to therapy,
CAFs have demonstrated their ability to resist drugs such as gemcitabine in pancreatic
cancer [124]. Cancer treatment itself has been shown to result in the transformation
of cancer cells and stromal cells into therapy-resistant cells. For example,
chemotherapy can cause DNA damage in stromal cells, causing the release of factors
known to promote cancer cell survival [125]. Chemotherapy can also induce normal
fibroblasts into CAF-like cells, and radiotherapy can induce ECM protein synthesis,
causing increased survival of cancer cells [126, 127].

1.4.2.1 Mesenchymal stem cells in the Tumour Microenvironment

Mesenchymal stem cells (MSCs) are multipotent stromal stem cells with the ability to
self-renew and differentiate into many cell lineages, including adipocytes,
chondrocytes and osteoblasts [128]. MSCs are characterized by their expression of
stromal cell markers CD73, CD105 and CD90 [129]. Studies have revealed that MSCs
play a role in both tumourigenesis, metastasis and recurrence of tumours [130, 131].
They also play special roles as a resident component in the tumour microenvironment
by developing into adult mesenchymal cells to support tumour parts. Moreover,
several studies have demonstrated that MSCs can enhance the ability of tumour cells
to metastasise by enhancing motility and invasiveness as well as creating metastatic
niches within secondary tumour sites [132]. MSCs are recruited to injured areas or
hypoxic tumour microenvironments [133]. During cancer progression, tumour cells
secrete a variety of growth factors, cytokines, and chemokines such as interleukin 1
beta (IL1B), transforming growth factor-beta (TGF-) and stromal cell-derived factor 1
alpha (SDF1a) [134, 135].These factors play crucial roles in recruiting MSCs to
tumours, amd this is related to the enhancement of neoplastic properties in tumours
cells [133]. In various cancer types, MSCs have been linked to tumour growth and
progression, as well as aiding cancer spread by stimulating the epithelial to
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mesenchymal transition (EMT)[136, 137]. The chemokine (C-C maotif) ligand 5 (CCL5)
released by MSCs, for example, was demonstrated to increase the invasion,
migration, and metastasis of breast cancer cells [138].

MSCs undergo considerable phenotypic changes during differentiation, including
morphological elongation, reduced adhesion, reduced cytoskeletal fibres, and
increased migration [139]. The precise mechanisms underlying MSC to CAF
differentiation have not yet been determined. However, there is emerging evidence
that tumour-secreted factors promote MSCs differentiation into CAF phenotype by
activating TGF-B /Smad signalling [140]. TGF-expression has been demonstrated to
improve MSC differentiation into CAFs by increasing alpha-smooth muscle actin (-
SMA) expression while decreasing gelsolin expression [141]. MSCs treated with
tumour-conditioned medium increased the expression of CAF-associated genes and
myofibroblast lineage markers, such as SMA, vimentin, and FSP1 [142]. Taken
together, MSCs are affected by tumour-promoting factors secreted by tumour cells in

the tumour stroma.

MSCs' multilineage potential provides a favourable milieu for tumour cells and
increases the release of growth-promoting substances. MSCs enhanced the self-
renewal ability of breast cancer stem cells by modulating cytokine networks that
include C-X-C ligand 7 (CXCL7) and IL6 [143]. It has been shown that secreted of IL-
6 by MSCs enhances sphere formation and tumour initiation in lung cancer cells by
activating JAK2/STAT3 pathways [130]. Through levels of bone morphogenetic
signalling, cancer associated MSCs (CA-MSCs) increase tumour cell proliferation and
grow tumours [144]. In addition, activation of the WNT and TGF-B pathways in both
cancer and stromal cells increased the number of CSCs in gastric cancer [131]. These

results show MSCs support cancer cells progression by regulating the TME.

1.4.3 Cancer Stem Cells in the Tumour Microenvironment

Great strides have been made regarding cancer patient outcomes via the provision of
improved therapies and the use of combinatorial treatment. However, many obstacles
remain, including developing therapy resistance in general and chemoresistance in

particular [72, 145]. Chemoresistance usually results in relapse and development of
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metastatic disease [72, 82, 146]. One of the central heterogeneity of human
malignancies is the presence of cancer stem cells (CSCs), a rare population of slow-
cycling cells with the abilities of self-renewal, pluripotency, and chemo-resistance.
[147, 148].

There are two hypotheses that have been proposed to explain the tumour
heterogeneity seen in solid tumours: the ‘clonal evolution model’ and the ‘cancer stem
cell hypothesis’. The first model is the clonal evolution model in 1967, which suggests
that the majority of cancers are the result mutational acquisition that promotes clonal
expansion and diversification [149]. According to this theory, cancer is an evolutionary
process mediated by multiple stepwise mutations that happen in somatic cells, which
are followed by natural selection that favours clones with the best phenotypic
characteristics [145, 149]. In the CSC hypothesis, CSCs are a rare population of cells
with stem cell-like properties that have the ability to self-renew and the capacity to give
rise to non-CSC within the tumour mass [150]. Thus, CSCs can give rise to a primary
tumour and form new tumours at distant sites [151]. The CSCs that escape the primary
tumour site and start new tumours at distant sites, therefore, act as ‘seeds’ for the
growth of secondary tumours [151].

CSCs demonstrate an incredible ability to withstand the harsh conditions when
circulating through the body through various means, including increased expression
of ABC transmembrane transporters and other detoxifying enzymes [152]. However,
CSCs have been shown to resist therapy, including chemotherapy and radiotherapy,
due to the increased expression of ABC drug transporters, quiescence and an efficient
DNA repair mechanism [145]. Thus, to succeed in cancer treatment and overcome
therapy resistance, novel strategies must be developed to target CSCs [153].

CSCs are also called tumour-initiating cells (TICs) due to their ability to form new
tumours at new sites [154]. The discovery of CSCs in acute myeloid leukemia (AML)
in 1994 has led to the possibility of the isolation of similar tissue-specific CSCs and
progenitor cells from other tumours [154]. CSCs are present in many cancers, such as
colon, lung and breast cancers. The use of Hoechst dye to obtain side population cells,
antibody-based isolation, tumoursphere development, and ALDH enzyme activity
have all been utilised to describe CSCs [155, 156]. Each of these CSC isolation
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methods have its merits and demerits. For example, the side population cells isolated
using the Hoechst stain show increased efflux abilities compared with normal cells due
to enhanced expression of ATP-binding cassette (ABC) transporter proteins.
However, this method is not very specific, and the isolated population may contain
normal cancer cells with no self-renewal abilities. Thus, in many cases, a combination

of these methods is used to improve the quality of CSCs.

Several signalling pathways are upregulated in CSCs. Thus, when it comes to cancer
treatment, new drugs or therapies can target some of these signalling cascades that
are dysregulated in CSCs. Conventional cancer therapies usually target fast-dividing
cells and thus do not affect CSCs that are slow dividing (Figure 1.6) [145, 146]. The
targeting of CSCs in tumours will largely depend on our ability to find new markers for
CSCs and the in-depth characterisation of CSCs. Thus, as it stands, successful and
durable cancer treatment might only come from targeting both cancer cells and CSCs.

o . —
e . .
Solid Tumour Cancer Relapse Tumour eradication
’ Cancer cells Cancer Stem Cells Conventional ;CSC{argeted therapy
¥ 1 chemotherapy

Figure 1. 6. CSCs can resist conventional therapies. When a solid tumour is treated with conventional
chemotherapy, the bulk of the tumour will be eliminated. Due to intrinsic survival mechanisms and quiescent
abilities of CSCs, these cells are able to circumvent the anti-proliferative effects of conventional cytotoxic therapies
and thereby persist after treatment. Due to the reduction in overall tumour size, there is the general misconception
that the cancer has been eradicated. This is however not the case, as months to years later, there is the
reestablishment of a solid tumour after seemingly successful therapy. Ideally, the development of drugs targeting
both CSCs and cancer cells should be sufficient in completely eradicating cancer. Image created using Biorender
(https://biorender.com/).

1.4.3.1. Cancer Stem Cell Markers and Therapy resistance

Conventional therapies do not eliminate CSCs due to their ability to efflux drugs and
other molecules faster than cancer cells [145]. CSCs are a subtype of cancer cell that

has the ability to self-renew and differentiate[145, 157]. One of the challenges of
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working with CSCs is isolating and characterising them. CD24, CD44, CD133, and
ALDH are among the CSC markers targeted by antibodies (Table 1.1) [156]. In most
cases, a combination of CSC markers is used in their characterisation, for example,
lung CSCs are known to express markers such as CD133+, ALDH1+ and CD44+
[158]. CSCs from other cancers may display distinct markers such as melanoma CSCs
are ABCBS5+ whilst medulloblastoma CSCs are CD15+ (Table 1.1).

Table 1. 1. Cancer stem cells markers in different cancers

Cancer CSC Markers References
Gastric CD133+, CD44+ [159]
Glioma CD44+, CD133+, A2B5+, [160]
BCRP1+, SSEA-1+
Leukaemia CD34+, CD38-, CD123+ [161, 162]
Prostate cancer CD133+, CD44+, o231, ALDH [163]
Pancreatic cancer CD133+, CD44+, ABCG2, ALDH, [164]
EpCAM+
Melanoma ABCB5+, CD20+ [165]
Head and neck cancer CD44+, CD133+ [166]
Sarcoma CD29+, CD117+, CD133+, [167]
Nestin+, Stro-1+
Cervical CD133+, CD49f+, CK-17+ [168]
Oesophageal CD44+, ALDH1+, Integrin a7+ [169]
Kidney CD44+, CD24-, CD133+, CD105+ [170]
Lung cancer CD133+, CD44+, ABCG2, ALDH, [171]
CD90+
Colon cancer CD133+, CD44+, CD24+, [172]
EpCAM+, ALDH
Liver cancer CD133+, CD44+, CD90+, ALDH, | [173, 174]
ABCG2, CD24+
Breast cancer CD133+, CD44+, CD24-, ALDH- [175]
1

To further complicate the treatment of many cancers, CSCs increase in tumours after
treatment, demonstrating the enduring abilities of CSCs [176, 177]. They can also

resist conventional therapies via enhanced adaptation to hypoxia and the activation of
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survival signalling pathways (figure 1.6) [177]. Furthermore, CSCs have been
observed to have immune evasion abilities, with an increased ability to undergo EMT
as well as undergo metabolic adaptations to survive low nutrient conditions [145, 177].

In particular, ALDH superfamily and aldehyde dehydrogenase 1 (ALDH1) are
detoxifying enzymes involved the in oxidation of aldehydes to carboxylic acids and
retinol to retinoic acid [178]. Although they are expressed in normal and in cancer cells,
ALDH1 is highly over expressed in CSCs [179], making ALDH1 one of the reliable
markers for identifying of CSCs in several cancers. Several reports showed that
ALDH1 is an independent prognostic marker for low survival in colorectal cancer
patients [180], and enhanced ALDH1 activity can be used to identify TICs in prostate
cancer [181]. In addition, other studies also showed that ALDH1 is a marker of cancer
cells with self-renewal abilities in a human renal cell carcinoma cell line [182]. ALDH1
is highly overexpressed in breast CSCs [183], and cells expressing it can easily form
xenograft tumours [183]. ALDH1 expression has also been linked to the development
of chemoresistance [184], with some studies showing that inhibition of ALDH1 activity

in CSCs sensitizes cells to chemotherapy [185].

CSCs also show enhanced expression of drug efflux proteins, including the ABC
transporters (figure 1.7) [186]. Examples of members of this family include ABCB1,
ABCG2, ABCBS, ABCC1, and multi-drug resistance 1 (MDR1) [187]. ABCB1 is highly
expressed in breast CSCs and is linked to chemoresistance [188]. Inhibition of ABC
transporters can successfully sensitize cancer cells to several drugs [189, 190].
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Figure 1. 7. Hallmarks of cancer stem cells include, enhanced survival signalling, increased expression of ABC
membrane transporters, increased drug inactivation as well as increased DNA repair processes compared to
cancer cells. These allow CSCs to survive conventional therapy, resulting in chemoresistance. Image created using
Biorender (https://biorender.com/).

1.4.4. The Extracellular Matrix

One of the most important components of the TME is the extracellular matrix (ECM).
The ECM forms the structural part of the TME and is located under the epithelial layer
surrounding the connective tissue cells [191, 192]. The ECM comprises of several
macromolecules, with the main classes being the collagens, proteoglycans, elastic
fibres and glycoproteins [191]. In the human body, many cells are in contact with the
ECM, and there is an interaction between the two. The composition of the ECM is in
a constant state of flux and varies with the stage of development and pathological
conditions [193]. Several cells synthesise the ECM components and these cells will
continue to interact with their own ECM, and the ECM produced by other cells [191,
194]. One of the most studied forms of ECM is present in connective tissue and is
composed of type | collagen. ECM consists of two types: interstitial connective tissue
and basement membrane, which interact bidirectionally with cells and tissues to
accomplish biological functions. Both interstitial connective tissue and basement
membrane ECMs are capable of modulating functions such as cell proliferation,
differentiation, angiogenesis, branching morphogenesis, wound healing, and

25



homeostasis [194, 195]. In some cases, basal lamina and basement membrane are
sometimes used interchangeably, however, there is a difference between them. The
basement membrane is composed of two layers, the basal lamina and the reticular
lamina. The basal lamina is made up of multiple proteins that form a flexible bond with
the underlying connective tissue to anchor epithelial cells.

The ECM of interstitial connective tissue ranges from soft, gel-like scaffolds made from
collagen |, fibronectin, or cartilage proteoglycans to tough, dense sheets [196].
Integrins and other cell surface ECM receptors regulate intercellular and inter-tissue
interactions within the interstitial connective tissue ECM. In contrast, the basement
membrane is a highly specialised ECM that forms thin acellular layers beneath cells
separating them from their interstitial matrix and connecting them to it [197]. A
significant amount of basement membrane components are produced by tumours of
epithelial origin. During metastasis, tumour cells are in contact with endothelial
basement membrane. The spread of tumours is facilitated by the degradation of the
basement membrane leading to the migration, and production of proteases by tumour
cells [198]. The basement membrane is primarily composed of type IV collagen,
laminin, entactin/nidogen, perlecan (heparan sulphate proteoglycan) and various
growth factors [199]. These components interact with each other to form the matrix.

ECM, is known to influence cellular properties such as shape and movement. Indeed,
the constant interaction between the cells and the ECM is the basis for tissue and
organ structure and function [200]. In physiologically normal tissue, the ECM provides
a stable physical environment required by cells, tissue and organs but undergoes a
controlled turnover leading to structural remodelling needed for normal development.
The ECM provides structural support to connective tissue, blood vessels, and
cartilage, which is one of its most important functions. Collagen and fibronectin are
primarily responsible for this support. Thus, the ECM in the body serves three key
functions: providing tensile and compressive strength to tissues; physical protection of
cells and tissues against changes in the microenvironment and water retention; and

cell organisation and control through interactions with other proteins.

ECMs in different tissues and organs perform specialised functions. For example, the
ECM of the bone and tooth enamel is mineralised to be able to withstand compression.

Meanwhile, the ECM found in the eye has to be translucent so that light can pass
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through. The ECM of tendons is very elastic. Through its action of tethering growth
factors and other biomolecules, the ECM assumes a role in biological functions.
Growth factors known to be tethered by the ECM include TGF-B, TNF-a, VEGF and
IL-3 [201]. ECM proteins can generate cellular responses and activate signalling
pathways. For example, type IV collagen has been shown to induce DNA synthesis in
liver cells and fibronectin can inhibit the generation of new blood vessels in tumours
[202]. The amount and type of ECM can also determine the induction of enzymes such
as MMPs, whilst these enzymes, in are involved in regulating ECM turnover and other
biological functions [203].

The ECM is mainly composed of collagens, fibronectin and vimentin interspersed with
proteoglycans. The final composition of the ECM and other properties of its
components determines its complexity and potential interactions within the ECM and
between cells [204]. Fibroblasts are mostly responsible for the synthesis of the ECM,
whilst a considerable amount of the ECM also comes from other mesenchymal cells.
The equilibrium between ECM synthesis and degradation is important in the
maintenance of homeostasis and any alterations to this balance can be deleterious to
the ECM integrity. For instance, increased synthesis of the ECM can result in fibrosis,
whilst decreased ECM synthesis can cause tissue wasting. Growth factors and
cytokines are involved in regulating ECM synthesis and degradation, with several
signalling pathways playing critical roles in maintaining the ECM
synthesis/degradation balance in different tissues and organs.

Several studies aimed at understanding the interaction between cells and their
environment or niche have utilised artificial matrices from purified proteins, including
collagen, fibronectin and laminin [195, 205], while others have used cells grown on 2D
rigid surfaces made of isolated ECM proteins, including fibronectin and type | collagen.
Whilst these studies have vastly enhanced our knowledge about cell-ECM
interactions, these do not adequately define mechanistic interactions between cells
and ECM in vivo [206]. These researches have greatly expanded our understanding
of the molecular contents and architectures of integrin receptors, focal adhesion
complexes, and their interactions with the ECM. However, a 2D surface from isolated
ECM proteins provides a rigid environment to cells and that in contrast to the ECM
found in 3D surfaces of the in vivo niche [207, 208].
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It is important that cells are studied in an environment that mimics their natural niche
rather than the use of rigid 2D surfaces. Several reports have shown that 3D ECM can
influence cellular behaviour and gene expression in different situations than 2D ECM.
For example, different ECMs regulate different subsets of genes in monocytes [209].
In addition, different ECMs induce and activate different signalling pathways
depending on ECM rigidity and elasticity, demonstrating that the biophysical and
biochemical state of the ECM is important in tissue homeostasis [210].

Several conditions, including fibrosis, tumour development, invasion and metastasis,
are associated with constant changes in ECM composition driven by synthesis,
deposition and degradation of the ECM and, in the process altering the properties of
the ECM. Alteration of the rigidity of the ECM influence the adhesion properties and
structure of the ECM and ultimately determine the signalling cascades activated and
eventual cellular phenotypes [211, 212]. Due to decreased receptor
autophosphorylation, fibroblasts grown in a relaxed ECM have a lower proliferative

capacity in response to PDGF than fibroblasts produced in monolayers.

In vivo-like 3-D culture systems such as tumour spheroids and organoids are able to
recapitulate several in vivo biochemical and biophysical properties of cellular niches
in vivo, whilst at the same time allowing opportunities for experimental manipulation
[207]. When tumours invade the surrounding tissues, they degrade the basement
membrane, allowing neoplastic epithelial cells to come into contact with adjacent
mesenchymal compartments. Stromal cells are also known to aid tumour growth
through the production of the ECM and growth factors. The eventual ‘altered” ECM
present within tumours is used by epithelial cells and the fibroblasts for growth and a
pre-extravasation microenvironment. By providing the appropriate niche, in vivo-like
mesenchymal ECM mimics in vivo microenvironments much better. As a result, such
ECMs have several advantages over artificial ECMs in terms of assessing the
physiological growth properties of both stromal and tumour cells.

In the TME, the ECM plays critical roles, including maintaining tissue structure and
function and regulating cellular behaviour directly and indirectly [213]. As a result,
several mechanisms involved in regulating ECM production, degradation and
remodelling have been studied over the years [214]. Any disruption to these

mechanisms may lead to diseases such as cancer, fibrosis and osteogenesis
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imperfecta [213, 215].
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Figure 1. 8. The Extracellular matrix is made up of biochemical components that connect cells. Glycoproteins,
proteins, proteoglycans, and polysaccharides are examples. Glycoproteins act as a ligand for cell surface proteins
like integrins, allowing them to connect with one another. Protein networks are formed when ECM proteins such
as fibronectin, collagen, elastin, and laminin form insoluble bundles. Image created using Biorender
(https://biorender.com/).

1.4.4.1 The Extracellular Matrix in Tumour Progression

The ECM maintains tissue structure and function by acting as a scaffold and influence
cellular proliferation and differentiation via biomolecules tethered to it [216]. The
attachment of the ECM to cells via receptors allows it to influence cellular signalling
and permit interactions between cells and their environment [217]. Many enzymes are
involved in changing the ECM composition through remodelling, including lysyl
oxidase (LOX), MMPs, cathepsins and tissue inhibitors of metalloproteinases (TIMPs)
[215].

ECM elasticity and rigidity induce tumour progression and malignancy via integrin
signalling [213]. The ECM'’s alteration also influences cancer cell growth, survival,
migration and anticancer drug resistance [213]. One of the most abundant ECM
proteins is collagen [213], providing structural support to cells and regulating cell
adhesion, supporting chemotaxis and migration. Increased type | collagen synthesis
can cause an increase in ECM stiffness, promoting tumour growth in the process [213].
In addition, MMPs-mediated ECM remodelling can lead to cell migration by creating
pores allowing cancer cells to travel to distant tissues and organs [214]. For example,
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Page-McCaw and colleagues demonstrated that increases in collagen synthesis and
the resulting ECM stiffness induce integrin signalling, promoting tumour growth and
survival [214].

1.4.4.2 The Extracellular Matrix and Chemoresistance

The ECM constitutes a physical barrier to drugs within the TME [218]. Tumour cells
can acquire resistance to drugs through their interaction with the ECM [219], diffusion
and pressure related to drug transport, as well as changes in ECM synthesis, result in
ECM overproduction, which hinders and delays drug delivery [219].

The ECM contributes to the development of drug resistance by preventing drug
passage and penetration into solid tumours. The TME is also compacted in such a
way that tumour cells are surrounded mainly by stromal cells. Thus, cancer cells exist
in regions where they experience hypoxia and low metabolic nutrients [220]. In
addition, the ECM is known to induce survival signalling cascades in cancer cells,
thereby promoting their survival [218]. Some of the survival pathways activated by the
ECM include PI3K/AKT, p53, and MAPK [191, 192]. Increased deposition of collagen
and overexpression of LOX can cause an increase in ECM stiffness in cancer, which

upregulates the focal adhesion assembly and activate PIK3 signalling [221].

Studies have shown that the ECM plays an important role in tumour vascularisation
[222]. Vascularisation is an indicator of tumour development and progression.
Vascularisation decreases as matrix density increases in both the collagen and fibrin
matrix. In addition to the physical barrier, a stiff matrix compresses micro blood
vessels, making drugs more difficult to reach target tissues through the vasculature .
ECM also affect vascularisation indirectly through hypoxia [222]. Overgrowth of cancer
cells, as well as a structural and functional abnormality of ECM both, contributes to
hypoxia of solid tumour [223]. In turn, hypoxia affects vascularisation via the activation
of HIF-1a. The HIF-1a been implicated in chemoresistance, as well as in the activation
of MDR1 expression in hypoxic colon cancer [224, 225].

The composition of the ECM also determines how effective the ECM limits drugs from
reaching cancer cells. For example, collagen can bind and stabilise
glycosaminoglycan as a member of the ECM, thereby influencing tumour cell
resistance to drugs [226]. Furthermore, the ECM influences the toxicity of

chemotherapeutic drugs by resisting apoptosis in small-cell lung cancer [227].
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Regardless of the source of the ECM, the ECM protects tumour cells from drugs such
as 5-fluorouracil [227]. The remodelling of the ECM and the resulting increase in
several enzymes causes resistance to cisplatin [228]. These findings implicate the

ECM in chemoresistance and require further investigation.

1.5. Modelling the Tumour Microenvironment

1.5.1 Decellularized Extracellular Matrix Model

In the process of initiation and progression of cancer, ECM plays an important role,
which can be studied by 2D and 3D cultures [213, 215]. 2D monolayers are the most
often utilized in cancer research, although they do not accurately represent cancer cell
interaction with their environment, treatment efficacy, or resistance to drugs [215]. In
contrast, 3D cultures are more representative of in vivo TME regarding the interaction
of cancer cells with their microenvironment and is more representative of the effects
of anticancer drugs [229]. It is also essential that 3D cultures systems can obtain a
physiological orientation of extracellular receptors such as collagen receptors and
integrins. Better cell-ECM interactions compared to 2D culture systems can promote
important biological processes such as migration, adhesion, cell differentiation and cell
proliferation [202].

The composition of ECM is complex and tissue-specific. The normal tissue stroma
contains different cell types such as endothelial cells, fibroblasts, immune cells and
MSCs. The communications and spatial arrangements of these cells are tissue-
specific. For physiologically and therapeutically relevant tissue engineering and
cancer investigations, recapitulating the native TME in vitro based on cell types within
specific tissue matrices is critical [230]. To mimic the TME, decellularized ECM is used
as an in vitro ECM model. Native ECM is obtained by removing the cellular

components from native tissues or cultured cells.

Co-culturing different types of cells have now become common practice, and it
contributes to our understanding of cell-cell interactions and signalling mechanisms.
Fibroblasts and MSCs are common sources of 3D-ECM due to their ability to produce
collagen-rich ECM. The use of cell-derived matrices eliminates allogenic or xenogenic
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cellular antigens, as well as other immune responses including DNA replication [231].
Decellularized ECM from cells has been utilised to investigate the role of ECM in stem
cell development, and it has been discovered that tumour cells have increased
chemoresistance to 5-fluorouracil when exposed to decellularized ECM obtained from
malignant tumour cells [232].

Also cell-derived decellularised ECM has several advantages, however, it is difficult to
obtain cell-derived decellularised ECM with composition, mechanical properties, and
microstructure that are the same as those found in vivo when analysing the
comprehensive role played by ECM in cancer progression in vitro. Cell types and
culture conditions affect the composition of ECM derived from cells and decellularized
ECM can be influenced by the substrate used for its preparation.

1.5.2 Three dimensional (3D) Spheroids

In addition to the decellularized ECM system described above, 3D spheroids have
recently been developed to mimic the TME and are widely used in cancer drug
screening [233]. 3D spheroids possess several in vivo characteristics such as cell-cell
interactions, drug penetration, production and deposition of the ECM [234]. As a result,
cells grown in 2D monolayer cultures tend to lose their tissue-specific characteristics.
Spheroids are aggregates of cells grown in suspension, which adhere to each other
through adherens junction, tight junctions, or desmosomes [235]. Multicellular tumour
spheroids (MCTS) are tumour spheroid models that have been employed in a variety
of studies, including cell biology, tumour biology, epithelial morphogenesis, drug
screening, and nanoparticle evaluation [236]. In biology and biomedical research, it
has become increasingly recognised that MCTS show higher similarities to native
tissues in terms of 3D structure, cell-microenvironment interactions, metabolism, and
phenotypic features than 2D cultured cells. One of the advantages of MCTS over other
3D cell culture models is its well-defined, spherically symmetric geometry.
Measurement of the spheroid morphology allows direct comparison of the effects of
treatments on the cellular functions, making it ideal for screening therapeutic agents
at high throughput.

The advantage of MCTS is that cancer cells in spheroids are more similar to cells in
vivo than cells in 2D monolayers. Initially, tumour growth is characterized by

exponential cell expansion. Then the proliferation rate of cells declines, and the
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number of quiescent (non-proliferating) cells increases. Necrotic cells also accompany
tumour growth (Figure 1.9) [237]. The organisation of cells in layers and diffusive
gradients serve as microenvironmental stresses that force inner cells to adapt to their
metabolism, resulting in the impaired therapeutic efficacy of anticancer drugs [237,
238]. As an example, cells in a hypoxic environment are resistant to drugs that promote
cell death via reactive oxygen species (ROS). In contrast, the presence of necrotic
and quiescent cells reduces the therapeutic efficacy of drugs against proliferating cells
[238]. Furthermore, drugs generally effective in rapidly dividing cells do not
demonstrate a significant therapeutic effect on the interior regions of spheroids as
these are composed of senescent and necrotic cells [238].

A key feature of MCTS is the presence of a network of structural (collagen and elastin)
and adhesive (fibronectin and laminin) ECM proteins rather than in the 2D culture
[237]. In addition, spheroids’ ECM-cell and cell-cell physical contacts form a barrier
that limits the penetration and distribution of anticancer compounds in tumour mass
[237]. The MCTS can reproduce the cellular heterogeneity of tumour tissues and
should allow for a more accurate assessment of cancer cells’ interactions with their

microenvironment and their potential impact on therapy.

Tumor In Vivo 3D Tumor Spheroid
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Figure 1. 9. Comparison of the components between in vivo tumours and in vitro tumour spheroid models.
(Diagram from [239]).

The gene expression profiles of cancer cells in spheroids more closely resemble the
in vivo gene expression profiles than those in 2D cultures [240]. One study examined
and compared the expression patterns of 179 genes in 2D and 3D spheroid cultures

of melanoma cells. The results showed that many genes are overexpressed in 3D

33



spheroids [241]. Signalling pathways activation in 3D cultured cells also differs from
that in 2D cultured cells. For example, HER2 homodimers activate MAPK signalling in
3D cultures, while HER2/HER3 heterodimers activate PI3K signalling in 2D cultures
[242].

A 3D culture with only a cancer cell line does not fully mimic the genetic heterogeneity
of cells present in tumours. Cancer cells and stromal cells are co-cultured to overcome
MCTS limitations [243]. For example, triple co-culture of pancreatic cancer cells,
endothelial cells (Human umbilical vein endothelial cells, HUVEC) and fibroblasts
(MRC-5) demonstrated that the presence of a complex microenvironment reduced the
sensitivity of cancer cells to cancer drugs, therefore closely recapitulating the observed
in vivo resistance to treatment [243]. A 3D co-culture of monocytes with pancreatic
cells and fibroblasts was used to induce the production of immunosuppressive
cytokines, which are known to enhance the polarisation of M2 like macrophages [244].

A short timeframe to produce MCTSs should be considered when choosing an
approach for MCTS formation. MCTS are manufactured using clusters of cell
aggregates or single cells in the suspension derived from in vitro cultured tumour cell
lines [245, 246]. Several techniques are used to form spheroid structures, many of
which are optimised to produce these structures on a large scale under highly
reproducible conditions. They utilize surfaces or physical forces that resist cell
attachment to stimulate cell-to-cell interactions and support 3D spheroid formation
[237]. The liquid overlay method is a commonly used method for generating spheroids.
The method is based on using non-adherent 96-well plates coated with poly-2-
hydroxyethyl methacrylate (poly-HEMA) or agarose to prevent cell attachment [247,
248]. Various factors, including cell types, the initial number of cells, medium
formulation, and static or dynamic culture conditions, affect the speed and uniformity
of the spheroids [245]. The hanging-drop method is another beneficial technique for
producing uniform spheres with a predetermined size. For the large-scale production
of MCTS, rotary bioreactors are often used. The surfaces of spinner flasks and roller
bottles are treated to reduce the adhesion of cells [248]. In contrast to static cultures,
rotary cultures generate spheroids that are relatively uniform in size. As part of the
spheroid fabrication, various supplements such as methylcellulose, engineered
cellular linker, and various ECM components can be added [246].
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MCTS have some limitations in that the cell type, the culture technique, the
composition and volume of the medium, and the density of the cells all contribute to
the variability in MCTS formation, thus leading to difficulties in reproducing spheroid
formation. As spheroids grow and change in shape, cell culture systems tend to have
diffusion gradients. As a result, the viability of cells may be compromised because of
a lack of nutrients in the core of the spheroid.

1.5.3 Organoids

Recent reports indicate that organoid technology may be used to model the TME.
Organoids are an advanced form of multicellular structure. They are grown from
embryonic stem cells or induced pluripotent stem cells and consist of organ-specific
cell types that self-organise through cell sorting and spatially restricted lineage
commitment similar to in vivo [249]. Matrigel and various growth factors were used to
develop the first long-term intestinal organoids that had both proliferative crypts and
differentiated villus sections [250]. Organoids for various organs and tissues have
been created using various biomaterials, such as silk-collagen for neural tissue and
Matrigel for lung tissue [251]. Generated 3D organoids are advantageous over 2D and
other current 3D culture models that use patient-derived xenografts (PDX) or cell lines.
This is due to the accumulation of genetic changes in multiple-passaged cell lines that

no longer represent the original primary tissue [230].

Organoid technology has provided a unique opportunity to improve primary and clinical
cancer research with the intrinsic advantage of retaining the heterogeneity of the
original tumours [252]. Normal organoids can be mutated into tumour organoids using
gene-editing techniques to mimic genetic alterations that arise during cancer
development and progression [253]. Several patient-derived organoids (PDTOs) have
been developed [254]. Organoid technology has been extended as a model for
personalised cancer treatment and drug screening [226]. The PDTOs showed different
dose-dependent responses to sorafenib treatment in different patients [255]. The
structure and function of organoids are influenced by some but not all of the
characteristics of real organs. As a starting point, all organoids lack vasculature, which
plays an essential role in transporting nutrients and wastes. In addition, some
organoids may lack key types of cells found in the human body. Furthermore, the
earliest stages of organ development are replicated only by some organoids [256].
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1.6. Study Hypothesis

Chemotherapy resistance remains a challenge during cancer treatment, resulting in
increased morbidity and mortality rates. Importantly, tumour cells exist in a complex
microenvironment, comprised of various stromal cells and the ECM, and these
contribute to tumorigenesis and the development of resistance to therapy.

Therefore, this study hypothesised that the dynamic interactions between cancer cells
and their microenvironment, including stromal cells and ECM components, promote
cancer cell proliferation, migration, and drug resistance, leading to cancer progression

and metastases.

1.7 Project Aim and Objectives

1.7.2 Aim

This study investigated the role played by various components of the tumour
microenvironment, namely CAFs, CSCs and the ECM, on cancer cell behaviour and
drug response. Furthermore, the study developed a three-dimensional multi-cellular

model with which to study the interaction between cancer cells and their stromal

components and how this influence chemoresistance and migration.

1.7.3 Objectives

1) Investigate the origins of CAFs by using mesenchymal stem cells as a potential

source of cancer-associated fibroblasts in tumours.

2) To identify and characterise cancer stem cells, as well as to investigate their
functions in the progression of cancer and drug resistance

3) Investigate the effect of cell-derived extracellular matrix on cancer cell
proliferation, migration and drug response.

4) To develop a 3D MCTS model to investigate the effect of the crosstalk between

cancer cells and fibroblasts.
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CHAPTER 2:

MESENCHYMAL STEM CELLS AS POSSIBLE SOURCE OF
CANCER-ASSOCIATED FIBROBLASTS IN CANCER.

2.1 Introduction

Therapy resistance is still a problem in the treatment of cancer, which is in part due to
the fact that the majority of the treatments currently available are designed to target
the cells of the tumour rather than the surrounding components of the TME [257]. It is
well known that the development of cancer is driven not only by the intrinsic properties
of cancer cells but also by the makeup of the TME and the interactions between its
cellular components and cancer cells. As a result, the complexity of the TME plays an
important role in patient outcome [70]. For the development of novel biomarkers and
therapeutic targets, it is therefore critical to understand the composition and role of
TME and stromal cells. Cancer-associated fibroblasts (CAFs) are the major stromal
cells in the TME in many tumours. Dvorak et al. proposed the theory that “ a tumour is
a wound that never heals” [258]. CAFs are similar to myofibroblasts in morphology,
which display large spindle-shaped cells that are activated during wound healing [259].
During wound healing, activated fibroblasts decrease when the process has been
completed [260]. CAFs, in wound healing do not undergo apoptosis or change their
phenotype, unlike normal fibroblasts and myofibroblasts [261]. A variety of
mechanisms can be used by CAFs to control cancer growth, progression, therapy

resistance, and metastasis.

While fibroblasts have been shown to contribute to the population of CAFs in the TME,
CAFs heterogeneity has also been attributed to other stromal cells (Figure 1.12).
Several studies suggest that CAFs display complex heterogeneity [262, 263]. In
addition, local fibroblasts within the tissue where the tumour is forming can be
activated via their interaction with a remodelled ECM and tumour cells. Besides the
activation of local fibroblasts, CAFs can also originate from cells such as fibrocytes
and MSCs, pericytes, smooth muscle cells, adipocytes, epithelial cells, endothelial
cells, and stellate cells (Figure 2.1) [77]. Increasing evidence suggests that MSCs may
give rise to a significant subpopulation of CAFs.
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It is well known that the cytokines released by cancer cells participate significantly in
the transformation of MSCs into CAF. It was shown that breast cancer cells, like all
other cells, produce SDF-1, PDGF, VEGF, IL-6, and TGF-B1, among others, that
favour the differentiation of MSCs to CAFs and their subsequent activation [264]. In
addition, cancer cells have been shown to produce chemokines and cytokines such
as IL-6, CCL2 and SDF-1 during hypoxic conditions, leading to MSCs recruitment and
activation [265]. Therefore, MSCs can stimulate cancer growth and metastasis directly

or indirectly as they differentiate into CAFs.

Mesenchymal stem cells

~ 8

Endothelial cells
Fibroblasts

—_—
Cancer-associated fibroblast Stellate cells

S -
Bone marrow-derived Cells/( \
\ _
Smooth muscle cells
Epithelial cells * -

Tumour resident Fibroblasts Adipocytes

Figure 2.1. Potential origins of CAFs. CAFs can originate from various cell populations through several
mechanisms. For example, CAFs can originate from cells such as fibrocytes and MSCs, pericytes, smooth muscle
cells, adipocytes, epithelial cells, endothelial cells, and stellate cells.

Signalling mechanisms that regulate fibroblast activation include lysophosphatidic acid
and TGF- 3 family ligands, which modulate the activities of serum response factor
(SRF) and SMAD transcription factors, respectively, to promote the expression of the
activated fibroblast marker a-SMA and vimentin [87]. Several biological markers have
been utilised in the recent characterisation of CAFs, such as FAP, PDGFRa/j,
tenascin C, desmin, CD90 and podoplanin (PDPN) (Table 2.1) [60]. Given the
heterogeneity displayed by CAFs, it is not surprising that there is no universal marker
for CAFs. In practice, these markers are used in combination to characterise CAFs. In
turn, CAF heterogeneity may allow for more tailored and specific therapies to be
developed for specific cancer types.
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Table 2.1. Markers for cancer-associated fibroblasts

CAFs Marker Description of protein

a-SMA Actin isoform
Tenascin-C Extracellular matrix glycoprotein
Vimentin Type lll intermediate filament protein
PDGFRa/B Protein tyrosine kinase receptor
FAP Membrane-bound gelatinase
Periostin Secreted extracellular matrix protein
Thy-1 Glycophosphatidylinositol anchored
protein
Caveolin-1 Scaffolding protein within caveolar
membranes
Podoplanin Mucin-type protein, heavily O-
glycosylated glycoprotein

In this chapter, it is hypothesised that cancer cells secrete soluble factors that

stimulate MSC to transform into CAFs-like cells that express aSMA and vimentin. This
study show that Wharton's Jelly-derived MSCs cultured in media conditioned by
WHCO1 cell (oesophageal cancer cell line) and MDA MB231 cells (a breast cancer
cell line) expressed vimentin and aSMA. Thus, Wharton's Jelly-derived MSCs are

converted to CAFs-like cells by factors present in cancer cell-conditioned medium. The

co-culture of cancer cells and ‘CAFs’ derived from MSCs promoted cancer cell growth,

proliferation, metastasis and drug resistance.
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2.2 Results

2.2.1 Investigation of the expression of CAFs markers and MSC markers in

several cancer types.

The expression of CAF and MSC markers was investigated in several cancer types
using publicly available databases and bioinformatics techniques. This study then
evaluated the correlation between CAFs markers and MSCs markers and drug

resistance genes.

2.2.1.1 Evaluation of CAF and MSC marker expression in human tumours.

Several reports have indicated that CAFs and MSCs are recruited to develop tumours
and act in a pro-tumourigenic by releasing several biomolecules such as growth
factors and cytokines. As a pilot study, publicly available databases, such as The
Cancer Genome Atlas (TCGA), Oncomine, and Tumour Immune Estimation Resource
(TIMER), were used to assess the expression of different CAF and MSC marker
mRNAs in normal and tumour tissues for a variety of malignancies (see Materials and
Methods for description of databases). The use of publicly available databases allows
the investigation of gene expression based on many normal and tumour tissues which

were not available during this study.

The Oncomine database was used to analyse CAF mRNA levels in tumour tissues
and normal tissues of various cancer types (Figure 2.2). CAF markers such as ACTAZ2,
FAP, and S100A4 were found to be upregulated in several tumour tissues compared
to adjacent normal tissues, including breast carcinoma (BRCA), oesophageal
carcinoma (OSCA), head and neck (HNSC), and lymphoma tumours (Figure 2.2).
Coincidentally, MSC markers such as CD73, CD90 and CD105 were also upregulated
in several tumour tissues compared to normal tissues using the same databases
(Figure 2.2).

To further investigate the expression of CAF and MSC markers in human cancers,
CAF and MSC markers expression was investigated using RNA-seq data of multiple
cancers in the TIMER database. The CAF marker (FAP) and MSC marker (CD90)

expression levels were significantly upregulated in tumour tissues compared to normal
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tissues of several cancers (Figure 2.3). In addition, genes associated with both CAFs

and MSCs, including TGF-B and collagens, were also upregulated in several tumour

tissues compared to normal tissues (Figure 2.2; Figure 2.3).
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Figure 2.2. TGF-B1, TGF-82, collagen genes, CAF and MSC marker gene expression in different human
cancers and adjacent normal tissues. Gene expression of CAF markers, MSC markers, collagen gens and TGF-
f3 in tumours versus normal tissues was based on data from the Oncomine database. P-value was set as p < 0.001;
Fold change > 2; Gene rank was set at 10 %. The numbers shown in the Figure represent datasets with statistically
significant mRNA levels, with red showing overexpression and blue as under-expression of genes in tumour
samples compared to normal tissues. Colour intensity indicates the best rank of the gene in the analyses. The left
column in each dataset represents tumour sample and the right is a representative of normal tissue. The number
in each cell is the number of analyses that met our thresholds.
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Figure 2. 3. TGF-B1, COL1A1, FAP and CD90 expression in different human tumours and adjacent normal

tissues based on data from the TIMER database. Gene expression in tumours versus normal tissues was based

on data from the Oncomine database. The expression of TGF1and COL1A1,was investigated in tumour samples
Datasets with statistically significant gene expression, red showing overexpression and blue as under-expression

of genes. Statistical

expression was evaluated using the Wilcoxon test

significance of differential

(***p<0.001,**p<0.01, *p<0.05).
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Figure 2.3 (continued). TGF

adjacent normal tissues based on data from the TIMER database. Gene expression in tumours versus normal

tissues was based on data from the Oncomine database. The expression of FAP and CD90 was investigated in
tumour samples Datasets with statistically significant gene expression, red showing overexpression and blue as

under-expression of genes. Statistical significance of differential expression was evaluated using the Wilcoxon test

(***p<0.001,**p<0.01, *p<0.05).
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2.2.1.2 CAF markers expression is correlated with MSC markers expression in
tumour tissues.

Many reports have suggested that MSCs recruited to tumours can be transformed into
CAFs over time [140, 266]. In order to examine the correlation between CAF and MSC
markers, a correlation analysis was conducted between CAF and the MSC markers
via the TIMER database. The results show that CAF markers are significantly
correlated with MSC markers in several cancers. Specifically, this study focused on
BRCA (n = 1093) and OSCA (n = 184). The analysis showed that FAP is significantly
correlated with CD73, CD90, CD105 and CD45 expression in BRCA (Figure 2.4, Table
2.2). The results suggested that FAP expression had a strong relationship with CD73
and CD90 in BRCA. In addition, FAP was significantly correlated with CD90, CD105
and CD45 expression in OSCA tumour, with CD90 showing a strong correlation while
weakly correlated with CD105 and CD45 (Figure 2.4, Table 2.3). Furthermore, another
CAF marker ACTAZ2, was significantly correlated with CD73, CD90 and CD105
expression in BRCA tumours (Figure 2.5, Table 2.2). ACTA2 was also significantly
correlated with the expression of CD90, CD105 and CD45 in OSCA (Figure 2.5, Table
2). However, CAF markers FAP and ACTA2 were not significantly correlated with MSC
marker CD73 in OSCA (Figure 2.4 & 2.5, Table 2.3).
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Figure 2. 4. Correlation analyses between expression of FAP and MSC markers. TIMER database was used
to evaluate the correlation between CAF marker FAP and MSC markers in BRCA (n = 1093) and OSCA (n = 184).
(A) Correlations between FAP expression and CD73 expression in BRCA and OSCA, (B) Correlations between
FAP expression and CD90 expression in BRCA and OSCA, (C) Correlations between FAP expression and CD105
expression in BRCA and OSCA, (D) Correlations between FAP expression and CD45 expression in BRCA and
OSCA.
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Figure 2. 5. Correlation analyses between expression of ATCA2 and MSC markers. The data analysis was
done as described in figure 2.3 of section 2.2.1.2. (A) Correlations between ACTA2 expression and CD73
expression in BRCA and ESCA, (B) Correlations between ACTA2 expression and CD90 expression in BRCA and
ESCA, (C) Correlations between ACTA2 expression and CD105 expression in BRCA and ESCA, (D) Correlations
between ACTA2 expression and CD45 expression in BRCA and ESCA.

2.2.1.3. CAF marker expression correlation with Drug Resistance gene

expression and Protein-Protein Interaction Network.

This study further investigated the association between CAF marker expression and
drug resistance. The use of the TIMER database and samples from the TCGA, the
analysis revealed that FAP is significantly correlated with the expression of drug
resistance genes, ABCC1, ABCC2, ABCC3 and ABCB1 in BRCA (Figure 2.6, Table
1). In OSCA, a significant correlation was observed between FAP expression and
ABCC1, ABCC2 and ABCC3 gene expression (Figure 2.6, Table 2). In addition,
ACTAZ2 expression was significantly correlated with ABCC2, ABCC3 and ABCB1 gene
expression in BRCA (Figure 2.7, Table 1). In OSCA, ACTA2 was significantly
correlated with ABCC1 and ABCB1 gene expression (Figure 2.7, Table 2).
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Figure 2. 6. Correlation analyses between expression of FAP and Drug Resistance markers. The data
analysis was done as described in figure 2.3 of section 2.2.1.2. (A) Correlations between FAP expression and
ABCC1 expression in BRCA and OSCA, (B) Correlations between FAP expression and ABCC2 expression in
BRCA and OSCA, (C) Correlations between FAP expression and ABCC3 expression in BRCA and OSCA, (D)

Correlations between FAP expression and ABCB1 expression in BRCA and OSCA.

Table 2. 2. Correlation analysis between CAF markers and MSC markers in Breast carcinoma based on data

from TIMER.

Gene Gene marker Correlation p-value
FAP CD73 0.618 b
FAP CD90 0.829 b
FAP CD105 0.337 o
FAP CD45 0.296 b
FAP ABCC1 0.184 e
FAP ABCC2 0.151 o
FAP ABCC3 0.313 il
FAP ABCB1 0.286 e

ACTA2 CD73 0.501 b
ACTA2 CD90 0.652 b
ACTA2 CD105 0.356 il
ACTA2 CD45 0.105 **
ACTA2 ABCC1 0.044 0.149
ACTA2 ABCC2 0.087 >
ACTA2 ABCC3 0.242 el
ACTA2 ABCB1 0.302 o

*p<0.05, **p<0.005, ***p<0.0005.
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Figure 2. 7. Correlation analyses between expression of ATCA2 and Drug Resistance markers. The data
analysis was done as described in figure 2.3 of section 2.2.1.2. (A) Correlations between ACTA2 expression and
ABCC1 expression in BRCA and OSCA, (B) Correlations between ACTA2 expression and ABCC2 expression in
BRCA and OSCA, (C) Correlations between ACTA2 expression and ABCC3 expression in BRCA and OSCA, (D)

Correlations between ACTA2 expression and ABCB1 expression in BRCA and OSCA.

Table 2. 3. Correlation analysis between CAF markers and MSC markers in oesophageal carcinoma based on

data from TIMER.

Gene Gene marker Correlation p-value
FAP CD73 0.082 0.268
FAP CD90 0.793 b
FAP CD105 0.264 **
FAP CD45 0.268 **
FAP ABCC1 0.246 **
FAP ABCC2 0.171 *
FAP ABCC3 0.292 b
FAP ABCB1 0.059 0.426

ACTA2 CD73 0.062 0.401
ACTA2 CD90 0.674 b
ACTA2 CD105 0.470 b
ACTA2 CD45 0.426 b
ACTA2 ABCC1 0.174 *
ACTA2 ABCC2 0.023 0.760
ACTA2 ABCC3 0.118 0.109
ACTA2 ABCB1 0.467 el

*p<0.05, **p<0.005, ***p<0.0005.
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It is important to identify proteins interacting with CAF markers as well as the functional
information of the proteins. Protein-protein interaction (PPl) networks for CAF
markers, FAP and ACTAZ2, were analysed using the GeneMANIA database. The
analysis revealed that FAP interacts with several proteins, including collagen genes,
CD90 (THY1) and other proteins such as DPP4 and DPP8 (Figure 2.8). Another CAF
marker, ACTAZ2, interacts with several proteins including, MYOCD, MYH11 and CNN1
(Figure 2.8).

A FAP- Protein-Protein Interactions as depicted in GeneMANIA B ACTA2- Protein-Protein Interactionsas depicted in GeneMANIA
+ @ SO
3 O o (o)
b3 & @

2 &
Focy ool (2

Figure 2. 8. CAF markers, FAP and ACTAZ2, protein-protein interaction networks. GeneMANIA database was
used to analyse the protein-protein interaction networks for CAF markers. Representative PPI networks of (A) FAP
and (B) ACTA2 as depicted in GeneMANIA.

2.2.2 The role of cancer cells in WJ-MSCs differentiation into CAFs

An examination of online databases revealed a significant relationship between CAF
markers and several MSC markers. Thus, in vitro co-culture experiments of cancer
cells and MSCs were conducted to study whether Wharton's Jelly-derived
mesenchymal stem cells (WJ-MSCs) can be transformed into CAF-like cells

2.2.2.1 The effect of cancer cells on MSCs differentiation and their expression

of levels of CAFs markers.

This study used a transwell co-culture system comprised of cancer cells (WHCO1
oesophageal and MDA MB231 breast cancer) and WJ-MSCs to establish an in vitro
model that could better simulate the TME. Transwell assays are commonly used in
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vitro to study the interaction of cancer cells and their stromal component. Therefore,
co-culture experiments were performed to determine whether cancer cells (WHCO1
and MDA MB231 cells) play a role in triggering the differentiation of WJ-MSCs into
CAF-like cells. After every co-culture experiment, a cell lysate from WJ-MSCs was
collected for western blot analysis. RNA from WJ-MSCs was extracted for real-time

quantitative polymerase chain reaction (RT-gPCR) analysis.

Western blot results showed a clear gradual increase of a-SMA and vimentin
expressions in WJ-MSCs co-cultured with WHCO1 cancer cells up to a maximum of
16 days (Figure 2.9 A). The quantification of SMA and vimentin band intensities
normalised to GAPDH from western blot analysis using densitometric analysis is
shown in Figure 2.9 A. These results were substantiated with RT-qPCR analysis
where the expression of Actin, alpha 2, smooth muscle aorta actin (ACTA2) (a-SMA
gene) showed an increase in WJ-MSCs co-cultured with WHCO1 and MDA MB231
cancer cells over 24 days (Figure 2.9 B). After WHCO1 and MDA MB231 cancer cells
were removed from the co-culture system, the expression of a-SMA and vimentin

decreased (Figure 2.9 A).

This study has shown that cancer cells can possibly trigger WJ-MSC differentiation
into cells that behave like CAF through the expression of a-SMA and vimentin. This
study further investigated the role of TGF-B and 1 pM 5-azacytidine in the
differentiation of WJ-MSCs. TGF-3 has been proposed as a factor released by both
cancer cells and stromal cells to influence their interaction, as well as an important
molecule capable of inducing MSC differentiation into CAF-like cells [140]. Studies
have shown that the silenced DNA can be demethylated by epigenetic modifiers such
as 5-azacytidine. Through 5-azacytine treatment, MSCs can be transformed into
myogenic lineages that also express a-SMA, FSP, and vimentin [142, 267].
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Figure 2. 9. The effect of cancer cells on MSCs differentiation and their expression of levels of CAFs
markers. Cancer cells and WJ-MSCs were co-cultured in transwell plates, where 5 x 10° of WJ-MSC cells were
cultured on the upper insert and cancer cells (WHCO1 or MDA MB231) were cultured on the lower compartment.
(A) Western blot analysis of a-SMA and vimentin expression of lysate from WJ-MSCs co-cultured with WHCO1
cancer cells over an incubation period of 24 days. (B) RT-qgPCR analysis of the ACTA2 expression in WJ-MSCs
co-cultured with WHCO1 and MDA MB231 cancer cells. Densitometric analysis of a-SMA and vimentin relative
GAPDH were normalised to day 0. Data shown are the mean + SEM experiments performed in triplicates and
repeated at least two independent times. *p< 0.05.

2.2.2.2 The effect of cancer cells, TGF-f and 1 pM 5-azacytidine on the
differentiation of WJ-MSC.

WJ-MSCs (5 x 105) were co-cultured with cancer cell lines (WHCO1 and MDA MB231)
(5x105) for up to 16 days to explore the involvement of TGF- in MSCs differentiation,
5-azacytidine, and cancer cells in the differentiation of WJ-MSCs into CAFs through
the expression of SMA and type | collagen. Treatment of MSCs with 5-azacytidine has
been shown to reduce the methylation promoter, resulting in an increased gene
expression and differentiation [267]. After 16 days of culture, cell lysates from MSCs
were prepared for western blot analysis and RNA from MSCs was extracted for RT-
gPCR analysis. In another experiment, WJ-MSCs cultured without cancer cells were
treated with TGF-B and 5-azacytidine to final concentrations of 10 nM and 1 uM,

respectively.
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Western blot data showed that exposure of WJ-MSCs to WHCO1 oesophageal and
MDA MB231 breast cancer cells resulted in increased expression of a-SMA and type
| collagen in WJ-MSCs (Figure 2.10 A-D). Treatment with 10 nM TGF-$ (Figure 2.10
A, B) and 1 uM 5-azacytidine (Figure 2.10 C, D) also resulted in increased expression
of a-SMA and type | collagen for up to 48 hours. Western blot quantification by
densitometric analysis using GAPDH as a loading control to quantify protein band
intensities is shown (Figure 2.10 A-D). RT-gPCR results substantiated the western
blot data, where it was observed that type | collagen and ACTA2 gene expression was
upregulated in co-cultured WJ-MSCs or WJ-MSCs treated with 10 nM TGF- and 1
MM 5-azacytidine (Figure 2.11 and Figure 2.12). In addition, this study evaluated the
expression of Smad2 and Smad3 genes, structurally similar genes and thought to be
equally important in mediating TGFf signals [268]. This analysis showed that Smad2
(Figure 2.13 A, C) and Smad3 (Figure 2.13 B, D) was increased in WJ-MSCs co-
cultured with WHCO1 cancer cells. The treatment of WJ-MSCs with 10 nM TGF-$
(Figure 2.13 A, B) or 1 uM 5-azacytidine (Figure 2.13 C, D) also increased expression
of Smad2 and Smad3 in WJ-MSCs.
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Figure 2. 10. The effect of cancer cells, TGF-B and 1 pM 5-azacytidine on the differentiation of WJ-MSCs.
Cancer cells and WJ-MSCs were co-cultured in transwell plates, where WJ-MSC were cultured on the upper insert
and cancer cells (WHCO1 or MDA MB231) were cultured on the lower compartment. (A, C) Western blot analysis
of a-SMA and type | collagen expression levels from WJ-MSCs lysate co-cultured with WHCO1 and (B, D) MDA
MB21 cancer cells for 16 days or after the addition of (A, B) 10 nM TGF-8 and (C, D) 1 uyM 5-azacytidine.
Densitometric analysis of a-SMA and type | collagen relative to loading control (GAPDH) were normalised to WJ-
MSC cultured alone. Data shown is the mean + SEM experiments performed in triplicates and repeated at least
three independent times. Statistical significance was determined by student paired t-test (*p< 0.05).
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Figure 2. 11. The effect of cancer cells, TGF-B and 1 pM 5-azacytidine on the differentiation of WJ-MSCs.
Cancer cells and WJ-MSCs were co-cultured in transwell plates, where WJ-MSC were cultured on the upper insert
and WHCO1 cancer cells were cultured on the lower compartment. RT-gPCR analysis of (A-D) type | collagen and
(E, F) ACTAZ2 gene expression levels from WJ-MSCs RNA co-cultured with WHCO1 cancer cells for 16 days. RT-
gPCR analysis of type | collagen in WJ-MSCs after the addition of (A, B) 10 nM TGF-$ and (C, D) 1 yM 5-
azacytidine. RT-gPCR analysis of ACTA2 gene expression level in WJ-MSC treated with (E) 10 nM TGF-f and (F)
1 UM 5-azacytidine. The mean + SEM experiments performed in triplicates and repeated at least three independent
times are shown. Statistical significance was determined by student paired t-test (*p< 0.05).
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Figure 2. 12. The effect of cancer cells, TGF-B and 1 yM 5-azacytidine on the differentiation of WJ-MSCs.
Cancer cells and WJ-MSCs were co-cultured in transwell plates, where WJ-MSC were cultured on the upper insert
and MDA MB231 cells were cultured on the lower compartment. RT-gPCR analysis of (A-D) type | collagen and
(E, F) ACTA2 gene expression levels from WJ-MSCs RNA co-cultured with MDA MB231 cancer cells for 16 days.
RT-gPCR analysis of type | collagen in WJ-MSCs after the addition of (A, B) 10 nM TGF-3 and (C, D) 1 uM 5-
azacytidine. RT-gPCR analysis of ACTA2 gene expression level in WJ-MSC treated with (E) 10 nM TGF-f and (F)
1 UM 5-azacytidine. Data shown is the mean + SEM experiments performed in triplicates and repeated at least
three independent times. Statistical significance was determined by student paired t-test (*p< 0.05).
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Figure 2. 13. The effect of cancer cells, TGF-B and 1 pM 5-azacytidine on the differentiation of WJ-MSCs.
Cancer cells and WJ-MSCs were co-cultured in transwell plates, where WJ-MSC were cultured on the upper insert
and MDA MB231 cells were cultured on the lower compartment. RT-gPCR analysis of (A, C) Smad2 and (B, D)
Smad3 gene expression levels from WJ-MSCs RNA co-cultured with WHCO1 cancer cells for 16 days, or after the
addition of (A, B) 10 nM TGF- and (C, D) 1 uyM 5-azacytidine. Data shown is the mean + SEM experiments
performed in triplicates and repeated at least three independent times. Statistical significance was determined by
student paired t-test (*p< 0.05).

2.2.3 The effects of TGF-B inhibition on the differentiation of WJ-MSCs co-

cultured with cancer cells.

TGF-B inhibitor SB431542 (10 nM) or TGF-B siRNA were added to the co-culture
system to see if TGF- has a role in the expression of the CAF marker (a-SMA) in WJ-
MSCs co-cultured with cancer cells. WJ-MSCs were cultured in the upper insert and
cancer cells (WHCO1 or MDA MB231) were cultured in the lower compartment as
described in the legend to figure 2.9. TGF-f inhibitor SB 431542 was added to the co-
culture media to a final concentration of 10 uM and co-culture was continued for 16
days. Western blot analysis was used to determine the expression of a-SMA in co-
cultured WJ-MSCs. Results show that the addition of SB431542 decreased the levels
of a-SMA in WJ-MSCs exposed to WHCO1 or MDA MB231 cancer cells (Figure 2.14
A, B). The co-culture of WJ-MSCs and cancer cells was continued for 16 days after
treatment with TGF-3 siRNA at 100 nM concentration. Transfections were done every
three days till the end of the experiment to sustain TGF-B knockdown in cells. The

data show that inhibition of TGF-B expression in co-culture WJ-MSCs resulted in
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decreased expression of a-SMA (Figure 2.14 C, D). In addition, it was observed that
TGF-B knockdown in both WHCO1 and MDA MB231 cells during co-culture decreased
the a-SMA protein levels (Figure 2.14 E, F). Quantification by densitometry of a-SMA

band intensities normalised to GAPDH of western blot analysis is shown in Figure 2.14

(A-F).
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Figure 2. 14. Co-cultured WJ-MSCs showed reduced expression of a-SMA after inhibition of TGF- 8. TGF-
B inhibitor SB 431542 or TGF-3 siRNA was added to the co-culture media and co-culture was continued for 16
days. Western blot analysis was used to determine the expression levels of a-SMA in co-cultured WJ-MCSs. (A,
B) a-SMA expression levels in co-cultured WJ-MSCs after addition of TGF-B inhibitor SB431542. (C, D) The
expression a-SMA in co-cultured WJ-MSCs after TGF- 3 siRNA addition. (E, F) The expression a-SMA in co-
cultured WJ-MSCs following WHCO1 or MDA MB231 treatment with TGF- 8 siRNA. Quantification by densitometric
analysis of a-SMA band intensities is normalised to GAPDH. Data shown is the mean + SEM experiments
performed in triplicates and repeated at least three independent times. *p< 0.05.

2.2.4. The response of cancer cells co-culture with WJ-MSCs to anticancer
drugs.

This study shows that MSCs can be attracted to the tumour site by cancer cells and
become part of the TME as CAF-like cells. CAFs or MSCs have been shown to play
significant roles in cancer progression and cancer cell resistance to chemotherapy.
Thus, this study investigated whether WHCO1 and MDA MB231 cancer cells co-
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cultured with WJ-MSCs would respond differently to the anticancer drugs compared
to cancer cells alone. Co-cultured WHCO1 and MDA MB231 cancer cells were then

treated with increasing concentrations of cisplatin and paclitaxel for 48 hours. After 48

hours of treatment, cells were counted with a Countess Cell counter using Trypan Blue

exclusion method. Cell survival was expressed as a percentage of cells treated with
0.1% DMSO (solvent) (control). Results showed that WHCO1 and MDA MB231 cells
were slightly less sensitive to paclitaxel (Figure 2.15 A, C) and cisplatin (Figure 2.15
B, D) treatment when co-cultured with WJ-MSCs than WHCO1 (Figure 2.15 A, B) and

MDA MB231(Figure 2.15 C, D) cells alone.
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Figure 2. 15. The response of cancer cells co-culture with WJ-MSCs to anticancer drugs. Co-cultured (A, B)
WHCO1 and (C, D) MDA MB231 cancer cells were treated with increasing concentrations of (A, C) paclitaxel and
(B, D) cisplatin for 48 hours. Cell counting was done using Trypan Blue exclusion method. Shown are the mean +
SEM experiments performed in triplicates and repeated at least two independent times. *p< 0.05.
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2.3 Discussion

This study reports the expression CAFs markers in several human cancers and their
relationship with MSC markers. First, online public databases were used to determine
the expression of CAF markers and MSC markers in different cancer. Then the study

investigated the correlation between CAF markers and MSC markers.

In the tumour microenvironment, CAFs and MSCs play a crucial roles in the growth
and metastasis of cancer, as well as the development of resistance to therapy. These
cells have typically been identified using various markers. Based on the Oncomine
database, this study found that CAF markers (ACTAZ2, FAP and S100A4), compared
to normal tissues, were highly expressed in several cancers, including breast,
oesophageal, head and neck and lymphoma tissues. A study by Schmidt-Hansen et
al. (2004) showed that co-cultures of tumour cells with fibroblasts could stimulate the
release of S100A4, which plays an extracellular role in tumours and fibroblasts [269].
In addition, S1004A is described to play a role as being an angiogenic factor and
increases MMP expression [270]. On the other hand, ACTA2 (a-SMA gene) in lung
adenocarcinomas patients is associated with increased distant metastasis and poor
prognosis [271]. In another study by Jia et al. (2014), the expression of FAP was found
to be significantly associated with poor outcomes in breast cancer patients [272].
Furthermore, this study showed that MSC markers are highly expressed in breast,
oesophageal, head and neck and lymphoma tumours compared to normal tissues. A
study in gastric cancer found that cells expressing CD73, CD90 and C105 are involved
in the progression of the disease [273].

Furthermore, genes involved in CAFs and MSCs, such as TGF-3 and collagen, are
upregulated in several cancers compared to normal tissues. TGF-f induces the
expression of growth factors, cytokines, and ECM proteins in CAFs, as well as playing
a role in the differentiation of MSCs into CAFs [274, 275]. Yu et al. (2014), showed an
increase in the aggressiveness of breast cancer through EMT, with increased cell-
ECM adhesion, invasion and migration when CAFs with a-SMA expression secreted
TGF-B 1 [276]. Thus, this study may help us understand the interaction between

cancer cells and their stroma.

57



Using the Timer database, it was shown that MSC markers were correlated with CAF
markers FAP in breast carcinoma, with ACTA2 correlated with CD73, CD90 and
CD105. However, analysis of oesophageal carcinoma showed that FAP and ACTA2
expression were significantly correlated with CD45, CD90 and CD105. This may
suggest that CAF markers FAP and ACTAZ2 marker might not be correlated with CD73
in OSCA and warrant further research on these markers in OSCA. This study is one
of few studies to report the correlation between CAF markers and MSCs markers.
However, in a study by Paunescu et al. (2011), CAFs and MSCs were found to share
important similarities, including the presence of cell surface molecules and expression
of proteins such as Vimentin and a-SMA [277]. Moreover, CAFs and other stromal
cells also highly express genes associated with the mesenchymal subtype rather than
cancer cells [278]. Combined with findings from this study, the evidence points to the
possibility that CAFs can be derived from MSCs, which may suggest a genealogical
relationship between them.

According to Jena et al. (2020), there is substantial evidence supporting the notion
that CAFs mediate resistance of solid tumours to anticancer drugs [263]. The secretion
of growth factors and cytokines by CAFs contributes to tumour growth, angiogenesis,
and drug resistance. In many cellular settings, the occurrence of chemoresistance is
mediated via increased efflux of the drug, which is induced by activating the ABC
transporter [279]. The current study analysed the correlation between CAF marker
expression and ABC transporter expression levels. A significant correlation was found
between CAF markers (FAP or ACTA2) and ABC transporter genes (ABCC1-3 and
ABCBH1). In pancreatic cancer, the expression of ABCC1 was showed to be positively
associated with that of TGF- 3 1, ACAT2, FAP, or PDGFRB [280]. Furthermore, CAF
derived IL-8 encourages chemoresistance in human gastric cancer by activating NF-
kKB and increasing ABCB1 expression [281]. These findings provide evidence

suggesting that CAFs regulate drug sensitivity of cancer cells.

The CAF marker FAP interacts with proteolytic enzymes like as dipeptidyl peptidases
(DPPs), which are suitable therapeutic targets for treating human diseases, according
to analysis of the PPI networks [282, 283]. For example, the inhibition of DPP8/9
induces cell death in myeloma cells [283]. In addition, ACTAZ2 interacts with cancer-
related genes such as MYH11, CNN1 and MYCOD, which have been linked to poor
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prognoses for cancer patients [284-286]. These results indicate that CAF markers may

be used as novel therapeutic targets for cancer treatment.

Many studies have shown that CAF interactions with cancer cells play an important
role in tumour growth, however, the precise origin and function of CAFs are still
unclear. This study investigated whether WJ-MSC exposed to cancer cells will
differentiate into CAFs and express CAF markers. The role of differentiated WJ-MSCs

in cancer cell drug response was investigated using co-culture systems.

The effects of oesophageal WHCO1 and breast MDA MB231 cancer cells on
Wharton'’s Jelly-derived mesenchymal stromal/stem cell (WJ-MSC) gene expression
were investigated over 24 days of culture. Long term culture of cancer cells with WJ-
MSCs triggers WJ-MSC differentiation into CAF-like cells via the expression of the
CAF markers, a-SMA and vimentin. These results are in agreement with a previous
study that showed that long term exposure of MSCs to tumour conditioned medium
from breast cancer cells induced a phenotype that resembles myofibroblast-like
features in CAFs and increased expression of vimentin, a-SMA and FAP [287]. TGF-
B is one of the growth factors secreted by cancer cells in order to evade immune
detection and it has been shown to increase the expression of CAF markers. TGF-$3
plays a role in the activation of fibroblasts by inducing intracellular signalling pathways.
One member of the TGF- superfamily, Nodal, converts normal fibroblasts to CAFs
together with TGF- signalling pathway activation in fibroblasts [288]. Treatment of
MSCs with TGF-3 or 5-azacytidine has been shown to induce MSCs differentiation
into CAFs. These findings are in agreement with our study that showed that treatment
of naive MSCs with exogenous TGF-B and treatment of naive MSCs with 5-
azacytidine for up to 48 hours resulted in increased expression of a-SMA and type |

collagen similar to MSCs co-cultured with these cells for 16 days.

When MSCs were co-cultured with oesophageal or breast cancer cells, differentiation
and expression of myofibroblast lineage markers were observed. Furthermore, an
increased expression of a-SMA was observed following incubation of WJ-MSCs
treated with TGF-$ for up to 48 hours. It is possible that the addition of TGF-§ to the

co-culture system may have accelerated phenotypic changes in the WJ-MSC and the

59



expression of a-SMA in comparison to WJ-MSCs cultured alone. A further
investigation of CAFs markers on WJ-MSCs cultured alone was not performed in this
study. However, a study showed that, when treated to tumour conditioned medium for
short to longer days, MSCs exhibited increasing amounts of vimentin, a-SMA, and
FSP, indicating that these cells were developing into myofibroblasts as opposed to
MSCs alone, which expressed decreasing amounts of each protein [142].
Furthermore, another study showed that a-SMA and FAP in co-culture group
significantly increased relative to MSCs culture alone [289]. Therefore, these findings
support the hypothesis that co-culturing cancer cells with MSCs might enable MSCs
to develop the CAFs phenotype.

Many studies have shown that ACTA2 (a-SMA) gene transcription is regulated by
interacting with several signalling pathways [271, 290]. To substantiate these results,
TGF-B inhibitor SB 431542 was added to the co-culture media. The addition of a TGF-
B inhibitor resulted in the decreased expression of a-SMA in MSCs exposed to cancer
cells. Knockdown of TGF-3 in WJ-MSCs or cancer cells using TGF-3 siRNA resulted
in decreased a-SMA protein levels in MSCs exposed to cancer cells. Research has
shown that activation of the TGF-3 receptor complex initiates several of downstream
cascades like the Smad2/3 signalling pathways [291]. Similarly, this study also
observed increased expression of Smad2/3 in WJ-MSCs co-cultured with cancer cells
or treated with TGF-B or 5-azacytidine. These results show that the TGF-B/Smad
signalling pathway is involved in the differentiation of MSCs into CAFs and that TGF-
B is probably secreted by both MSCs and cancer cells. Interestingly, results from this
study are consistent with those of a study showing that human bone marrow MSCs
transduced with lentiviral vectors inhibiting TGF-B/Smad signalling have a reduced
expression of CAF markers when co-cultured with cancer cells or treated with tumour-

conditioned medium [292].

Moreover, this study suggests that factors secreted by tumour cells can recruit MSCs
and influence them to become part of the TME. Importantly, when WHCO1 and MDA
MB231 are co-cultured with “cancer cell activated” WJ-MSCs, they marginally survived
treatment with paclitaxel and cisplatin better than WHCO1 and MDA MB231 cancer
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cells alone. It is evident that the presence of WJ-MSCs, possibly through the secretion
of growth factors, protected the cancer cells from the effect of the drugs used.

In summary, this study showed that CAF and MSC markers were upregulated in
several cancer types compared to normal tissues. The study also showed that there
is a relationship between CAF markers and MSC markers. Functional and correlative
analyses of patient material indicate that targeting CAFs may lead to improved
treatment strategies. The CAF markers also interacted with drug resistance genes as
well as genes associated with poor prognosis. This study demonstrated that co-
culturing cancer cells and WJ-MSCs holds great promise for providing an approach in
which the interaction between stromal and tumour cells can be studied. This study
developed a cell culture method for generating cancer-associated fibroblasts, a key
component of tumour stroma. A better model for understanding the interplay between
different stroma cells and cancer cells within the tumour microenvironment will be

important in the development of strategies for improving tumour therapy.
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CHAPTER 3:

CANCER STEM CELLS ENHANCE CHEMORESISTANCE, AND
METASTATIC BEHAVIOUR IN HUMAN OESOPHAGEAL CANCER.

3.1 Introduction

There are many factors that determine prognosis for cancer, including tumour stage
and differentiation [145, 146, 293, 294]. However, these clinical criteria are frequently
insufficient for risk stratification, resulting in incorrect clinical prognosis predictions. A
reliable prognostic factor that can accurately predict clinical prognosis is urgently
needed for cancers that are not well studied, such as oesophageal cancer. Cancer
stem cells have varying predictive value depending on the type of cancer and
histological subtype [295-297]. Several studies have demonstrated the existence of
therapy-resistant cancer stem-like cells as a probable mechanism for the recurrence
and spread of oesophageal cancer after treatment [15, 145, 146]. Patients with
oesophageal cancer may become chemoresistent to 5-fluorouracil and cisplatin by
expressing high levels of miR-200 and CSC-related proteins [298, 299]. Furthermore,
tissue samples from individuals resistant to neoadjuvant treatment with 5-fluorouracil,
doxorubicin, and cisplatin showed elevated expression of the multidrug resistance
protein 2 (MRP2) [300, 301].

Tumours are a heterogeneous population of cells with different phenotypes [145, 146].
Recent data suggest that tumours contain a subset of cells called cancer stem cells
that have stem cell-like features (CSCs) [145, 146, 154]. Melanoma, glioma, breast,
ovarian, and head and neck cancers have all been identified to have CSCs. [145, 302-
304]. CSCs have been found to alter neoplastic cell behaviour, aggressiveness, and
therapeutic responsiveness, in addition to being crucial in the initiation, maintenance,
and relapse of tumours. CSCs are rare cancer cells that have the capacity to self-
renew and proliferate over a long time. Additionally, they can resist chemotherapy and
radiotherapy [145, 305, 306]. They are capable of forming tumour spheres in vitro, and
their ability to create xenograft tumours in immunocompromised SCID mice has
indicated that they contain tumourigenic cells [307, 308]. Cell sorting technology has
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been used to isolate CSCs that use antibodies against various surface markers,
including cluster of differentiation 44 (CD44), CD133, CD24, and CD166 [309-311].
The CD44+/CD24- phenotype has been linked to a considerably worse prognosis in
several malignancies, including breast cancer, according to various studies [312, 313].
Other markers, such as aldehyde dehydrogenase 1 (ALDH1) and p63, have also been
demonstrated to be useful in this regard [314, 315]. CSCs can also be identified and
isolated through side population technique. With dual-wavelength FACS analysis, side
population cells can be isolated and identified in tumours as a small subpopulation of
cancers have stem cells-like properties [316, 317]. In several cancers, it has been
shown that the side population cells are enriched with CSCs and can be isolated using
Hoechst 33342 dye [316, 318]. In cancer therapy, CSCs are a promising target and
any therapy that targets CCs may improve cancer treatment and survival. However,
there are not a lot of studies that describe the relationship between OSCC prognosis
and CSC markers.

In this study, it was hypothesised that cancers contain a small subset of cancer cells
called cancer stem cells (CSCs) which can be isolated via the side population (SP)
technique. These CSCs have stem-cell properties, are responsible for tumour
initiation, growth, migration, and resistance to chemotherapy. To test this hypothesis,
the presence of CSCs markers in oesophageal tumour biopsies was investigated as
well as studied in isolated FACS-sorted OSCC and breast cancer side population cells.
Overall, this study provides evidence that CSCs are present in OSCC biopsies and
the SP cells are an enriched source of tumour promoting, migratory, and drug resistant
cells in human cancers. This suggests that CSCs-specific genes and signalling

pathways may be a potential target for effective cancer therapies.
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3.2 Results

3.2.1 Marker expression in oesophageal squamous cell carcinoma.

RT-gPCR and immunohistochemistry were used to evaluate the expression of CSC
and proliferation markers in OSCC biopsies. This section focuses mainly on

oesophageal cancer.

3.2.1.1 Immunohistochemical staining analysis of CSC and proliferation marker
expression in clinical OSCC samples.

The expression of CSCs markers was analysed in biopsy samples from patients with
histopathologically confirmed OSCC. The clinicopathological characteristics of the
patients are shown in Table 3.1 [319]. ALDH1A1 expression extended outward from
the basement membrane occupied by stem cells in normal tissue resections, whereas
robust expression was observed in tumour tissue (Figure 3.1). Immunohistochemical
staining of OSCC tumour tissues showed that CD44 expression was significantly
higher in tumour tissues than in normal tissue from the same patient (Figure 3.1).
CD44 expression showed a disorderly pattern characteristic of dysplastic tissue
architecture commonly observed in neoplastic lesions. CD44 expression was
observed in normal tissues along with the basal epithelial layer, a region well known
to contain normal oesophageal stem cells (Figure 3.1). The expression of CD44 was
closely associated with the degree of cellular differentiation in oesophageal cancer
patient samples. Possible keratin pearl structures were observed at 40x magnification
of the oesophageal squamous cell carcinoma tissues. The keratin structures usual are

present when cells undergo terminal differentiation.

In addition to CD44, CD133 was investigated as a possible marker that could be used
to stratify oesophageal CSCs. Although CD133 co-expressed with CD44 [320], no
CD133 expression was observed in both normal and OSCC tumour tissues (Figure
3.1). The expression of the proliferation marker, Ki67, was also assessed in normal
and tumour tissues. In normal tissues, Ki67 expression was observed in specific cells
along the basal epithelial layer extending to the apical surface of the oesophageal
mucosa. In tumour tissues, Ki67 expression was more widely dispersed and observed

in more cells, correlating with the expression level of CD44 (Figure 3.1).
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Table 3. 1. Clinicopathological characteristics of OSCC samples from patients used in the study.

Biopsy Histology Sex Age Tumour Tumour Site Invasive or
Number Differentiation ICD-10 infiltrating
(Grade)

543 0OSCC M 55 ND C15.4 Infiltrating
547 0OSCC F 30 Moderate C15.5 Invasive
551 0OSCC M 47 Moderate C15.5 Invasive
556 0OSCC F 54 Moderate C154 Invasive
561 0OSCC M 58 Moderate C15.9 Keratinizing
563 0OSCC M 52 Moderate C15.5 Infiltrating
569 0OSCC F 79 Poor C154 Invasive
571 0OSCC F 48 Moderate C15.3 Keratinizing
573 0OSCC F 41 ND C15.3 Infiltrating
591 0OSCC M 47 Moderate C154 Invasive
596 0OSCC F 67 Moderate C154 Invasive
601 0OSCC M 59 ND C15.4 Infiltrating
607 0OSCC F 48 Moderate C15.4 ND
613 0OSCC M 54 Moderate C15.9 Invasive
618 0OSCC F 60 Moderate C154 Keratinizing
619 0OSCC M 57 Moderate C154 Infiltrating
621 0OSCC F 64 Moderate C154 Invasive
622 osccC F 83 ND C15.4 Infiltrating
627 0OSCC M 52 Moderate ND ND
634 0OSCC F 57 Moderate C154 Keratinizing
635 0OSCC M 57 Moderate C154 Keratinizing

OSCC: Oesophageal squamous cell carcinoma

M: Male

F: Female

ND: Not determined
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Figure 3.1. Representative expression of CSC and proliferation markers OSCC biopsies. Both normal and
OSCC tumour tissues were stained with CSC markers (ALDH1A1, CD44 and CD133) and proliferation marker
(Ki67) using immunohistochemical staining. Scale bar: 50 ym.

3.2.1.2 RT-qPCR analysis of CSC and proliferation marker expression in OSCC
samples.

RT-gPCR using total RNA extracted from 21 matched normal and tumour biopsies
from oesophageal cancer patients substantiated the increased expression of CD44
and ALDH1A1 in patient tumour samples versus normal tissues (Figure 3.2 A). There
were significantly reduced CD24 and CD133 mRNA levels in tumour tissues (Figure
3.2 A). CSCs are known to have elevated expression of several self-renewal markers
such as Oct3/4, Sox2, Nanog and p63. The statistical analysis of RT-qPCR data
showed significantly increased expression of Oct3/4, Sox2, Nanog and p63 in tumour
tissues versus normal tissues (Figure 3.2 B). Results also showed that the expression
of CK5/6, a sensitive marker for squamous differentiation, was low in tumour biopsies
compared to normal biopsies.

Individual tumours are known to exhibit high heterogeneity of the major chromatin

protein linker histone H1.0, with cells capable of self-renewal and tumour-initiating
abilities showing significantly reduced expression of the protein [321]. Non-tumour
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promoting cells, on the contrary, express significantly higher levels of the histone H1.0,
one of multiple histone H1 variants. The H1FO gene is encoded by H1.0. Therefore,
the levels of the H1FO gene and other H1 variants (HISTH1A, HISTH1B and
HISTH1C) were evaluated in oesophageal cancer clinical samples from patients. RT-
gPCR showed that HIFO, HISTH1A, HISTH1B and HISTH1C were expressed at
deficient levels in OSCC tumour tissue samples relative to normal tissue samples from
the same patient (Figure 3.2 C). In addition, the expression of several ABC transporter
proteins was also evaluated. The data showed that ABCB1, ABCG2, MDR-1 and
MGMT mRNA levels were significantly higher in tumour tissue samples compared to
normal tissue samples (Fig 3.2 D). Overall, the data confirmed the expression of

markers associated with stem cell-like tumour cells in several epithelial cancers.
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Figure 3.2. Expression of markers associated with CSCs in normal and tumour biopsies. RT-gPCR analysis
of total RNA extracted from both normal and OSCC biopsies (n=21) to investigate the expression of (A) CSC
markers, (B) self-renewal markers, (C) histone family genes and (D) drug resistant genes. The data shown is the
mean + SEM experiments performed in triplicate and repeated at least two independent times. (*p<0.05).
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3.2.2 Characterisation of isolated side population cells from cancer cell lines.

Side population (SP) cells were isolated, enriched with CSCs, from cancer cell lines
using two FACS based methods. These methods include the antibody-based method
and the use of Hoechst stain. In addition, the tumour initiating behaviour of isolated
side population cells as well as their response to chemotherapeutic drugs were
investigated.

3.2.2.1 Isolation of CSCs from WHCO1 and MDA MB 231 cell lines.

Two fluorescent activated cell sorting (FACS)-based methods are generally used to
isolate CSCs from cancer cells. These methods isolate the SP cells by either using
antibodies against CSC markers or Hoechst stain. Preliminary analysis of the two
methods showed that both methods isolated cells that expressed significantly high
levels of CSC markers such as CD44, ALDH1A1 and ABCG2 (data not shown).
Therefore, this study opted to continue with the Hoechst side population technique for
this study (Figure 3.3 A, B). The isolation of CSCs using the Hoechst SP technique is
based on the dye efflux ability of CSCs through ATP-binding cassette (ABC)
transporters. In addition SP cells were isolated from both WHCO01 oesophageal (Figure
3.3 A) and MDA MB 231 breast cancer cell lines (Figure 3.3 B). SP (gated P4) and
cells (gate P5) were sorted separately for further analysis (Figure 3.3 A, B).

Western blot analysis was done to evaluate the expression of CSC markers and drug
resistant genes in SP cells versus cancer cells. SP cells showed significantly
increased levels of CD44, ALDH1A1, ABCG2 and MDR-1 compared to WHCO1 cells
(Figure 3.3 C). Additionally, the breast cancer cell line MDA MB 231 was included in
the analyses to confirm the specificity of the antibodies used and for comparative
purposes. MDA MB 231 is one of the most malignant breast cancer lines known and
has been shown to express high levels of CSC markers [322]. SP cells obtained from
MDA MB 231 cell line showed similarly high levels of CSC markers and drug
resistance proteins (Figure 3.3 D). Furthermore, qRT-PCR analysis of SP cells from
several cancer cell lines supported western blot data for CSC markers, self-renewal
markers, and drug resistance genes. (Figure 3.3 E). MDA MB 231 CSCs showed
increased CD133 expression compared to MDA MB 231 cancer cells. Similar
proliferative profiles and expression of CSC markers were obtained for WHCO1 OSCC
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cell line, therefore, WHCO1 cells were chosen for further analyses. Where possible,
other OSCC cell lines are also used to confirm the results.
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Figure 3.3. Isolation and characterisation of SP cells. SP and cancer cells were isolated by FACS sorting
followed by propagation in tissue culture as described in Materials and Methods (section 7.2.4). (A, B)
Representative flow cytometry profiles showing the sorted SP cells, Gate P4, and the cancer cells, Gate P5. The
expression of CSC markers and drug resistance proteins were examined in (C) WHCO1 (D) and MDA MB231 SP
and cancer cells using western blot analysis. GAPDH was used as a loading control. The results shown are
representative of western blot analysis done three independent times. (E) RT-gPCR analysis of cancer cells and
their corresponding side population cells evaluating CSC markers, self-renewal markers and drug resistance
genes. Cancer cells were normalised and compared to the corresponding SP cells. The results are based on at
least two independent experiments.
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3.2.2.2 Morphological differences between WHCO1 and SP cells.

The morphological differences between OSCC cell lines and their corresponding side
population cells using immunofluorescence using Phalloidin stain to bind to polymeric
filament actin were investigated. WHCO1 cells and isolated SP cells were treated with
4.2 uM cisplatin for 24 hours and compared with untreated cells. At the end of the
experiment, cells were stained with Phalloidin (green) and DAPI (blue) for the nucleus.
No major morphological differences were found between untreated WHCO1 cells and
their isolated SP cells (Figure 3.4). However, distinct morphological differences were
observed between treated WHCO1 cells and isolated SP cells, with isolated SP cells

appearing smaller and more rounded than cancer cells (Figure 3.4).
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Figure 3. 4. Morphological differences between WHCO1 cells and their corresponding side population cells.
WHCO1 cells and SP cells were cultured on glass coverslips and treated with 4.2 yM cisplatin for 24 hours as
described in section 7.2.15. Cells were stained with FITC-conjugated Phalloidin (green) for F-actin and nuclei were
stained with DAPI (blue). Representative immunofluorescent images of WHCO cancer and their isolated SP cells
stained with Phalloidin (green) for F-actin and DAPI (blue). Scale bar= 20 uym. Results are representative of at least
two independent experiments.

3.2.2.2 Isolation of SP cells and formation of tumourspheres.

Tumoursphere formation is commonly used to test for stem cell-like phenotype.
WHCO1 cells and isolated SP cells were cultured in low attachment dishes to allow
anchorage-independent growth. Culture of cells was continued for up to 16 days and
fresh media was added every two days. The results showed that both oesophageal
cancer cell lines, WHCO1 (Figure 3.5 A, C) and KYSE180 (Figure 3.5 B, D), and their
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corresponding SP cells were able to form tumourspheres after 4 days. However,
cancer cells formed tumourspheres that were smaller and loose, whilst tumourspheres
formed by isolated SP cells were much larger and compact. Further analysis of
WHCO1 cells, isolated CSCs and tumourspheres using western blot (Figure 3.5 E)
and RT-gPCR (Figure 3.5 G) demonstrated that CSC markers and self-renewal
markers are upregulated in tumourspheres compared to isolated SP cells.
Quantification using densitometric analysis of CSCs and self-renewal marker band
intensities are shown in Figure 3.5 F.
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Figure 3. 5. The ability of isolated SP cells to form tumourspheres. Images representative of tumourspheres
formed by (A) WHCO1 cells and isolated SP cells, (B) KYSE 180 cells and isolated SP cells after 16 days of
culture. Sphere size analysis of (C) WHCO1 cells and (D) KYSE 180 cells. Sphere sizes were analysed relative to
day 4. (E) Western blot and (G) RT-gPCR analyses were performed on WHCO1 cells, isolated CSCs and
tumourspheres formed by SP cells. CSCs markers and self-renewal markers were upregulated in tumourspheres
compared to isolated SP and WHCO1 cells. GAPDH was used as a loading control. (F) Densitometric analysis of
band intensities relative to GAPDH was normalised to WHCO1 cells. Data shown are the mean + SEM experiments
performed in triplicates and repeated at least three independent times. (*p<0.05).
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3.2.3 The effect of chemotherapeutic drugs on WHCO cells and their isolated SP

cells.

In this section, the cytotoxicity of different drugs in different OSCC cell lines was
determined. In addition, the effect of drugs on cell viability, colony formation, cell cycle
progression, apoptosis and migration on WHCO1 cells and isolated SP cells was

investigated.
3.2.3.1 Determination of the cytotoxicity of different drugs

The MTT assay was used to determine the concentration at which paclitaxel, cisplatin
and 5-Fluorouracil kill 50% of viable cells as described in section 7.2.9.2. This
concentration is referred to as the I1Cso. Cells were treated with increasing
concentration of drugs for 24 hours and viable cells were monitored using the MTT
assay. The ICso values with confidence intervals were calculated from the dose
response curves cell viability for WHCO1 and KYSE180 using GraphPad Prism
Software (Figure 3.6). Table 3.2 shows the ICso values of all the drugs for WHCO1
and KYSE cells. The ICso values of paclitaxel at 24 hours were 3.77 yM and 4.42 yM
for WHCO1 and KYSE180, respectively (Table 2.2). Cisplatin’s ICso values for
WHCO1 and KYSE180 at 24 hours were 19.46 yM and 17.08 uyM for WHCO1 and
KYSE180 respectively (Table 3.2). Furthermore, the I1Cso values WHCO1 and
KYSE180 for 5-fluorouracil were 18.97 yM and 16.68 uM, respectively (Table 3.2).
Therefore, for the purpose of this study, 1.5 yM, 9 uM and 8 uM of paclitaxel, cisplatin

and 5-fluorouracil, respectively, were chosen to treat OSCC cells.
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Figure 3. 6. ICso determination for drugs in WHCO1 and KYSE180 OSCC cells. Oesophageal cancer cells were
treated with increasing concentrations (uM) of paclitaxel, cisplatin and 5-fluorouracil for 24 hours. MTT assay was
done after 24 hours, and absorbance was read at 595nm. GraphPad Prism software was used to determine the
ICso values. The results shown are representative of the mean + SD experiments performed in triplicates and
repeated at least two independent times.
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Table 3. 2. ICsg values (M) with 95% confidence interval of drugs in WHCO1 and KYSE180.

WHCO1 KYSE180
Drugs IC50 Values Confidence IC50 Values Confidence
Interval Interval
Paclitaxel 3.7 UM 0.03 uM 4.42 yM 0.02 uM
Cisplatin 19.46 UM 1.3 UM 17.08 UM 2.2 UM
5-Fluorouracil 18.79 UM 2.1 uM 16.68 UM 1.1 uM

3.2.3.2 The effect of chemotherapeutic drugs on cell viability.

The viability of WHCO1 cells and isolated SP cells was investigated in response to the
effects of several chemotherapeutic drugs used as frontline drugs in OSCC treatment,
including paclitaxel, cisplatin, 5-fluorouracil, and epirubicin. WHCO1 cells and isolated
SP cells were treated with 0.1% DMSO (control), paclitaxel, cisplatin, and 5-
fluorouracil at the increasing concentration for 24 hrs and proliferation was monitored
using the MTT assay. Treatment of WHCO1 and isolated SP cells with increasing
concentrations of the above drugs showed that isolated SP cells were generally more
resistant than the WHCO1 cells (Figure 3.7 A-C).
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Figure 3. 7. The effect of chemotherapeutic drugs on parent and isolated SP cell viability. WHCO1 cells and
CSCs were plated in a 96 well plate followed by treatment with different concentrations of (A) Paclitaxel, (B)
Cisplatin, (C) 5-Fluorouracil and 0.1% DMSO (vehicle control) for 24 hours. MTT was used to monitor the cell
viability of cells. Data shown are the mean + SEM experiments performed in triplicates and repeated at least two
independent times. *p <0.05.
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3.2.3.3 The effect of drugs on colony formation of OSCC cells and their isolated
SP cells

The in vitro colony-forming assay demonstrates the capacity of a single cell to self-
renew into a colony of cells [323]. Having shown that isolated SP cells survived the
effect of drugs better than cancer cells, the ability of WHCO1 and KYSE180 cells and
their isolated SP to form colonies was investigated. Experiments were set up as
described in section 7.2.15. Cells were grown for 10 days, media were changed every
two days, followed by treatment with chemotherapeutic drugs or DMSO (control) for
24 hours. After 10 days of culture, cells were fixed with methanol and stained with
0.5% crystal violet. The number of colonies formed were counted using the ImageJ
software. Isolated SP cells from WHCO1 (Figure 3.8 A, B) and KYSE180 cells (Figure
3.9 A, B) formed more colonies than WHCO1 and KYSE180 cells in the absence of
drugs. The addition of paclitaxel, cisplatin and 5-fluorouracil reduced the total number
of colonies formed, but isolated SP cells still formed significantly more colonies than
cancer cells (Figure 3.8). In comparison to colonies formed by WHCO1 and KYSE180
cells, KYSE180 cells displayed a greater increase in colony formation. Furthermore,
the colonies formed by the CSCs were different size and irregular in shape.
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Figure 3.8. Isolated SP cells formed more colonies than WHCO1 cells. WHCO1 cells and their isolated SP
cells were treated with different drugs and DMSO, allowed to form colonies. (A) Photographed images of colonies
formed by WHCO1 cells and their isolated SP cells. (B) Graphs represent the number of colonies, comparing
WHCO1 cells with isolated SP cells. Data shown are the mean + SEM experiments performed in triplicates and
repeated at least two independent times. Student paired t-test was used to determine statistical significance.
(*p<0.05)
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Figure 3.9. Isolated SP cells formed more colonies than KYSE180 cells. KYSE180 cells and their isolated SP
cells were treated with different drugs and DMSO, allowed to form colonies. (A) Photographed images of colonies
formed by KYSE180 cells and their isolated SP cells. (B) Graphs represent the number of colonies, comparing
KYSE180 cells with isolated SP cells. Data shown are the mean + SEM experiments performed in triplicates and
repeated at least two independent times. Student paired t-test was used to determine statistical significance.
(*p<0.05)

3.2.3.4 The effect of chemotherapeutic drugs on apoptosis and cell cycle arrest

Flow cytometry using propidium iodide was used to determine whether
chemotherapeutic drugs will affect the cell progression of WHCO1 cells and isolated
SP cells. DMSO-treated WHCO1 cells and isolated SP cells showed similar cell cycle
profiles (Figure 3.10 A, B). The addition of Paclitaxel and cisplatin increased the
percentage of WHCO1 cells in G2/M phases compared to isolated SP cells, as well
as an increased number of cells undergoing apoptosis (Figure 3.10 A, B). In both
WHCO(1 cells and isolated SP cells, 5-fluorouracil induced a G1 cell cycle arrest, with
an increase in the WHCO1 cells compared to isolated SP cells (Figure 3.10 A, B).

Cancer can be treated by controlling or eliminating the uncontrolled growth of cells.
However, most successful treatments target apoptosis. CSCs have been shown to
display increased resistance to drug-induced apoptosis. One of the methods widely
used to monitor apoptosis is Annexin V, a protein with a strong calcium-dependent

affinity for phosphatidylserine (PS). Therefore, cellular apoptosis was assessed using
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Annexin V/Propidium lodide double staining followed by flow cytometry. DMSO-
treated WHCO1 cells showed a slight increase in cells undergoing early apoptosis
(Q2) compared to isolated SP cells (Figure 3.10 C, D). Furthermore, there was a 2.2-
, 1.1- and 2.1-fold in late apoptosis (Q3) induction in WHCO1 cells treated with
paclitaxel, cisplatin and 5-fluorouracil, respectively, compared to isolated SP cells
(Figure 3.10 C, D). Together, the results suggest that isolated SP cells from WHCO1

cells have the ability to resist both drug-induced cell cycle arrest and apoptosis.
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Figure 3. 10. WHCO1 isolated SP cells exhibit an increased ability to resist drug-induced cell cycle arrest
and apoptosis. Flow cytometry was used to analyse the effects of chemotherapeutic drugs on WHCO1 and
isolated SP (A) cell cycle and (C) cell apoptosis. (B, D) Graphs represent the percentage of cells in each phase
and total apoptosis, respectively. Data shown are the mean + SEM experiments performed in triplicates and
repeated at least two independent times. Student paired t-test was used to determine statistical significance.
(*p<0.05).
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3.2.3.5. Comparison of the metastatic behaviour of untreated and treated
WHCO1 cells and isolated SP cells.

A hallmark of cancer is its ability to invade surrounding tissue and grow at distant sites.
It is proposed that CSCs are responsible for tumour development, invasion,
metastasis, and recurrence [324]. The poor prognosis of OSCC is primarily due to
cancer cells' invasiveness and metastatic abilities. Having shown that isolated SP cells
survived the treatment of drugs, this study then investigated whether isolated SP cells
might be involved in the metastatic ability of OSCC cells. In addition, the effect of
chemotherapeutic drugs on the migration of WHCO1 cells versus isolated SP cells

was investigated.

The wound-healing assay, a standard in vitro assay for determining cell migration in
two dimensions, was performed, as described in section 7.2.21. After allowing cells to
reach confluence, serum starvation was done for 16 hours before making the "wound"
scratch in vitro to eliminate cell proliferation during migration. The ‘wound” scratch was
created by a single scrape using a yellow pipette tip (200 pl). Images of the migration
into the gap were taken at 0 and 15 hours. After 15 hours, it was observed that isolated
SP cells had migrated to close the wound whilst a gap was still visible in the WHCO1
cells (Figure 3.11). Isolated SP cells also migrated to close the wound after 15 hours
in the presence of paclitaxel, cisplatin or 5-fluorouracil. However, WHCO1 cells
showed reduced migratory in the presence of drugs (Figure 3.11). This data
demonstrated that isolated SP cells migrated to close the wound even in the presence
of drugs compared to WHCO1 cells.
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Figure 3. 11. Comparison of the metastatic behaviour of untreated and treated parental WHCO1 cells and
isolated SP cells. A wound-healing assay was used to determine the metastatic behaviour of WHCO1 cells and
isolated SP cells. The effect of chemotherapeutic drugs on the migratory abilities of WHCO1 cells versus isolated
SP cells was also investigated. Isolated SP cells migrated to close the wound even in the presence of drugs. Data
shown represent experiments performed at least two independent times. Scale bar = 50 um.

3.2.3.6. The expression of genes involved in epithelial-to-mesenchymal

transition (EMT) and metastasis.

To further investigate the role played by CSCs on cancer cell migration, genes
involved in EMT, and metastasis were investigated using western blot analysis and
zymography. Western blot analysis of the expression of FOXM1, MMP2 and MMP9 in
EMT and metastasis showed increased expression of these genes in isolated SP cells
compared to WHCO1 and KYSE180 cells (figure 3.12 A, B). Quantification by
densitometric analysis of band intensities was relative to GAPDH (Figure 3.12 C, D).
Densitometric values of isolated SP cells were normalised to that of WHCO1 and
KYSE180 cells. Furthermore, gelatin Zymographic analysis of culture media showed
that MMP2 and MMP9 activities were upregulated in isolated SP cells compared to
OSCC cells suggesting that secreted MMPs may contribute towards the metastatic
capabilities of isolated SP cells (Figure 3.12 E). In addition, this study assessed the
expression of interleukin-6 (IL6) and interleukin-8 (IL-8) in isolated SP cells compared
to WHCO1 and KYSE180 cells. Both IL6 and IL8 were upregulated in isolated CSCs
compared to WHCO1 and KYSE180 cells (Figure 3.12 A, B). These results suggest
that isolated CSCs may play a role in cancer migration by secreting EMT-associated

metastatic genes and cytokines.
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Figure 3. 12. The expression of genes involved in EMT and metastasis. (A, B) Western blot analysis of OSCC
and isolated SP cells was used to evaluate the expression of genes involved in EMT and metastasis. (C, D)
Densitometric analysis of protein band intensities relative to GAPDH. (E) Gelatin Zymography was performed on
media samples to evaluate the MMP2 and MMP9 activities. The data shown are the mean + SEM experiments
performed in triplicate and repeated at least two independent times. (*p<0.05).

3.2.4 Survival pathways were elevated in SP-derived tumourspheres.

The activation of many survival pathways, including MEK-ERK, PI3K/Akt, and NF-k
signalling pathways, was examined to learn more about the mechanisms of
chemoresistance used by the isolated side population cells. A comparison of the
differences between WHCO1 cells, isolated SP cells and tumourspheres showed that
MEK-ERK, PI3K/ Akt and NF-k expression were significantly elevated in isolated SP
and SP-derived tumourspheres compared to WHCO1 cells (Figure 3.13 A).
Densitometric analysis was done to quantify MEK-ERK, PI3K/Akt and NF-k@ band
intensities (Figure 3.13 B).
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Figure 3.13. Survival pathways were elevated in SP-derived tumourspheres. (A) The data represent western
blot analysis of survival pathways such as MEK-ERK, PI3K/Akt, JNK and NF-kB signalling pathways in WHCO1
cells, SP cells and tumourspheres. (B) Densitometric analysis of MEK-ERK, PI3K/Akt, JNK and NF-kf band
intensities. Densitometric values of isolated SP and tumourspheres were normalised to that of parent WHCO1
cells. Data shown is the mean + SEM experiments performed in triplicate and repeated at least two independent
times. (*p<0.05).

3.3. Discussion

While cancer therapies eliminate most tumour cells, advanced tumours can develop
drug resistance [325]. Most therapies, according to the CSC theory, fail to prevent
relapse in part because of the presence of a tiny minority of cells known as cancer
stem cells [145, 154, 326]. CSCs reside in the TME and may contribute to the
development of drug resistance and tumour relapse. Developing novel strategies
against drug-resistant cancer cells, including CSCs, remains a significant challenge
and there is a need for novel drugs or therapies. Several scientific findings have shown
the presence of a subset of cancer cells with stem cell-like properties that are
responsible for tumour progression, development of chemoresistance and tumour

relapse implicated in metastasis [145, 327].

In this investigation, CSC marker expression in biopsy samples and isolated side
population cancer cells were evaluated. Immunohistochemical analysis showed that
CSC markers, CD44 and ALDH1A1, were elevated in OSCC patient tumour samples
compared to normal tissues. Ginestier et al. (2007) demonstrated that ALDH1A1
expression was correlated with poor patient prognosis [328]. In addition, ALDH1A1
appear to be associated with poor patient survival [329]. CD44 has also been used as
a CSC marker to predict poor prognosis in ovarian cancer [330, 331]. Overall, the data
suggest that ALDH1A1 and CD4 CSC markers may be used to predict the prognosis
of OSCC. Several methods have been used to isolate and identify CSCs, with the use
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of cell surface markers and the SP cells being two of the common ones [316, 332].
The use of antibodies against cell surface markers such as CD44 and CD133 is an
expensive method for the isolating and identifying of CSCs. On the other hand, based
on the exclusion of Hoechst 33342, the side population technique is a cheap and
relatively easy technique used to isolate CSCs [310].

This study also demonstrated that CSCs from oesophageal cancer cell lines exhibited
stem cell-like properties by expressing CD44 and ALDH1A as well as self-renewal
markers. Their colony formation capability, proliferation rate, cell cycle profile, drug
resistance, apoptosis, and migration were analysed and compared. Compared with
cancer cells, isolated SP cells expressing CD44 and ALDH1A1 had more significant
colony formation potential. CD44 positive subpopulation cells were found to have
increased colony formation [333]. One way to enrich cells for CSCs is through the
tumoursphere formation assay [334]. The isolated CSCs were able to form
tumourspheres in vitro that expressed higher levels of CSC and self-renewal markers.
The ability of CSC-like cells to form tumourspheres in vitro has been shown to initiate
tumours in vivo. These results suggest that CSC markers may play a role in OSCC
colony formation and proliferation. Knocking down CD44 in CSCs found to prevent the
formation of colonies and inhibit tumourigenesis in xenograft models [335]. Kim et al.
(2011) reported that Oct4-high cells formed more tumourspheres and expressed
elevated levels of CSC markers [336].

In addition to isolated CSCs forming colonies and tumourspheres, less apoptosis and
more resistance to drug-induced cell apoptosis were observed. A recent study
reported that CD44 is involved in prostate cancer metastasis and resistance to drugs
[337]. CD44 positive cells were also found to express higher levels of the anti-
apoptotic protein Bcl-2 in breast cancer cells [338]. Our results are consistent with
other studies showing increased expression of ALDH1A1 in drug resistant cancer cell
lines [339]. ABC transporter, ABCG2, and MDR-1 are some of the key factors
contributing to the chemoresistance of CSCs. This study showed that isolated SP cells
had increased the expression of these genes. Overall, these results suggest that

markers associated with CSCs can be useful in predicting drug resistance to cancers.
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The migration of tumour cells from the primary tumour is a crucial step in the metastatic
cascade, and CSCs are likely to promote this migration. In adult tissues, some aspect
of this migration capability is maintained through a process known as epithelial to
mesenchymal transition (EMT). Moreover, it is suggested that the activation of
migration by CSC may be through the process of EMT [340]. In Gastric cancer, CSCs
are associated with cancer invasion and metastasis through EMT [339]. Immunoblot
and RT-PCR analysis showed that proteins such as MMPs and FOXM1 associated
with the EMT process are significantly upregulated in isolated CSCs compared to
cancer cells. EMT process occurs in migrating and invading cells and is an integral
part of metastasis [341, 342]. MMPs are known to dock on CD44 and degrade the
basement membrane, promoting cancer cell invasion and migration [343]. Notably
MMP9 localises to the tip of migrating cells to degrade matrix proteins such as collagen
[344]. Metastasis is a complex process and cannot be explained solely through the
EMT process [345, 346].

The present study demonstrated that isolated CSCs expressed significant amounts of
several signalling pathway genes, including MEK-ERK, PI3K/Akt and NF-kB. All these
signalling pathways are involved in the mediation of cellular survival by preventing
apoptosis [347, 348]. Indeed, both NF-k and MEK-ERK signalling pathways have
been associated with the recurrence of several cancer types [147, 349]. The activation
of these three signalling pathways in human oesophageal cancer could be used as a
diagnostic for treatment resistant CSCs. Overall, the study showed that in vitro, CSC
markers are essential in promoting invasion and metastasis. They do so through the
process of EMT and induction of survival pathways in oesophageal cancer stem cells.
Drugs commonly used for OSCC treatment, such as paclitaxel, cisplatin, 5-fluorouracil
and epirubicin, cannot eradicate CSCs [350]. This might explain the high occurrence
of the development of drug-resistant disease and relapse [351]. These results may
also apply to other solid cancers where these drugs are used. Therefore, new drugs
must target CSCs. Moreover, targeting a single CSC marker such as CD44 might not
be sufficient to eliminate OSCC. OSCC could be eradicated more effectively by using
anti-CSC therapy combined with chemotherapeutic agents.

The use of monoclonal antibodies is one of the new strategies to treat chemo-resistant
cancers [352, 353]. Due to their specificity, monoclonal antibodies represent a
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promising method for interfering with a single target molecule with high selectivity
[354]. All the CSC markers used in this study have been shown to be expressed by
side population cells in several cancers [332, 355]. Several CSC and self-renewal
markers have been associated with poor prognosis in many cancers such as cervical,
breast and colon cancer [356, 357]. High proliferation marker Ki67 expression has
been correlated with poor overall patient survival in many cancers [358, 359]. This
study shows that the expression of Ki67 in OSCC biopsy samples follows the same
trend as that of CSC markers. This is in agreement with a study that showed CSC
marker to associated with high expression of Ki67 [360]. The use of CD133 as a
prognostic marker in OSCC is controversial, with some studies showing its usefulness
whilst others show that it is not a good prognostic marker [361, 362].

Compared to CSCs isolated from cancer cells, this study showed that tumourspheres
expressed significantly higher levels of CSC and markers of self-renewal. It is possible
to speculate that tumourspheres contain more CSCs than both isolated CSCs and
OSCC cells based on their expression of CSC and self-renewal markers. Together our
data supported our hypothesis that CSC markers are present in OSCC biopsies and
isolated CSCs. In addition, our results suggest that CSCs may play an important role
in regulating growth, migration and drug resistance of cancer cells. However, there
may be other markers of CSCs that contribute to the maintenance of CSC
characteristics in OSCC. CSC markers could be used to predict the prognosis and
drug resistance. Investigating more of these markers and their roles might provide

insight into OSCC prognosis and drug resistance.
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CHAPTER 4:

EXTRACELLULAR MATRIX PROTECTS CANCER CELLS FROM
THE EFFECTS OF DRUGS.

4.1 Introduction

The ECM is a crucial component of all tissues and organs, acting as both a physical
scaffold for cells and playing critical roles in several biochemical processes needed to
maintain tissue and organ structure and function. The ECM is also important in the
maintenance of tissue homeostasis. When the proteins that make up the ECM are
defective, several pathophysiological conditions may arise [363, 364]. Different tissues
and organs have different ECM components, but in most cases, the ECM is made up
of proteins such as collagens, fibronectin, laminins, polysaccharides and water [365].
Recent reports indicate that the ECM in the same tissue is in constant state of flux,
depending on several factors such as stage of development and presence or absence
of disease [365].

Several reports have shown great interest in the developing 3D micro-physiological
models that can recapitulate both normal and disease conditions in vitro [249, 366].
Furthermore, most drug discovery investigations are conducted using in vitro tumour
microenvironment models that do not replicate the in vivo tissue microenvironment
present during development, morphogenesis, and disease state [367, 368]. The lack
of true in vitro models limits our understanding of the interaction between tissue
components such as cells, biomolecules and the ECM [369, 370]. The same scenario
is observed in modelling tumours, with most models used to date lack their replication
of the tumour microenvironment. Cells such as macrophages, fibroblasts, endothelial
cells, pericytes, and the ECM would make up the full complement of TME components.
[371, 372]. The reductionist approach of using individual components of the tumour
microenvironment can lead to conclusions regarding to the interactions between TME
components and the effectiveness of drugs. Recent reports using newer models such
as tumour spheroids and organoids that better mimic the in vivo tumour

microenvironment has allowed scientists to get a clearer picture of the TME [373, 374].
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The ECM is a meshwork of tethered biomolecules, proteins and glycosaminoglycans
[373, 375]. The function of the ECM is mainly to provide mechanical and biochemical
support to cells, allowing adhesion and migration [365, 376]. Furthermore, the ECM
also acts as a relay of extracellular cues by interacting with cell receptors. The ECM
has been shown to recruit and sequester biomolecules such as growth factors and
cytokines, thereby influencing cell growth and signalling [377, 378]. The ECM is
produced mainly by fibroblasts within the TME, with contributions from other stromal
cells such as MSCs, pericytes, macrophages and endothelial cells [379, 380]. The
main cellular component of the stroma is fibroblasts, commonly called tumour-
associated fibroblasts (TAFs) or cancer-associated fibroblasts (CAFs) [381, 382].
These activated fibroblasts grow much faster than normal fibroblasts and synthesise
increased amounts of the ECM [383, 384].

Drug resistance continues to be a major challenge in the treatment of OSCC, with
many patients succumbing to the disease [385, 386]. Our knowledge of the pathways
involved in tumour start and development is currently limited. In addition, there is a
dearth of information regarding tumour relapse and metastasis. While genetic
alterations may initiate cellular transformation, the interaction between tumour cells
and stromal cells, as well as the ECM, is crucial in tumour initiation and progression.
Recent reports also show that tumour stroma cell interaction influence the response
of cancer cells to therapy. Notably, the development of therapy resistance in general
and chemoresistance, in particular, has been shown to be influenced by the tumour
microenvironment [387-389].

Through the synthesis and release of many biomolecules, stromal cells play an
important role in cancer angiogenesis and epithelial to mesenchymal transition [390,
391]. ECM proteins like collagen and fibronectin have been found to be elevated in a
variety of cancers [375, 392]. For example, tumours are known to ‘harden’ due to
increased synthesis and deposition of ECM proteins such as collagens, laminins and
fibronectin [392, 393]. Thus, ECM proteins can influence several cancer cell properties
from proliferation to invasion. Several reports utilising purified ECM proteins have
shown that interaction between ECM and cancer cells is crucial in cancer cell
behaviour [372, 394, 395]. Decellularised cell-derived ECMs contain native ECM
proteins, are easy to acquire, and are cost-effective, according to recent studies [372,
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394, 395]. Despite the fact that CAFs are an integral part of the TME, fibroblast-derived

decellularised ECM would replicate the desmoplastic milieu of the tumour [396].

Compared to 2D cultures in monolayer, the use of 3D cultures has made it possible to
mimic an in vitro microenvironment closer to the tumour. These recent advances have
made it possible to reassemble the ECM in vitro by using a decellularized ECM
(dECM) to a better understanding of cancer cell-ECM interactions. This chapter is
based on the hypothesis that the ECM plays a critical role in tumour progression and
migration, as well as act as a physical barrier to therapy effectiveness by activating
survival pathways. To test this hypothesis, this study first evaluated ECM gene
expression in oesophageal tumour tissues compared to their adjacent normal tissue,
as well as in cell lines. Secondly, cell-derived ECM were used to investigate cancer
cell behaviour and drug response, compared to cancer cells on plastic dishes.
Furthermore, knockdown studies were done to investigate the relationship between
specific ECM proteins and drug resistance as well as migratory capacity of cancer

cells.
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4.2 Results

4.2.1 The expression of ECM genes, integrins and MMPs in OSCC tumours and
cell lines.
The expression of ECM genes, integrins and matrix metalloproteases (MMPs) in

tumour samples and cell lines was investigated using RT-gPCR.

4.2.1.1 ECM, integrins and MMP mRNA levels in OSCC biopsies.

Biopsies were collected from confirmed OSCC cancer patients and used to evaluate
the expression of the ECM and associated genes (see Table 3.1, Chapter 3). ECM
MRNA levels were determined via comparative qRT-PCR of tumour tissues versus
adjacent normal tissue for each patient using GAPDH as a normalizer. The expression
of collagens, fibronectin and laminins were significantly upregulated in OSCC tumour

tissues compared to normal tissue (Figure 4.1 A, B).

The TME is constantly being remodelled, thus, the quantity and nature of proteins and
other biomolecules are constantly fluctuating. Matrix metalloproteases (MMPs) and
cathepsins are involved in remodelling the ECM. MMPs such as MMP1, MMP2, MMP9
and MT1-MMP are known to degrade various ECM proteins, and this study showed
the levels of MMP-1, MMP2, MMP3 and MMP9 mRNA were higher in tumours than in
normal tissues (Figure 4.1C). The expression of some integrin genes in OSCC tumour
tissues versus normal tissues was compared to determine the levels of ECM protein
receptors. The data show that integrins gene expression was higher in tumour and
normal tissues (Figure 4.1D). Following the determination of EMC proteins in biopsy
samples using RT-qPCR, immunohistochemical staining using OSCC biopsy
specimen to stain for type | collagen was performed. Anti-type | collagen staining in
both tumour and normal biopsy specimens demonstrated that type | collagen was
increased in tumour specimens compared to normal biopsy specimens (Figure 4.1 E).
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Figure 4. 1. ECM, integrins and MMP mRNA levels in OSCC biopsies. The gene expression of ECM genes,
MPPs and integrins was evaluated in tumour samples and compared to normal tissues. qRT-PCR was used to
evaluate the gene expression levels of (A) collagen, (B) fibronectin and laminin, (C) MMPs and (D) integrins in
OSCC tumour samples (T) versus adjacent normal tissue (N) for each patient. Normal tissue was taken as 1 and
GAPDH was used as a housekeeping gene to normalise target gene expression. (E) Immunohistochemical staining
of type | collagen in OSCC specimen. Statistical analysis to determine the significant difference of gene expression
in tumour versus normal sample was done using a 2-tailed non-parametric Mann-Whitney test. * p < 0.05.

4.2.1.2 The expression of ECM components in cell lines.

ECM within the TME is produced by both tumour cells and stromal cells, including
CAFs. Therefore, this study evaluated the expression of ECM proteins in fibroblasts
and OSCC cell lines using qRT-PCR analysis. Comparison of the CT1, WI38 and FGo
fibroblast cell lines and the WHCO1, WHCO5, WHCO6, KYSE180, KYSE450,
KYSES20 OSCC cell lines indicated that CT1 cells had elevated ECM protein
synthesis compared to WI18 and FGo fibroblasts (Figure 4.2 A-E). Conversely, cancer
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cells showed reduced ECM protein synthesis of about 30—-50% compared to normal
fibroblasts (Figure 4.2 A-E). The expression of a-smooth muscle actin (a -SMA), a
marker for activated fibroblasts, was evaluated in both western blot and qRT-PCR
assays. The transformed CT1 fibroblasts had significantly elevated a-SMA expression
than normal fibroblasts (WI38 and FGO) (Figure 4.3 A, B). Furthermore, the CT1
fibroblasts displayed spindle-shaped morphological features, typical of fibroblasts
found within tumours (Figure 4.3 C).
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Figure 4. 2. The expression of ECM proteins in OSCC and fibroblast cell lines. gRT-PCR analysis was used
to evaluate the expression of; (A) collagen, type 1, alpha 1 (COL1A1), (B) COL1A2, (C) fibronectin (FN), (D) laminin
1 alpha 1 (LAMA1A1) and (E) Tenascin C in OSCC and fibroblast cell lines. The values of all the OSCC, CT1 and
FGO were normalized to that of WI38. GAPDH was used as a housekeeping gene to normalise target gene
expression. The results shown are representative of the mean + SEM experiments performed in triplicates and
repeated at least two independent times. Statistical significance was done using one way ANOVA. * p < 0.05.
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Figure 4. 3. Elevated expression levels of a-SMA in CT1 fibroblast cells. (A) Western blot analysis was done
to determine the expression of a-SMA in WI38, FGo and CT1 fibroblasts cell lines. (B) Evaluation of a-SMA mRNA
expression was done using gRT-PCR analysis relative to GAPDH. (C) Images of CT1 fibroblasts cells were
captured using a phase-contrast image. Results shown are the mean + SEM of experiments performed at least
two independent times. *p<0.05.

4.2.2 Isolation and characterisation of decellularised ECMs

Several reports have shown that fibroblasts are a vital component of various tissues
and the main stromal cell type responsible for the synthesis of the ECM [397]. Various
other reports have utilized a fibroblast-derived ECM to study cancer cell and
mesenchymal stem cell interactions [229]. Fibroblasts within tumours are often
referred to as cancer-associated fibroblasts. Cell-derived 3D culture models were
utilized for this section, which involved culturing cancer cell lines on these models. As
illustrated in Figure 4.4 A, this investigation used decellularised ECMs made by
fibroblasts (CT1 fibroblasts; tfd-ECM), OSCC cell lines (cd-ECM), and a combination
of fibroblasts and cancer cells (combi-ECM).

Since all the OSCC cell lines used in this study had similar gene expression profiles,
the WHCO1 cell line was used in all subsequent experiments unless indicated
otherwise. The y-radiation transformed WI-38 human lung fibroblast cell line, (CT1)
represented our “transformed fibroblasts”. CT-1 fibroblasts produced an ECM (tfd-
ECM) displaying a more highly linearized pattern than the ECM produced by WHCO1
cells (cd-ECM) and a mixture of CT-1 fibroblasts and WHCO1 cells (combi-ECM)
(Figure 4.4 A, right column). Matrigel and Fibronectin, two commonly used synthetic
and solubilized ECMs, do not form linearized ECMs. It is hypothesised that
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linearisation, or lack thereof, influences how cancer cells respond to chemotherapeutic
drugs and may better represent the in vivo ECM than these purified ECM components.

An important step in studying cell-ECM interactions is the need to analyse the detailed
composition of the ECM being used. Therefore, ECMs were decellularized using 0.5%
Triton X-100 and 0.1 M NH4OH as described in section 7.2.20.1. The composition of
the several ECMs utilised (tfd-ECM, cd-ECM, and combi-ECM) was examined in this
study utilising gel electrophoresis, Alcian blue staining for proteoglycan, and a
proteomics pipeline combining liquid chromatography with tandem mass spectrometry
(LC-MS/MS) (Figure 4.4 B). SDS-PAGE and Alcian blue staining results revealed that
decellularised ECMs were generally made up of identical ECM proteins and
proteoglycans, with differences in protein and proteoglycan amounts observed in each
ECM (Figure 4.4 C).

The Q-Exactive MS instrument acquired MS1 and MS2 data for all samples. All
samples had a Total lon Chromatogram (TIC) in the same range to maximise peptide
loading into the LC/MS/MS (Figure 4.5 A-C). MaxQuant analysis of the spectra and
comparison with the Uniprot Human protein database was conducted to identify
protein groups. This analysis allowed the identification of the different peptides and
proteins from the ECMs (Figure 4.5 A-C). Similar proteins were found in the three
decellularised ECMs. A total of 24 glycoproteins, including fibronectin, laminin and
tenascin C, were identified (Table 4.1). Of the 20 collagens identified, collagen type
alpha 1 and 2 chains were also detected (Table 4.1). In addition, 18 ECM regulators,

9 proteoglycans, and 9 secreted factors were also identified (Table 4.1).
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Figure 4. 4. Analysis of decellularised ECM. Mass spectrometric characterisation of ECM produced by
fibroblasts and cancer cells. (A) Phase-contrast microscope images of fibroblasts and cancer cells before and after
the decellularisation procedure. (B) Diagrammatic representation of decellularised ECMs preparation and
evaluation using SDS PAGE and mass spectrometry. (C) Images showing SDS PAGE analysis and Coomassie
Blue staining of decellularised ECMs (left panel). Alcian Blue staining for proteoglycans within decellularised ECMs
(right panel). Representative images are shown. Images were taken at 100x magnification.

92



A

RT: 0.00 - 140.00
9241 .
L 21368
902 TcFims
80 170801_D
707 s FD_EC
Mi_170801
603 149 210616
E L7 7581
s 5482 b
403 | o ' \\ ‘ ‘ S s211 9551
A
o 3759 “34‘9&‘" J ‘4‘”‘ MW‘ ‘h" 3319 9188 |I
f: 222 30.’ 9, oo, J '~-;“\“' lasn U' |I 900 =
E Ailtap A
317 624 843 1320 2354 2555 W, 2238 10441 12094 12410 13089 134.41 9'
7577 L
1003 1.2568 m
903 ncemz  J0)
MS
803 170801_D g
70 5 FD_EC
MA_170801
603 210616
502
407
303
203
103
19.11 2348 107,37 117.50 12247
0 10 20 110 120 130 140
Time (min)
RT: 0.00- 14000
9244 NL:
1003 2.79E9
903 T Fims
803 170801_D
704 s.coEc
603
503
404 sssz w27 77 7'
303 ! 817
51.99 W
203 2030 3028 TS0 4646 7 808 oy )|\J ~WI,J‘N \‘v'\W WM“" ‘\":‘“5 973 (e}
103 38 o Pt M f Q.
ol 48 1126 1947 238 2agf N W, 8883 40, [LO0TT 10051 10645 12174 12376 12544 13570 T
6214
1004 11388 m
90° T Fims2 (@]
803 |7asm 0 Z
703 §.00. EC
603
503
403
303
203
104 9243
247 | 9611 9953 10737 1755 12215
T T T T T 1
10 20 100 110 120 130 140
Tima (min)
RT: 0.00- 140.01
9243 N
1007 27389
205 T Foms
Ms
80-] 170801_D
704 S_comd_E
cht
605
503
@ 70_43 ns 77 72
303 523‘ 65,96 au7 a0 9562
20 4952 5. |o rl n‘ U,Al
” 2732 3099 3444 3830 o A )".h M-‘u‘\f m 8320 |ore2 8
3 el Y
B 698 836 2059 2350, ° (2615 A/ Ur 10045 10528 44959 12205 13268 13687 3
8 7046 NL:
100 6231 22088 O
[E wcrme2 [T
MS
80 m
E 170801_D
704 s coms £ |()
cMt
e <
50
103
0] 7613 go76 .
203 2748 3843 7345
103 2440 l 372 | 4467 4619 8205 g5 47
677 1241 2357 #4180 T AN m 9243 97.81 107.38 12113 12396 13197
o T 7 Y . T T T Iy !
10 20 30 40 50 60 70 80 %0 100 110 120 130 140

Time (min)

Figure 4. 5. Representative mass spectrometric chromatogram of decellularized ECMs. A representative TIC
generated from a 140-minute linear LC gradient was used to analyse the label-free, (A) tfd-ECM, (B) cd-ECM and
(C) combi-ECM samples. Upper panel: MS1 ion chromatogram; Lower pane: MS2 ion chromatogram. MaxQuant
software was used to analyze the raw files to identify of proteins. Major ECM proteins identified are summarised in

Table 4.1.
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Table 4. 1. A summary of ECM proteins was identified from MaxQuant analysis.

Glycoproteins | Collagens | ECM Regulators | ECM Affiliated | Secreted Proteoglycans
Proteins Factors
FN1 COL1A1 TGM2 LGALS1 S100A13 HSPG2
LAMA3 COL1A2 HTRA1 FREM2 EGFL7 BGN
LAMA5 COL6A3 CSTB ANXA2 IGF2 DCN
FBN1 COL3A1 LOXL2 FREM1 S100A11 LUM
TGFB1 COL12A1 LOXLA1 ANXAB S100A6 ASPN
TNC COL6A1 SERPINH1 ANXA5 S100A13 OGN
EMILIN1 COL4A2 CTSB CoLC12 CXCL12 PRELP
LAMC1 COL6A2 LOX CLEC3B CCL25 VCAN
LAMB2 COL4A5 ITH5 LGALS3 PF4
FBLN2 COL4A4 ADAM10 LGALS8 FGF2
LAMA2 COL5A2 ADAMTSL1 SEMA3C INSL5
TNXB COL7A1 PLG CLEC14A ANGPTL2
POSTN COL11A1 pPzpP ANXA9 S100A9
THBS1 COL4A1 CTSK ANXA1
FBN2 COL5A1 ADAMTSL5 PLXDC2
FBLN1 COL5A3 SERPINA1A SFTPA1
LAMB3 COL14A1 SERPINA3K CSPG4
LAMA4 COL16A1 PLOD1 SFTPD
AGRN COL18A1
FGB COL15A1
LAMC2
VWF
HMCN1
LTBP4

4.2.3 The effects of ECMs and drugs on WHCO1 cancer cell behaviour.

While this study was able to show ECM protein composition from the cell-derived
ECMs, this suggested that ECM proteins play major roles in cancer cell progression,
migration and drug resistance. To test this hypothesis, cells were cultured on plastic
and on the cell-derived ECMs and the response to several chemotherapeutic drugs
was examined through analyzing proliferation, apoptosis, colony formation, MMP
activity, signaling pathways and migration.
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4.2.3.1. Determination of IC5o of WHCO1 cells plated on plastic and ECMs.

Common therapeutic drugs used to treat of WHCO1 cancer cells include cisplatin, 5-
fluorouracil and epirubicin. WHCO1 cells were treated with 0.1% DMSO as a control
or various amounts of chemotherapeutic medicines to meet the study's goal. The MTT
assay was used to determine the concentration at which paclitaxel, cisplatin and 5-
Fluorouracil kill 50% of viable cells as described in section 7.2.9.2. Cells were treated
with increasing concentration of drugs for 24 hours and viable cells were monitored
using the MTT assay. The ICsq values with confidence intervals were calculated from
the dose response curves cell viability for WHCO1 and KYSE180 using GraphPad
Prism Software. The IC50 values for WHCO1 cells cultivated on ECM were greater
than those for cells cultured on plastic, according to MTT data (Table 4.2). In order to
study gene expression in response to the drugs, cells were treated with concentrations
of drugs that were lower than their determined 1Cso values for 24 hrs. This study used
4.2 uM cisplatin, 3.5 yM 5-fluorouracil and 2.5 yM epirubicinWHCO1 cells were plated
on plastic or ECMs and treated with the above drugs for 24 hours. Morphological
analysis displayed no differences between cells on plastic or on ECM, whether in the
absence or presence of drugs (Figure 4.6). The ICso obtained for cells plated on plastic
and treated for 24 hours are in the same range as those obtained in the previous
chapter.

Table 4. 2. Determination of ICsgs of cells cultured on plastic and on ECMs.

Drug Plastic tfd-ECM | cd-ECM | combi-ECM
Cisplatin (ICs0 = S.D. (uM)) | 18.5+6.4 | 23.8+3.2|224+45|257+3.2
5-FU (ICs0 £ S.D. (UM)) 141+3.8|19.14+26(206+22|219+1.8
Epirubicin (ICso + S.D. (uM)) | 12.8+2.3 | 17.3+45|185+1.9|27.8+5.3
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Figure 4.6. Morphology of WHCO1 cells plated on plastic versus cell-derived ECMs. WHCO1 cells were
plated on plastic and ECMs, then treated with 4.2 uM cisplatin, 3.5 pM 5-fluorouracil and 2.5 yM epirubicin for 24
hours. Images were photographed using a phase-contrast image with an Olympus SC30 camera. The images were
taken at 20 x magnification.

4.2.3.2 ECMs Protect WHCO1 Cells from the Effects of Anticancer Drugs

To determine the effect of cell-derived ECM on cellular proliferation on treated WHCO1
cells, MTT assays or cell counting were done. The proliferation of cells was monitored
over 72 hours by trypsinisation and counting cells using the countess cell counter or
using the MTT assay at each time period. The proliferation results showed that in the
absence of drugs, no significant differences in cancer cell proliferation were observed
between cells grown on plastic and those on ECMs (Figure 4.7 A). In contrast, cisplatin
caused a significant decrease in cell proliferation on plastic compared to those on the
ECM (Figure 4.7 B). A similar trend was obtained for cancer cell proliferation when
cells were treated with 5-fluorouracil or epirubicin (Figure 4.7 C, D). On the other hand,
the culture of cancer cells on ECMs reduced the cytotoxic effect of the drugs used in
the study. This study also evaluated the effect of drugs on cell doubling time when
grown on plastic or on ECM (Table 4.3). In addition to cell proliferation assays, the
doubling time of cells plate on plastic or ECM was investigated. Doubling time is
defined by the time it takes for WHCO1 cancer cells to double. In the absence of drugs,
similar doubling times were obtained for cells grown on plastic and ECMs. However,
the doubling times for cells grown in the presence of drugs and on ECM were lower

than for cells grown on plastic and drugs (Table 4.3).
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To further delineate the effect of drugs and-ECMs on the proliferation of WHCO1 cells,

the expression of cell proliferation markers (Ki67 and PCNA) showed no significant

change in Ki67 and PCNA expression in untreated WHCO1 cells plated on either

plastic or ECM (Figure 4.8 A). In the presence of drugs, however, the expression of
Ki67 and PCNA increased significantly in WHCO1 cells plated on EC (Figure 4.8 B-
D). Furthermore, analysis of immunoblot band intensities, as illustrated in Figure 4.8.

Overall, the results suggest that ECMs reduce the drugs' effect on WHCO1 cell

proliferation, most probably through the expression of Ki67 and PCNA.
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Figure 4. 7. Influence of decellularised ECMs on WHCO1 cell proliferation. 5 x 105 WHCO1 cells were plated
on culture dishes with or without the cell-derived ECMs. Cellular proliferation of WHCO1 cells, (A) untreated, or
treatment with (B) 4.2 uM cisplatin, (C) 3.5 yM 5-fluorouracil and (D) 2.5 uM epirubicin, was monitored for the
indicated time (24, 48, and 72 hrs). Cell counting was performed as described in (section 7.2.8.1). The results
shown are the mean + SEM of experiments performed at least two independent times.

Table 4. 3. Doubling times of cells grown on plastic and on d-ECMs, with or without drugs.

Plastic tfd-ECM | cd-ECM | combi-ECM
No Drug (hours) [33.6+3.3|38.6+5.7|37.1+4.2|36.8+4.5
Cisplatin (hours) |55.3+9.4|39.5+4.3|36.9+£3.8|36.7+5.8
5-FU (hours) 56.2+5.1|39.5+3.6|326+4.6|31.9+3.8
Epirubicin (hours) | 58.3+2.5|34.7+35|30.7+4.9|32.1+3.8
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Figure 4. 8. Decellularised ECMs increase the expression of Ki67 and PCNA in the presence of drugs.
Western blot analysis was done to evaluate the effects of ECMs on the expression of Ki67 and PCNA in WHCO1
cancer cells. WHCO1 cells were cultured on plastic or on ECMs and treated with drugs as indicated for 24 hours.
(A) Expression of Ki67 and PCNA in WHCO1 cells in the absence of drugs or treated with (B) 4.2 uM cisplatin, (C)
3.5 uM 5-fluorouracil and (D) 2.5 uM epirubicin. Densitometric analysis of Ki67 and PCNA was relative to GAPDH,
and the values were normalised to either plastic or plastic + no drug. Data show western blot (left panel) and
densitometric analysis (right panel). Results shown are the mean + SD of experiments performed in at least two
independent experiments. *p < 0.05.

4.2.3.3 Effects of ECMs and drugs on WHCO1 cell cycle.

Flow cytometry using propidium iodide was performed to study whether ECM plays a
role in the cell cycle progression of WHCO1 cells. WHCO1 cells were treated with 4.2
MM cisplatin, 3.5 uM 5-fluorouracil or 2.5 yM epirubicin for 24 hours, followed by cell
cycle analysis. In the absence of drugs, the cell cycle profiles between cells grown on
ECM compared to those grown on plastic were similar (Figure 4.9 A). Cisplatin
resulted in G2 phase cell cycle arrest in WHCO1 cells cultured on plastic, and the
effect of cisplatin was reduced in cells cultured on ECM, with cd-ECM and combi-ECM
reducing the drug effectiveness more than the tfd-ECM (Figure 4.9 B). The addition of
5-fluorouracil caused a G1 phase cell cycle arrest and the drug effect was reduced in
cells cultured on ECM (Figure 4.9 C). In addition, WHCO1 cells cultured on combi-
ECM displayed similar profiles to cells cultured on plastic without of drugs (Figure 4.9
C). The addition of epirubicin resulted in a relative insignificant G2 phase cell cycle
arrest on plastic and in the presence of combi-ECM (Figure 4.9 D).
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Having observed that ECMs abrogated the effect of drugs on WHCO1 cell cycle, the
effects of ECMs on cell cycle regulatory proteins such as cyclin D1 and p21 were
investigated (Figure 4.10). In the absence of drugs, no significant effect was observed
on the expression of cyclin D1, although there was a significantly decreased
expression of p21 in WHCO1 cells plated on ECM (Figure 4.10 A). The expression of
cyclin D1 and p21 protein was increased in the presence of drugs in WHCO1 cells
cultured on ECM compared to those on plastic (Figure 4.10 B-D). The band intensities
of at least two immunoblot gels normalized to GAPDH (Figure 4.10, right panel)
suggest that ECMs reduce drug-induced cells cycle arrest through increased
expression of cell cycle regulatory proteins.
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Figure 4.9. ECM abrogates drug-induced cell cycle arrest. Cell cycle analysis of (A) 5 x 105 Untreated WHCO1
cells, (B) WHCO1 cells treated with 4.2 pM cisplatin, (C) 3.5 uM 5-fluorouracil and (D) 2.5 uM epirubicin, grown on
plates with or without ECMs, was carried out by flow cytometry using propidium staining. The percentage of cells
in each cell cycle phase was analysed using Modfit LT software (Verity Software House) as described in section

7.2.13.1. Results shown representative of experiments done in triplicate and repeated at least three independent
times.
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Figure 4. 10. ECMs increase the expression levels of cell cycle regulatory proteins. 10 cm plates with or
without ECMs were used to grow (A) 5 x 10% Untreated WHCO1 cells, (B) 5 x 105 WHCO1 cells treated with 4.2
MM cisplatin, (C) 3.5 uM 5-fluorouracil and (D) 2.5 uM epirubicin for 24 hours. Western blot analysis was done to
evaluate the expression of cell cycle regulatory proteins. Densitometric analysis of cyclin D1 and p21 are shown
relative to GAPDH and the results were normalised either to plastic or to plastic plus no drug. Data show western
blot (left panel) and densitometric analysis (right panel). Results shown are the mean + SEM of experiments
performed at least two independent times. * p < 0.05.

4.2.3.4 Effects of ECMs and drugs on WHCO1 apoptosis.

In order to evaluate whether the protective effect of the ECM was due to inhibition of
apoptosis, Annexin V/Propidium lodide double staining was used to determine cellular
apoptosis (Figure 4.11). In the absence of drugs apoptosis was observed whether
WHCO1 cells were plated on plastic or ECM (Figure 4.11 A, Q2 + Q3). Cisplatin-
induced major apoptosis on WHCO1 cells plated on plastic (20% total apoptosis) and
the presence of ECM reduced the drug-induced apoptosis (Figure 4.11 B, Q2 + Q3).
The same results were observed in the presence of 5-Fluorouracil, with 16% total
apoptosis in WHCO1 cells plated on plastic that was decreased in the presence of
ECM (Figure 4.11 C, Q2 + Q3). Treatment with epirubicin resulted in 6% total
apoptosis for WHCO1 grown on plastic and the effect was reduced in WHCO1 cells
plated on all three ECMs (Figure 4.11 D, Q2 + Q3). Further analysis of Bcl-2 and Bcl-
xL protein levels (antiapoptotic proteins) by western blot analysis revealed increased
levels of these proteins when untreated or treated WHCO1 cells were cultured on
ECMs (Figure 4.12, A-B), which is consistent with the above results. Using

100



densitometric analysis, the band  intensities of at least two immunoblot
gels were normalized to GAPDH (Figure 4.12, right panel). These results suggest that
drug-induced apoptosis resistance may be caused by a combination of reduced ECM

effects and increased antiapoptotic protein expression.
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Figure 4. 11. Effect of ECM on cellular apoptosis in WHCO1 cells. Apoptosis analysis of (A) Untreated WHCO1
cells, WHCO1 cells treated with (B) 4.2 uM cisplatin, (C) 3.5 uM 5-fluorouracil and (D) 2.5 uM epirubicin, grown on
plates with or without ECMs, was carried out by flow cytometry using Annexin V/Propidium lodide double staining.
Data acquisition was performed using the Cellquest software (Version 5.1, Becton Dickinson, Franklin Lakes, NJ,
USA) as described in section 7.2.13.2. Results shown are representative of experiments done in triplicate and
repeated at least three independent times.
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Figure 4.12. Increased antiapoptotic protein expression levels due to ECMs. WHCO1 cells were grown in 10
cm dishes with or without ECMs according to the following conditions: (A) 5 x 10° untreated WHCO1 cells, 5 x 10°
WHCO1 cells treated with (B) 4.2 uM cisplatin, (C) 3.5 uM 5-fluorouracil and (D) 2.5 uM epirubicin. The expression
levels of antiapoptotic proteins were evaluated using Western blot analysis. Bcl-2 and Bcl-xL densitometric analysis
was performed relative to GAPDH and normalized to plastic or plastic plus no drug. Data show western blot (left
panel) and densitometric analysis (right panel). Results shown are the mean + SEM of experiments performed at
least two independent times. * p < 0.05.

4.2.3.4 ECM increases the colony formation in the presence of anticancer drugs.

Given the significant increase in the proliferation, reduced drug-induced cell cycle
arrest and apoptosis, the effects of ECM on colony formation of WHCO1 cells treated
with drugs were investigated. Then, WHCO1 cells were grown in 6-well plates with or
without the ECM and incubated for 10 days as described in the material and methods
section (section 7.2.14). WHCO1 cells were treated with cisplatin, 5-fluorouracil and
epirubicin for 24hours. After fixing, the cells were stained with 0.5% crystal violet and
images of colonies were taken. In the absence of drugs, WHCO1 cells grown on ECM
showed significantly increased colony formation compared to those plated on plastic
(Figure 4.13 A). In the presence of drugs, the colony formation of WHCO1 cells

increased compared to WHCO1 cells grown on plastic (Figure 4.13 A).
The previous chapter showed that cancer stem cells (CSCs) are present within

tumours and play key roles in the development of drug resistance. This chapter
investigated the effect of ECM on colony formation of WHCO1 cancer stem cells. The
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side population technique was used to isolate WHCO1 CSCs, as described in Chapter
3 and Figure 4.13 B, C. Isolated WHCO1 SP cells formed more colonies on ECMs
than on plastic (Figure 4.13 B). In addition, this study compared the effect of various
ECMs on colony formation of WHCO1 and SP cells treated with 4.2 uM cisplatin. Both
treated WHCO1 cells plated on ECM formed more colonies than those on plastic, with
SP cells generating more colonies than parental WHCO1 cells (Figure 4.13 C).
Overall, the ECM influences the formation colonies of WHCO1 cells and SP cells even
in the presence of cisplatin, indicating that ECM has a significant influence on WHCO1

and SP cells colony formation, even when cisplatin is present.
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Figure 4. 13. ECMs increased colony formation in WHCO1 cancer cells. Cells were grown in 6-well plates with
or without the ECM and incubated for 10 days and treated with drugs cisplatin, 5-fluorouracil or epirubicin. Cells
were fixed and then stained with 0.5% crystal violet. (A) Images of colonies formed by WHCO1 cells on plastic or
ECMs in the presence of cisplatin, 5-fluorouracil or epirubicin. (B) Images were obtained of WHCO1 SP sorting
and colony formation of SP cells on plastic or ECM. (C) Representatives images of colonies from parental WHCO1
cells and SP cells on plastic or ECMs in the presence of cisplatin. The bar graphs on the right panel represent the
quantification of colonies formed. Results shown are the mean + SEM of experiments performed at least two
independent times. * p < 0.05.
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4.2.3.5 The ECM upregulates matrix metalloprotease gene expression in WHCO1

cells

Tumours rely on MMP-driven ECM degradation to move through the ECM and
eventually invade and metastasise. This study, therefore, assessed the effects of ECM
on the levels of MMPs using western blot analysis and their activity via Zymography.
Western blot analysis revealed that WHCO1 cells had elevated levels of MMP-2 and
MMP9 when plated on ECMs compared to plastic (Fig 4.14 A). The addition of
cisplatin, 5-fluorouracil or epirubicin did not affect the expression of MMPs (Fig 4.14
B-D). The band intensities of immunoblot gels were normalized to GAPDH using
densitometric analysis (Figure 4.14 A-B, right panel). The zymographic analysis
confirmed increased MMP2 and MMP9 activity WHCO1 cells are plated on ECMs
compared to plastic (Fig 4.14 A, lower panel). The elevated MMP2 and MMP9
activities were maintained in the WHCO1 cells grown on ECM when treated with
cisplatin (Fig 4.14 B, lower panel). However, the presence of 5-fluorouracil and
epirubicin, did not result in any change in MMP activity in cells grown on either plastic
or ECM (Fig 4.14 C, D, lower panel). This could be due to 5-fluorouracil and epirubicin
affecting the activation of the MMPs (Fig 4.14 C, D). Together these results provide

evidence for the role of ECMs in the activation of MMPs in cancer cells.
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Figure 4. 14. The presence of ECMs affects the expression and activity of MMP9 and MMP2. WHCO1 cells
(A) untreated and treated with (B) 4.2 uM cisplatin, (C) 3.5 uM 5-fluorouracil, or (D) 2.5 uM epirubicin for 24 hours,
were grown on plates with or without ECM. Western blot analysis was used to determine the protein expression of
MPPs (upper panel), and MMP activity was determine by gelatin Zymography of conditioned media (lower panel).
The densitometric analysis of MMP9 and MMP2 expression was performed relative to GAPDH and normalized to
plastic or plastic plus no drug. The left panel shows a western blot and the right panel a densitometric analysis.
The results shown are representative of at least two independent experiments.
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4.2.3.6 The ECM increases the expression of integrins in WHCO1 cells.

In addition to providing structural support, the ECM allows cell-to-cell and cell-to-matrix
communication and can provide both mechanical and chemical stimulation to cells,
resulting in diverse intracellular signals. Surface adhesion receptors have been shown
to mediate many cell-ECM interactions, specifically, integrin-mediated signalling
pathways are responsible for integrating signals from extracellular matrix components
to control cellular development. Since the ECM protected WHCO1 cells from drug
effects, this study investigated the effects of ECMs and drugs on integrin-mediated
signalling to identify components responsible for this protective effect. The levels of
adhesion receptors, including integrin a2, a3, a11 and 31, were assessed in WHCO1
cells using western blot analysis. In the absence of drugs, ITGa2 and ITGB1 were
increased in WHCO1 cells plated on cd-ECM and combi-ECM compared to those on
plastic, while ITGa3 was significantly upregulated WHCO1 plated on all 3 ECMs
(Figure 4.15 A). WHCO1 cells plated on ECMs and treated with cisplatin showed
increased expression levels of ITGa2, ITGa3 and ITGB1 compared to plastic. ITGa11
was elevated in WHCO1 cells plated on combi-ECM compared to cells on plastic
(Figure 4.15 B). Treatment with 5-fluorouracil and epirubicin resulted in differential
integrin expression in WHCO1 cells plated on both plastic and ECM (Figure 4.15 C,D).
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Figure 4.15. ECM increases the expression of integrins in WHCO1 cells. Western blot analysis of total lysate
extracted from WHCO1 cells grown on either plastic, tfd-ECM), cd-ECM or combi-ECM was used to determine the
level of integrins. The expression levels of integrin were evaluated in (A) untreated WHCO1 cells and WHCO1
cells treated with (B) cisplatin, (C) 5-fluorouracil or (D) epirubicin. Densitometric analysis of band intensities was
done relative to GAPDH and normalized to plastic or plastic plus no drug. The left panel shows a western blot and
the right panel a densitometric analysis. Results shown are the mean + SEM of experiments performed at least
two independent times. * p < 0.05.
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4.2.3.7 ECM induces MEK/ERK and PI3K/Akt signalling in WHCO1 cells.

Integrins activate a variety of signalling pathways, including MEK/ERK, PI3K/Akt, that

mediate most of the biological effects of ECM. Activation of pathways has been shown

to enhance the growth, survival, and metabolism of cancer cells. To determine whether
ECMs activate survival pathways in WHCO1 cells treated with drugs, MEK/ERK and
PI3K/Akt levels were determined using western blot analysis (Figure 4.16).
Phosphorylated EKR 1,2 (p-ERK 1,2) levels were elevated in untreated WHCO1 cells

grown on three different ECMs, while p-Akt levels did not differ significantly from

WHCO1 cells cultured on plastic (Figure 4.16 A). However, in the presence of drugs,

both p-ERK1,2 and p-Akt levels were more pronounced in WHCO1 cells grown on
cell-derived ECMs (Figure 4.16 B-D). Figure 4.16 A-D shows the quantification of band
intensities using densitometric analysis (right panel). Overall, these results suggest
that ECM activated the MEK-ERK and PI3k-Akt signalling pathways in WHCO1 cells.
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Figure 4.16. ECM induced MEK/ERK and PI3K/Akt activation in WHCO1 cells. Total lysate extracted from
WHCO1 cells grown on either plastic, tfd-ECM, cd-ECM or combi-ECM was analysed using western blot. The
effects of ECMs on the activation of signalling pathways was evaluated in (A) untreated WHCO1 cells, (B) WHCO1
cell treated with cisplatin, (C) with 5-fluorourail or (D) with epirubicin. Densitometric analysis of band intensities was
done relative to GAPDH and normalized to plastic or to plastic plus no drug. The left panel shows a western blot
and the right panel a densitometric analysis. Results shown are the mean + SEM of experiments performed at least

two independent times. * p < 0.05.
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4.2.4. The effect of ECM proteins on drug-induced apoptosis and migration.

ECM proteins are involved in cellular survival, migration and invasion. Two major ECM
proteins within the tumour microenvironment are type | collagen and fibronectin. This
study showed that our cell-derived ECM consists of several ECM proteins, including
type | collagen and fibronectin (section 4.2.2). This study investigated whether these
two proteins played any role in WHCO1 cell apoptosis and migration by transient
knockdown of type | collagen and fibronectin in CT1 fibroblasts and WHCO1 cells.
Western blot analysis revealed that siRNAs successfully reduced type | collagen and
fibronectin levels in CT-1 fibroblasts and WHCO1 cells (Figure 4.17 A, B). These cells
were then used to prepare cell-derived ECMs to investigate the effect of collagen- or
fibronectin-deficient ECMs on colony formation. Knockdown of type | collagen and
fibronectin in addition to WHCO1 cells treated with cisplatin resulted in fewer colonies

versus cells cultured on normal ECMs (Figure 4.17 C).
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Figure 4. 17. Knockdowns of type | collagen and fibronectin in ECM synthesis. CT1 fibroblasts and WHCO1
cells were transfected with siRNA targeting type | collagen and Fibronectin. Knockdown of ECM proteins, (A) type
| collagen and (B) Fibronectin using siRNA were evaluated via western blot analysis. Cell-derived ECMs were
synthesised as described in section 7.2.3 with subsequent fibronectin siRNA and type | collagen siRNA. (C) Cells
were grown in 6-well plates with ECM or protein-deficient ECMs and incubated for 10 days then treated with
cisplatin. Cells were fixed and then stained with 0.5% crystal violet and images of colonies formed by WHCO1 cells
were taken. Results shown are representative of at least two independent experiments.
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Using Annexin V/Propidium iodide double staining, the effects of collagen- or
fibronectin-deficient ECMs on drug-induced apoptosis were also investigated.
Treatment with cisplatin induced increased apoptosis in WHCO1 cells cultured on type
| collagen- and fibronectin-deficient ECMs than on normal ECMs (Figure 4.18 A).
Western blot analysis of antiapoptotic proteins, Bcl-2 and Bcl-xL demonstrated
decreased expression levels in the absence of type | collagen and fibronectin (Figure
4.18 B). The band intensities of immunoblot gels were normalized to GAPDH using

densitometric analysis (Figure 4.18 B, right panel).

Using collagen- or fibronectin-deficient ECMs, the migratory capabilities of WHCO1
cells were investigated. To achieve this, cellular foci of 4 pl containing a total of 2 x
10* WHCO1 cells were added to culture dishes with or without the ECMs, as described
in section 7.2.19. Images of cell migration were taken at times O hours and 24 hours.
The results demonstrated that WHCO1 cells grown on normal ECMs migrated further
than those cultured on plastic or type | collagen deficient ECMs (Figure 4.19 A, B).
Integrins also function as cell-cell adhesion molecules, aiding the cells to attach to
other cells and with the proteins of the ECM. Our studies focused on the functional
role of a2f31 integrin, a major type | collagen receptor, in WHCO1 cell migration. The
monoclonal antibody MAB1998 was used to block the activity of a2B1 integrin in
WHCO1 cell suspension. The differences in migration of cells when plated on normal
combi-ECM or collagen-deficient combi-ECM were investigated. Blocking a2$31
integrin antibody together with type | collagen knockdown synergistically abrogated
WHCO1 cell migration on combi-ECM (Figure 4.17 C). Overall, the results suggest
that ECM proteins, including type | collagen and fibronectin, may be mediators of cell
survival and migration and that knockdown of specific ECM proteins may boost
chemotherapeutic effects and suppress cancer development.
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Figure 4. 18. Knockdowns of type | collagen and fibronectin resulted in increased apoptosis in WHCO1
cells. WHCO1 cells were plated on dishes with normal ECMs or protein-deficient ECMs and then treated with
cisplatin. (A) Apoptosis analysis of WHCO1 cells was carried out by flow cytometry using Annexin V/Propidium
lodide double staining. Data acquisition was performed using the Cellquest as described in section 7.2.13.2. (B)
Western blotting was used to evaluate the levels of Bcl-2 and Bcl-xL antiapoptotic proteins. Bcl-2 and Bcl-xL
densitometric analysis was performed relative to GAPDH. Data show western blot (left panel) and densitometric
analysis (right panel). The results shown are the mean + SEM of experiments performed at least two independent
times. * p < 0.05.
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Figure 4. 19. Decreased cellular migration due to type | collagen and fibronectin knockdown in ECMs.
WHCO1 cells were added to culture dishes with or without the ECMs in 4 pl cellular foci, as described in section
7.2.19. The cellular migration of WHCO1 cells was measured after 24 hours. (A) Representative images (top panel)
showing migration of plated on plastic or normal ECMs. Quantification of distance migration was done using Image
J, shown on the lower panel. (B) Representative images showing WHCO1 cell migration plated on ECMs following
type | collagen and fibronectin knockdown. (C) Representative images showing WHCO1 cells migration after a2(31
integrin-blocking and knockdown of type | collagen in combi-ECM. The number of WHCO1 cells that have migrated
following the type | collage knockdown and a231 integrin-blocking were quantified using Image J. Results shown
are the mean + SEM of experiments performed at least two independent times. * p < 0.05.

110



4.3 Discussion

The tumour microenvironment (TME) is key to the initiation and progression of different
cancers [229, 391]. The TME is dynamic and comprises cancer cells, stromal cells,
the ECM, biomolecules including growth factors and cytokines and immune cells [398,
399]. Within the TME, cancer-associated fibroblasts (CAFs) are the main cell types
that have been shown to play crucial roles in influencing cancer growth as well as the
synthesis of the ECM [11]. Several pieces of evidence point to CAFs and other stromal
cells as the key to tumour growth via synthesis of ECM proteins and aiding in
metastasis [400, 401]. Targeting the products of stromal cells such as the ECM may
offer efficacy in controlling cancer development, chemoresistance and metastasis.
Currently, few studies have focused on the ECM as a component of the tumour
microenvironment. This is partly due to the fact that the ECM is constantly changing
within the TME and may be difficult to define at any particular stage of cancer
development.

This study determined novel targets from within the TME by investigating how ECM
proteins affect cancer cell response to drugs. The study found that both type | collagen
and fibronectin is involved in oesophageal cancer cell survival, migration and
chemoresistance. These two proteins are also increased in oesophageal tumour
samples versus adjacent normal tissue. ECM proteins have been reported to be linked
to poor prognosis and chemoresistance [402, 403]. Previous reports have also linked
type | collagen and fibronectin with cancer cell migration [404, 405]. This study showed
that the removal of both type | collagen and fibronectin influenced oesophageal cancer
cell survival, migration and chemoresistance. Type | collagen and fibronectin have
been shown to promote the migration of breast cancer cells [406]. Many of the ECM
proteins present in it could determine a tumour's ability to progress and become
invasive. This study showed that MMPs and integrins were elevated in tumour
samples. By binding to the ECM, integrins can activate the synthesis of MMPs and
upregulate their expression. The activation of MMPs by integrins promotes oral
squamous carcinoma cell proliferation and metastasis in vivo [407], suggesting that
MMPs and integrins play critical roles in tumour development. As a result, the analysis
of ECM proteins, integrin and MMPs present in the stroma of OSCC could advance

our understanding of the interaction of OSCC cells with their stromal component.
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To study the features of the in vivo tumour microenvironment [408, 409], various
combinations of ECM proteins, cancer cells and stromal components in one culture
system have been explored [410]. The role of different ECM members in
chemotherapeutic resistance has not been studied in detail. This study aims to
elucidate the mechanism by which the ECM can contribute to drug resistance in
cancer cells. Most cancer cell cultures employed in various studies lack cell-cell and
cell-ECM interactions Models utilizing ECM components have improved our
understanding of how tumour cells interact with one another and ECM. Tumour cells
grown in monolayers and on ECM proteins show apparent differences in morphology,
expression of genes and proteins, growth rate, and invasive properties [411, 412]. In
vivo, cancer cells are surrounded by many tumour components that restrict the
movement of anticancer drugs throughout the tumour. In contrast, on 2D surfaces,
cancer drugs can reach cancer cells without encountering physical barriers. For
example, the doxorubicin sensitivity of breast cancer cells grown in a 3D-ECM model
is altered compared with 2D monolayer culture [413]. In 2D and 3D grown colorectal
cancer cells, 5 fluorouracil and erlotinib, an EGFR inhibitor, were discovered to have
distinct drug sensitivities [414]. In addition to preventing drugs from physically
accessing cancer cells, our study showed that the decellularized ECMs could also
upregulate genes related to cell proliferation (Ki67 and PCNA) and antiapoptotic genes
such as Bcl-2 and Bcl-xL. Decellularized ECMs can influence cellular biological
processes through increasing the expression of these genes. This could be an

adaptive mechanism by cancer cells use when exposed to new environments.

Natural decellularised ECMs were utilised instead of purified ECM proteins to better
simulate the in vivo tumour microenvironment, as the combination of cancer cells and
fibroblasts best represents the ECM milieu present in TME [373]. Collagen type | and
lI, fibronectin, proteoglycans such as biglycan and decorin, and major basement
membrane components such as lamin, POSTN, and perlecan are among the
decellularized ECMs produced in this study. They all play important roles in cancer
cell proliferation, differentiation, adhesion, migration, and survival. [415, 416]. Many
studies have shown a link between changes in deposition and amounts of collagens,
including type | collagen, with impaired development and development of cancers
[417, 418]. Collagens found within the ECM in normal tissues can be highly uniform in
orientation, whilst in pathological conditions, the orientation is varied [419, 420].
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Overall, the number of different collagens in the ECM influences its properties, such
as elasticity and biomolecule availability, such as growth factors and chemokines [365,
376]. Collagens within the ECM also play other important roles within the body. For
example, collagens are essential within basement membranes where they contribute
to the separation of different layers of tissues. Increased collagen deposition within
basement membranes can lead to membrane stiffening, disrupting regular exchange
of biomolecules and movement of cells [421]. In many pathological conditions such as
cancer, basement membranes are thinner than normal tissues. This has been
attributed to less deposition of collagens including, type IV, type XV and type XIX
collagens [422, 423]. Indeed, several in vitro studies have also shown that collagen
knockdown can enhance the migration of cancer cells [319, 424, 425].

In addition, glycoproteins are actively involved in regulating processes including
proliferation, migration and adhesion [426, 427]. The glycosaminoglycan chains of
proteoglycans are also negatively charged, allowing proteoglycans to impact the
organisation of other ECM constituents [427]. The negative charge on proteoglycans
also allows the ECM as a whole to sequester growth factors and other biomolecules
[428, 429]. Due to their size and structure, proteoglycans can also participate in
binding ligands to receptors, allowing cells, including cancer cells, to respond to
various changes in extracellular cues. Several signalling pathways, including the MEK-
ERK and the PI3-Akt pathways, have been shown to be activated through the
participation of proteoglycans in bonding to various receptors [430, 431]. Most well-
known glycoproteins include fibronectin, fibrinogen, vitronectin, laminin,
thrombospondins, periostin and osteopontin. Among the well-known proteoglycans
are decorin, aggrecan and perlecan. Several glycoproteins and proteoglycans were
discovered by mass spectrometric analysis of the ECMs used in this investigation.
Various cancer cell behaviours, such as growth, proliferation, invasion and drug
response, are influenced by the physical structure of the ECM in the TME [432].
Decellularised ECMs promoted the migration of WHCO1 cells. In agreement with
these findings, ECM components were found to be crucial for cell invasion in bladder
cancer [433]. These results provide insight into aspects that should be considered
when developing a 3D model that can accurately mimic the TME to develop successful
new therapies.
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Chemoresistance can increase through multiple mechanisms. One of these
mechanisms is cell growth promotion. We have examined how different ECMs affect
WHCO1 oesophageal cancer cells’ respond to drugs such as cisplatin, 5-fluorouracil,
and cisplatin. These chemotherapeutic drugs have been shown to activate cell cycle
checkpoints resulting in the cell cycle arrest in cancer cells [434]. The findings of this
study are similar with previous research, indicating that medicines can cause cell cycle
arrest in cells cultured on plastic, and that this effect was reduced in decellularised
ECMs. Various reports support this observation. For example, it has been shown that
ECM proteins activate 1 integrin to protect small cell lung cancer cells from cell cycle
arrest and apoptosis induced by the DNA damaging agents [435]. In this study, cancer
cell- and stromal cell-derived ECMs were able to promote or induce resistance to the
chemotherapeutic drugs in WHCO1 cancer cells. Similarly, in vivo, it is possible that
many ECM components as part of the TME work in concert to enable cancer cells to
grow and develop resistance to drugs. This study showed that the ECMs encouraged
the capability of a single cancer cell to form more colonies compared to cells plated
on plastic. These observations are in agreement with a study by Lai Y et al. (2010)
that showed that MSCs plated on ECMs formed more colonies than those plated on
plastic [436]. These findings suggest that the ECM may influence both the

development and progression of cancer.

One of the major receptors for ECM-cell interactions is integrins. Integrins are
heterodimers involved in transmitting extracellular cues into cellular signalling [437].
During development and in some pathological conditions, specific integrins are
expressed and these influence specific cellular activities such as migration,
proliferation, and adhesion [438, 439]. Importantly, the binding of various integrins,
including avB1, avB3 and o431, to ECM molecules has been linked with tumour cell
invasion during tumourigenesis [440]. Furthermore, the specific expression of certain
integrins may be linked to the promotion of tumourigenesis, drug resistance and
metastasis [441]. The enhanced expression of a5f1 and its binding to ECM molecule
fibronectin has been linked to reduced drug efficacy in models of cancers [442, 443].
Overall, the involvement of integrins in development and in pathological conditions
such as cancers depends on the type of integrin, ECM molecules and cell type [444,
445]. In this study, we observed that WHCO1 cells cultured on ECM migrate more
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readily along the direction of the ECM fibres, whereas WHCO1 cells grown on plastic

showed a decrease in migration.

Certain survival pathways are activated when cancer cells adhere to specific ECM
proteins, enhancing the chemoresistance of the cancer cells. This study showed that
when WHCO1 cells were cultured on the different ECMs, significant upregulation of
the MEK-ERK pathway and PI3K/Akt was observed. When cisplatin was added, the
MEK-ERK signalling pathway in WHCO1 cells plated on all ECMs remained
upregulated compared to plastic. When WHCO1 on the ECMs was plated with 5-
fluorouracil and epirubicin, both MEK-ERK and PI3K/Akt remained elevated compared
to plastic. ECM-tethered growth factors may be responsible for activating these
pathways. When cancer cells bind to ECM, several signalling pathways are activated,
such as PI3K/Akt, MEK-ERK and Rho/ROCK [446, 447]. Resistance to 5-fluorouracil,
epirubicin, and cyclophosphamide in breast cancer has been demonstrated to be
largely dependent on the protein composition of the stromal ECM [448]. The MEK-
ERK and PI3K-RAF signalling pathways are known to induce the expression of several
cell cycle-associated proteins, including cyclin D1. As a result of activating these Ras-
mediated pathways, proteins such as cyclin D1 are protected from degradation. In this
study it was observed that the addition of 5-fluorouracil and epirubicin decreased the
doubling time. This could be due to the use of drug concentration much lower than the
actual IC50’s, not meant to kill the cells. The presence of the low drug concentration
and the ‘physically blocking® ECMs may have promoted the activation of survival
pathways in cancer cells. This might promote cancer cell proliferation as observed in
this study for 5-fluorouracil and epirubicin. Whilst stromal cells and tumour cells both
can release growth factors and chemokines and thus influence signalling, the ECM
can enhance or decrease the resulting signalling via the release of sequestered growth
factors and chemokines and sequestering synthesised factors, respectively [449, 450].
In addition, the stiffness of the ECM can influence integrin-based signalling during
normal development and in diseases [451, 452]. Reports indicate that signalling
cascades, including the MEK-ERK and the JNK signalling cascades can be activated
by ECM stiffening in various conditions [453, 454]. Other signalling cascades also
respond to ECM composition and stiffness. Thus, targeting these signalling cascades,
together with ECM composition and stiffness are plausible strategies to control tumour
progression and metastasis. The findings of this study showed that treatments
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inhibiting the production of certain ECM components, such as type | collagen and
fibronectin, can help deliver drugs to cancer cells more effectively. This study found
that the ECM is a limiting factor on drug efficacy and suggested that combination
therapy, including drugs that target the ECM components as well as cancer cells be
used. Overall, both the cd-ECM and combi-ECM promoted cancer proliferation and
migration more than the tdf-ECM. Based on data from this study, the cd-ECM and
combi-ECM may contain cancer-specific sequested growth factors and proteins that
activate survival pathways in cancer cells more than tdf-ECM. More studies comparing
the three dECM are required. For example, long term studies are needed to elucidate
the role played by transformed fibroblasts in cancer cell growth and migration. As a
results, it would be important and interesting to do further studies to compare the three

cell-derived ECM on how they promote cancer cell growth.
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CHAPTER 5:
USE OF 3D MULTICELLULAR TUMOUR SPHEROIDS CULTURE TO
INVESTIGATE DRUG SENSITIVITY IN CANCER CELLS.

5.1 Introduction

A tumour mass comprises cancer cells, stromal cells, ECM and biomolecules; a
complexity that has presented multiple challenges of replicating in vitro experiments
[262, 455]. [456, 457]. The three-dimensional (3D) multicellular tumour spheroids
(MCTS) model has become an integral part of cancer research as a tool to bridge the
gap between 2D monolayer cultures and in vivo solid tumours [458, 459]. MCTS are
cell clusters formed through self-assembly or forced growth starting from single-cell
suspensions. MCTs can be obtained from cancer cells or co-cultures of cancer cells
and various stromal cells such as fibroblasts, endothelial cells, or immune cells [460].
In terms of morphology, MCTS are influenced by cell type, cell density, culture media
and culture method [461]. Classically, MCTS can be grouped as compact spheroids,
tight aggregates, or loose aggregates of cells. Importantly, MCTS show various
features of avascular tumours such as the external proliferating zone, an internal
quiescent zone, and a necrotic core (Figure 5.1) [462]. Cells within MCTS are closely
packed in high density into spheroids. Thus, the cells within MCTS can interact with
each other and other components and maintain complex communications with the
ECM [461]. Various reports have shown that MCTs recapitulate in vivo solid tumours
in different aspects, including resembling the heterogeneous architecture of tumours,
growth factor distribution, limited oxygen, necrotic area and nutrients gradients across
the tumour [463]. Importantly, MCTs demonstrate similar growth properties to tumours
[464, 465]. In addition, cancer cells and stromal cells within MCTS show cell-to-cell
and cell-to-ECM interactions as in solid tumours [240]. Similarities between solid
tumours and MCTS allow the various biological properties of solid tumours to be
studied in vitro and can also be applied to other applications such as drug discovery
and studying drug efficacy [457, 466]. However, the clinical relevance of MCTS is still

under evaluation.
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Figure 5. 1. Schematic representation of the in vitro 3D multicellular tumour spheroid. Cellular aggregates
called multicellular tumour spheroids (MCTS) are created by seeding cells on low adhesive or agarose-coated
culture plates. The MCTS mimics the in vivo microenvironment of solid tumours in terms of nutrients, oxygen, pH
gradients, and zone formation. In vitro, MCTS provides a platform for investigating cell-cell and cell-ECM
interactions. Figure created using Biorender (https://biorender.com/).

Various methods have been derived to form MCTS, with the major method
incorporating the use of a 3D scaffold and the other involving scaffold-free conditions
[467, 468]. The 3D scaffold method involves seeding cells on an acellular 3D artificial
matrix that mimics ECM architecture [469, 470]. Currently, various matrices are in use,
including, ECM proteins such as collagen, Matrigel and laminin [471]. In the scaffold-
free method, cells are seeded in a liquid overlay or hanging drops [461, 472]. In the
hanging drop method, a cell suspension is placed on a lid of a culture dish, and the
surface tension and gravity allow the formation of spheroids [473]. This method has a
high reproducibility compared to other methods as changes in cell density can be
controlled to give rise to MCTS of different sizes [470]. Once formed, spheroids can
then be transferred to low attachment plates or culture dishes. Low adhesive culture
dishes can also be used, causing cells to aggregate in the liquid overlay method [469,
474]. Advances in technologies have seen the advent of new methods for MCTS
formation involving microfluidic systems and 3D bio-printing [475].

This chapter is primarily focused on MCTS formation and its application in cancer

biology. First, the MCTS model was used to determine how cancer cells and their

stromal components interact to influence chemoresistance and migration.
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5.2. Results

5.2.1. Multi-cellular tumour spheroid culture optimization and characterisation

The progression of cancer is partly promoted by the presence of stromal cells such as
fibroblasts and immune cells. WHCO1 (oesophageal) and MDA MB 231 (breast) cells
were utilized to investigate their ability to form tumour spheroids in vitro when cultured
alone and with normal (WI38) and transformed (CT1) fibroblasts. In order to enable
spheroid formation, 96-well round-bottom low attachment plates were used to prevent
cell adhesion to the well bottom and allow the formation of spheroids in suspension.
This allowed cell-to-cell interaction, leading to spherical formation within a short period
of time. The diameter and circularity of spheroids were measured to monitor the growth
of spheroids. Our analysis demonstrated that 3000-5000 cells at day 3 formed
spheroids of about the same size (Figure 5.2 A) and were optimum for the formation
of spherical structures and not loose cell aggregates. Both WHCO1 and MDA MB 234
cancer cells were able to form tumour spheroids within a day (Figure 5.2 B). However,
the growth kinetics of the spheroids formed by cancer cells alone and in co-culture
with fibroblasts were different. Tumour spheroids formed by both WHCO1 and MDA
MB 234 cancer cells alone increased in size at a faster rate over the 7 days of culture
compared to co-cultured cells, as demonstrated by the spheroid diameter
measurements (Figure 5.2 C).

The addition of WI38 and CT1 fibroblasts to cancer cells resulted in spheroids growing
at a slow rate and the formation of slightly smaller and more compact tumour spheroids
compared to cancer cells alone (Figure 5.2 B, C). Tumour spheroids formed by cancer
cells alone and in co-culture with fibroblasts can be maintained over 7 days. There
were no observable differences in spheroid circularity over 7 days of culture for both
cancer cells alone and in co-culture with fibroblasts (Figure 5.2 D). These results
indicate that 96-well round-bottom low attachment plates were sufficiently non-
adherent and promoted compact spheroid formation.

119



>

’gm- E 400
2 -o- WHCO1 2 -~ MDA MB231
‘g 3004 -+ WHCO1 WI38 gm_ -+ MDA MB231 WI38
s % 4 WHCOtCTI % “+ MDA MB231 CT{
T 200+ © 200
<] °
2 2
2100 2100
™ ]
g g,
o ¢ T T T T 1 a Y T T T T 1
1000 2000 3000 4000 5000 1000 2000 3000 4000 5000
Seeding density Seeding density
B WHCO1 WHCO1
Wi

3D Tumour Spheroids

450 450
£ e WHCO1 E e MDA MB231
S 400 WHCO1 2 MDA MB231
5 * wizs g @ * T wias
E 0 -« WHCOH 5 . MDAMB231
% 300 CT1 a3 350 CcT1
i 250 %’ 300
PN )
L | T T T 1 £9UTT T T T 1
0 2 4 6 8 2 4 6 8
Days Days
1.0 1.0
= WHCO1 = MDA MB231
0.8 WHCO1 0.8 MDA MB231
> - wizs > - wis
506 - WHCO1 506 um MDA MB231
3 cT1 3 cT
= 04 =04
o o
0.2 0.2
0.0 0.0
12 3 4 5 & 7 12 3 4 5 & 7
Days Days

Figure 5. 2. Tumour spheroids morphology and growth characterisation. WHCO1 and MDA MB231 cancer
cells cultured alone or with Wi38 or CT1 fibroblast at a 1:1 ratio were used to form tumour spheroids in 96-well low
attachment plates. (A) Diameter of day 3 spheroids obtained after seeding cells at different densities per well (1000-
5000 cells). (B) Tumour spheroids representative images cultured were at 5000 cells per well from day 1 to 7.
Scale bar: 50 ym. (C) Spheroid diameter, for both WHCO1 and MDA MB 234 cells alone and co-cultured with CT-
1 and WI38 cells, overtime for the 7 days used in the study after seeding 5000 cells /dish. (D) Change in circularity
over 7 days in spheroids from WHCO1 and MDA MB 234 cells, alone or co-cultured with fibroblasts at a 1:1 ratio
(n =3). The results shown are the mean +SEM of experiments performed in triplicate and repeated at least two
times.
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5.2.2 WHCO1 and MDA MB 231 spheroid growth properties over days

To further study the characteristics of spheroids formed when cancer cells and
fibroblasts are co-cultured, cells were cultured at a ratio of 1:1 and spheroid structures
were observed over 3 days. In order to distinguish between the different cells, cancer
cells were stained with Blue CMAC and fibroblasts with Texas Red to track the
localization of cells within the spheroids by fluorescence imaging. Immediately after
culturing cells in low attachment dishes, spherical structures started forming at day O
(Figure 5.3 A, B). Importantly, both WHCO1 and MDA MB 231 cells, when co-cultured
with WI38 and CT1 cells, displayed heterogeneous shapes at day 0, with the two cell
types distributed equally throughout the spheroids (Figure 5.3 A, B). By day 1,
spheroidal structure was obvious, but the cancer cells and fibroblasts were started
segregating. On day 3, intra-spheroid localisation of cells showed cancer cells
occupying the centre of the spheroid with fibroblasts on the outside (Figure 5.3 A, B).
Various reports have suggested that the body uses this mechanism to isolate cancer
cells from normal tissue [319, 403]. The fibroblasts on the periphery of the spheroid
are known to synthesise large quantities of extracellular matrix proteins that form a

capsule, isolating tumour cells in the process.

A 3D WHCO1 B 3D MDA-MB 231
WI38

WI38

Day 0
Day 0

Day 1

Day 1

Day 3
Day 3

Grey, bright field; red, fibroblasts; blue, cancer cells 200 M Grey, bright field; red, fibroblasts; blue, cancer cells 200 um

Figure 5. 3. Localisation of cancer cells and fibroblasts in spheroids generated over 3 days. WHCO1 and
MDA MB231 cells were co-cultured with WI38 or CT1 fibroblasts at 5000 cell density in a ratio of 1:1. The cells
were stained with Blue CMAC Texas red. (A) Representative images of spheroids generated using WHCO1 co-
cultured with fibroblasts over 3 days showing the location of fibroblasts (red) and WHCO1 cells (blue). (B)
Representative images of co-cultured fibroblasts (red) and MDA MB 231 cancer cells (blue) over a period of 3
days. Scale: the bar represents 200 um. Experiments were performed at least two independent times.
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5.2.3 Cisplatin, Epirubicin drug cytotoxicity studies in 2D and 3D cultures

Since co-culture of WHCO1 and MDA MB 231 with WI38 and CT1 fibroblasts has not
been done before, it was necessary to establish dose-response curves for these cells
in 2D and 3D cultures. Cisplatin and epirubicin are drugs commonly used in the
treatment of oesophageal and breast cancer and were chosen for this study. The
parameters used to determine of the dose-response curves were cell viability and
metabolic activity of cells measuring ATP levels. In order to exclude the possibility of
spheroid size influencing response to drugs, 3 days was chosen as the endpoint of
the assays. Therefore, 3D spheroids and 2D cultures were treated with increasing
drug concentrations for 72 hours. Viability was assessed using the CellTiter-Glo
luminescent-based assay. The intensity of the luminescence signals was plotted as
dose-responses curves using a GraphPad prism from which the ICso was calculated
(Figure 5.4). The representative 1Cso values and their confidence intervals are shown
in Table 5.1. The results indicated that cisplatin and epirubicin showed a 2.4- and 1.3-
fold increased drug concentration needed for the same cytotoxicity, respectively, in 3D
WHCO1 spheroids compared to 2D WHCO1 cells. On the other hand, cisplatin and
epirubicin displayed 1.3- and 1.4-fold increased drug concentration needed for the
same cytotoxicity, respectively, in 3D MDA MB231 spheroids compared to 2D cells.
These findings demonstrated that 3D spheroids are less sensitive to the effects of both
cisplatin and epirubicin. For the purpose of this study, 3.5 uM cisplatin was chosen for

future experiments.
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Figure 5. 4. Dose-response curves to determine ICso values of cisplatin and epirubicin in both 2D and 3D
cultures. 2D and 3D cultures of WHCO1 and MDA MB231 cells were treated with increasing concentration of
cisplatin and epirubicin for 72 hours and subjected to CellTiter-Glo luminescent-based assay as described in
section 7.2.9.3. Transformed log [cisplatin/ epirubicin] was used to determine the ICso values of each culture.
Results shown are the mean +SEM of experiments performed in triplicate and repeated at least three times.
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Table 5. 1. ICsq values for cisplatin and epirubicin.

Cisplatin Epirubicin
Culture Mean ICso+ SD pM Mean ICs0+ SD yM
72 hours 72 hours
2D WHCO1 5.24 £ 0.80 0.140 £ 1.84
3D WHCO1 12.66 + 1.85 0.180 + 1.88
spheroids
2D MDA 6.62 + 0.06 0.184 £ 1.95
3D MDA 8.71 £ 0.01 0.255 + 1.80
spheroids

5.2.4 Cell viability analysis of WHCO1 and MDA MB 231 2D, 3D and 3D co-

cultures.

The metabolic activity of 2D, 3D and 3D co-cultures was investigated. WHCO1 and
MDA MB231 cells were cultured as 2D or 3D cultures and co-cultured with WI38 or
CT1 fibroblast cells at a 1:1 ratio for 72 hours. All cell cultures were incubated with 3.5
MM cisplatin for 72 hours. Metabolic activity was determined using the CellTiter-Glo
luminescent-based assay. When 2D and 3D cancer cells or co-cultured with both WI38
and CT1 fibroblasts were treated with cisplatin, metabolic activity analysis
demonstrated a decrease in activity when compared to control cells. (Figure 5.5 A, B).
When compared to 2D and 3D cultures in WHCO1, 3D co-cultures including WI38 and
CT1 fibroblasts were considerably less susceptible to 3.5 uM cisplatin and showed
enhanced metabolic activity (Figure 5.5 A). A similar result was obtained when MDA
MB 234 cells were investigated (Figure 5.5 B). In both WHCO1 and MDA MB231 cells,
fibroblasts offered protection to cancer cells from the effect of the drugs. This is not
surprising given that fibroblasts were found on the spheroids' periphery by day 3 and
cancer cells were found in the centre. Furthermore, transformed fibroblasts (CT1)
appear to offer better protection to cancer cells compared to normal fibroblasts (WI38)
(Figure 5.5). These findings show that fibroblasts in 3D co-cultures conferred some
form of protection to the cancer cells against cisplatin compared to 2D and 3D cultures.
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Figure 5. 5. Metabolic activity analysis of WHCO1 and MDA MB 231 2D, 3D and 3D co-cultures after
treatment with cisplatin. 2D, 3D and 3D co-cultures of cancer cells and fibroblasts were treated with 3.5 pM
cisplatin for 72 hours. Metabolic activity was determined using the CellTiter-Glo luminescent-based assay.
Metabolic activity for 2D, 3D and 3D co-cultures in (A) WHCO1 and (B) MDA MB231 r cells after 72 hours of
treatment with cisplatin. Results shown are the mean +SEM of experiments performed in triplicate and repeated at
least three times. A student t-test was used for the statistical analysis was performed using GraphPad Prism
comparing cisplatin-treated cultures, *p < 0.05.

5.2.5 Analysis of apoptosis in 2D, 3D and 3D co-cultures.

To confirm the data as shown by the metabolic activity analysis as well as to determine
the mechanism of growth inhibition, cell viability and apoptosis analyses were done
for cells in 2D, 3D and 3D co-cultures. WHCO1 and MDA MB231 cells cultured as 2D,
3D or co-cultured with WI38 or CT1 fibroblasts were treated with 3.5 uyM cisplatin for
72 hours. All cells were dissociated with 0.25% trypsin-EDTA and double-stained with
Annexin V and Pl as described in section 7.2.14.2. Flow cytometry analysis was used
to evaluate apoptosis. Quantification was done using FlowJo software version 10.8.
Cisplatin-induced 23.63% apoptosis in 2D WHCO1 cells, while 12.26% in 3D WHCO1
spheroids (Q2+Q3, early and late apoptosis, Figure 5.6 A). Furthermore, decreased
apoptosis was observed in WHCO1 cells co-cultured with WI38 (10,85% total
apoptosis) or CT1 (11.59% total apoptosis) in 3D cultures compared to 2D and 3D
cultures. (Figure 5.6 A). Treatment with 3.5 pyM cisplatin-induced total apoptosis of
12.35% and 9.51% in 2D and 3D MDA MB231 cultures, respectively (Figure 5.6 B). A
decrease in apoptosis was also observed in the 3D co-culture of MDA MB231 with
WI38 (9.51%) and CT1 (6.91%) compared to 2D cultures (Figure 5.6 B). MDA MB 231
cells in 2D show higher apoptosis levels than MDA MB 231 cells in 3D and those co-
cultured with fibroblasts (Figure 5.6 B).
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Figure 5. 6. Decreased apoptosis in 3D and 3D co-culture of cancer cells and fibroblasts. WHCO1 and MDA
MB231 cells were cultured as 2D, 3D cultures or co-cultured with WI38 or CT1 fibroblasts and treated with 3.5 uM
cisplatin for 72 hours. After treatment, double staining of Annexin V and Pl was used to analyse apoptosis in (A)
WHCO1 and (B) MDA MB231 cultures. Quantification of the number of cells undergoing apoptosis was measured
using FlowJo software. Results shown are the mean +SEM of experiments performed in triplicate and repeated at
least two times. (*p<0.05).

5.2.6 Cell viability within 3D and 3D co-culture spheroids using Live/Dead

staining.

The Viability of cells in 3D cultures and the co-cultures was also investigated using the
Live/Dead assay Kit by fluorescent microscope. In this assay, Calcein AM
fluorescence demonstrated metabolically viable cells (green fluorescence), and
ethidium homodimer-1 fluorescence indicated dead cells (red fluorescence). Control
dishes for WHCO1 cells had less cell death, with most cells staining as live (Figure
5.7 A). Cisplatin-treated dishes showed increased cell death. As measured by relative

mean fluorescence intensity, WCHO1 cells alone in 3D treated with cisplatin showed
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cell death of around 15.5% (Figure 5.7). WHCO1 cells co-cultured with fibroblasts
showed cell death of 7.5 % (WI38) and 7.2 % (CT1), which is significantly lower than
for WHCO1 cells alone (Figure 5.7 A). As measured by relative mean fluorescence
intensity, MDA MB 231 cells alone in 3D treated with cisplatin showed cell death of
around 18.6 % (Figure 5.7 B). MDA MB 231 cells co-cultured with fibroblasts showed
cell death of 6.7 % (WI38) and 6.5 % (CT1), which is significantly lower than for MDA
MB231 cells alone in 3D (Figure 5.7 B). Together, these results again demonstrated

that fibroblasts in spheroids protect cancer cells.
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Figure 5. 7. Decreased apoptosis in 3D and 3D co-culture of cancer cells and fibroblasts. WHCO1 and MDA
MB 231 were cultured as 2D or 3D cultures and co-cultured with WI38 or CT1 fibroblasts, and treated with 3.5 uM
cisplatin for 72 hours. The Live/Dead assay Kit measured the cell viability in (A) WHCO1 and (B) MDA MB 231
cells using a fluorescent microscope. Calcein AM demonstrated live cells (green fluorescence), and ethidium
homodimer-1 indicated dead cells (red fluorescence). Image J was used to quantify the mean fluorescence
intensity. Scale bar= 200 ym. Results shown are the mean +SEM of experiments performed in triplicate and
repeated at least two times. (*p<0.05).
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5.2.7 Invasive migration of cells out of 3D and 3D co-culture spheroids.

The MCTS model addresses critical cellular processes in tumour progression, such
as invasion into the ECM. The invasive behaviour of the spheroids formed by cancer
cells alone (WHCO1 and MDA MB 231) and in co-culture with fibroblasts (WI38 and
CT1) was investigated using type | collagen, an ECM component commonly used for
this assay. We established 3D spheroids of WHCO1 and MDA MB231 cells alone or
in co-culture with WI38 or CT1 fibroblast cells using 96-well round-bottom low
attachment plates for 72 hours. Spheroids were embedded into the type | collagen
matrix as described in section 7.2.22 and treated with 3.5 uM cisplatin. On day 1, the
data show that cells had started migrating out of the 3D spheroids in both control and
cisplatin-treated WHCO1 cells alone and co-cultures (Figure 5.8 A, B). However, over
time, there was enhanced cell migration out of the 3D co-culture spheroids. Cell
migration out of mixed-cell spheroids showed a radial invasion into the surrounding
matrix producing a characteristic “starburst” invasion pattern in a time-dependent
manner (Figure 5.8). In the presence of cisplatin, there was higher cell migration out
of the spheroids in the co-cultured spheroids than from WHCO1 alone-spheroids
(Figure 5.8 A, B, left panel). Similar results were obtained for MDA MB 231 generated
spheroids over the 3 days (Figure 5.8 A, B, right panel). As expected, co-culture of
spheroids with fibroblasts demonstrated increased cancer cell migration in both control
and cisplatin-treated conditions for MDA MB 234 cells over the 3 days of culture
(Figure 5.8 A, B). ImageJ was used to measure the area occupied by invading cells
(Figure 5.8 C, D). The spheroids with cancer cells and transformed CT1 fibroblast cells
exhibited stronger invasive behaviour than those with WI38 in WHCO1 and MDA
MB231 cells. The results suggest that the interaction between cancer cells and
fibroblasts significantly facilitated WHCO1 and MDA MB231 invasion in MCTS.
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Figure 5. 8. Invasive migration of cells out of 3D and 3D co-culture spheroids. WHCO1 and MDA MB 234 3D
and 3D co-culture cell invasion were measured by the ‘Starburst formation’ assay. Day 3 tumour spheroids were
embedded in each well of the 96-well flat-bottomed plates containing type | collagen. (A) Representative images
of control (no drug) WHCO1 and MDA MB 234 spheroids migrating through the matrix over 3 days of culture. (B)
Representative images of cisplatin-treated WHCO1 and MDA MB 234 spheroids over 3 days show migration of
cells through the matrix. (C) Quantification of control and cisplatin-treated WHCO1 spheroids invasion over 3 days
of culture. (D) Control and cisplatin-treated MDA MB 234 spheroids invasion, over 3 days of culture, were quantified
using ImagedJ. Results shown are the mean +SEM of experiments performed in triplicate and repeated at least two
times. (*p<0.05).
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5.2.8. 3D culture of WHCO1 and MDA MB 231 induced CSC markers gene

expression.

Our earlier studies showed the presence of CSCs in WHCO1 and MDA MB231 by
virtue of their expression of CD44 and ALDH1A1. Tumour spheroids have been
reported to enrich CSCs [476]. Thus, in this study, the expression of cancer stem cell
markers was investigated in 3D and 3D co-culture spheroids compared to 2D culture.
Cancer stem cell markers ALDH1A1, CD44 and self-renewal markers SOX2 and
OCT4 were chosen for this analysis. Western blot analysis showed that 3D and 3D
co-culture spheroids from WHCO1 cells expressed high levels of ALDH1A1 and CD44
compared to their 2D cultures (Figure 5.9 A). qRT-PCR showed correspondingly
increased levels of both ALDH1A1 and CD44 mRNA in 3D and 3D co-cultures of
WHCO1 spheroids compared to 2D WHCO1 cells (Figure 5.9 C). The increase in both
ALDH1A1 and CD44 was more pronounced in co-cultured spheroids than in WHCO1
alone spheroids. Similar results were obtained for MDA MB 231 cells (Figure 5.9 B,
D). Quantification using densitometric analysis of ALDH1A1 and CD44 band

intensities is shown in Figure 5.9 A, B (right panel).
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Figure 5. 9. 3D culture of WHCO1 and MDA MB 231 induced cancer stem cell gene expression. Expression
of ALDH1A1 and CD44 in WHCO1 and MDA MB 234 2D and 3D cultures were investigated. Western blot analysis
was used to determine ALDH1A1 and CD44 protein expression levels in (A) WHCO1 and (B) MDA MB231 2D, 3D
and 3D co-cultures after 72 hrs of culture. Densitometric quantification of ALDH1A1 and CD44 protein expressions
as shown (right panel). qRT-PCR was used to measure ALDH1A1 and CD44 mRNA levels in (C) WHCO1 and (D)
MB231 2D, 3D and 3D co-cultures. The results shown are the mean + SEM of experiments performed in triplicate
and repeated at least two times. (*p<0.05).
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OCT4 and SOX2 are transcription factors implicated in maintaining pluripotency by
preventing differentiation and promoting self-renewal in CSCs [477].
Immunofluorescence and qRT-PCR were used to investigate the levels of SOX2 and
OCT4 in 2D, 3D and 3D co-cultures (Figure 5.10). Immunofluorescence staining
reveals that both SOX2 and OCT4 protein levels were increased in 3D and 3D co-
cultures of WHCO1 cells compared to the respective 2D cultures (Figure 5.10 A).
Using gRT-PCR analysis, the mRNA levels of SOX2 and OCT4 were elevated in 3D
and 3D co-cultures compared to 2D cultures (Figure 5.10 C). ImagedJ software was
used to measure the relative mean fluorescence intensity. The same results were
obtained using MDA MB 231 cells (Figure 5.10 B, D). Because of their enhanced
multipotency and expression of pluripotency regulators, these findings suggest that
3D spheroids have a high level of flexibility. These findings support the theory that
these spheroids are enriched with cells with stem cell characteristics.
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Figure 5. 10. Expression of SOX2 and OCT4 in WHCO1 and MDA MB 234 2D and 3D cultures. Representative
immunofluorescence images of (A) WHCO1 and (B) MDA MB231 cells cultured as 2D cells on glass coverslips
and as 3D or co-culture with fibroblasts on 96-well round bottoms, showing the expression levels of Cy3 labelled
SOX2 and OTC4 (red fluorescence). DAPI was used to stain for the nuclei (blue fluorescence). Scale bar= 200
pm. Fluorescence intensity was measured using Image J (right panel). gRT-PCR was used to determine ALDH1A1
and CD44 mRNA levels in (C) WHCO1 and (D) MB231 2D, 3D and 3D co-cultures. Results shown are the mean
+SEM of experiments performed in triplicate and repeated at least two times. (*p<0.05).
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5.3. Discussion

Tumour heterogeneity and plasticity present a challenge to the development of
effective therapies. Whilst there is a great deal of tumour-stromal interactions, a lot is
still to be done to overcome the problem of chemoresistance. The lack of suitable
models that can recapitulate the in vivo tumour microenvironment for in vitro studies
is a major challenge in studying tumours in vitro. One possibility is the development of
spheroids composed of tumour cells and stromal cells to produce multicellular tumour
spheroids (MCTS). As MCTS models allow the analysis of cellular responses that
more closely mimic those that occur in vivo. Using both oesophageal WHCO1 and
breast MDA MB 231 cancer cells alone or in co-culture with CT1 and WI38 fibroblasts,
this study successfully established 3D spheroids that can be used to study cancer in
vitro. In the 3D cultures, normal WI38 and CT1 transformed fibroblast cells were used
to mimic the stromal compartment of tumours. The spheroids were used to study drug
sensitivity, tumour cell growth, and migration. Importantly, the spheroids derived from
the multi-cell culture of cancer cells and fibroblasts were able to mimic in vivo tumour
behaviour in various ways. Firstly, we observed that tumour cells and stromal cells,
such as fibroblasts, occupy specific regions of tumours with stromal cells on the
outside and tumour cells on the inside of the solid tumour. Reports have shown that
there is a stiffening of the surrounding tissue, during tumour formation, during which
stromal cells surround and synthesize large quantities of ECM proteins to try and
isolate the tumour cells [82, 403]. This has the effect of providing protection to tumour
cells during drug treatment. Thus, our data show that 3D spheroids were less sensitive
to drugs than 2D monolayers. Cancer cells and fibroblasts were mixed at a ratio of 1:1
to try to mimic the physiological conditions in the human body. Secondly, the spheroids
generated showed a necrotic centre as expected of these structures. Various reports
show that both cancer cells and stromal cells can be activated by low oxygen levels in
tissues [478, 479]. This has the net effect of promoting drug resistance through the
expression of growth factors and chemokines by stromal cells [480].

Investigating cell viability and apoptosis revealed that spheroids derived from cancer
cells co-cultured with fibroblasts were more resistant to both cisplatin and epirubicin.
In addition, normal WI38 fibroblasts demonstrate a different effect on cancer cells
compared to transformed CT1 fibroblasts. Cancer cells demonstrate enhanced drug
resistance as shown by decreased apoptosis and dead cells via the live-dead assay
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when co-cultured with transformed CT1 fibroblasts compared to normal WI38
fibroblasts. Similarly, normal fibroblasts are transformed into CAFs in solid tumours
and CAFs have been shown to promote drug resistance [481, 482]. Furthermore,
transformed CT1 fibroblasts also promoted increased cell migration compared to
normal WI38 fibroblasts.

Several reports have successfully used 3D spheroids to study cancer cell invasion
[483, 484]. CAFs have also been implicated in migrating and invading colorectal
cancer cells in 3D co-cultures [485]. In tumours, the secretion of ECM proteins such
as collagen by CAFs can cause changes in the ECM rigidity, which promotes tumour
growth and invasion [486]. This study, utilized type | collagen to mimic cancer cell
invasion. Various other ECM proteins and glycoproteins, such as Matrigel, laminin and
fibronectin have been used to study cancer cell migration and invasion [487, 488].
Importantly, we confirmed that co-culturing of tumour cells with fibroblasts could
modulate cell invasion in MCTS. The interaction between tumour cells and fibroblasts
effectively facilitated spheroid cell invasion when embedded on a type | collagen
matrix. In another study, 3D hepatocellular carcinoma co-cultures with stromal cells
were reported to have increased expression of type | collagen and cell invasion [489].
We suggest that mostly cancer cells are the ones migrating, however we cannot rule
out that fibroblast can also migrate. The reason why there is an increased of cancer
cell migrating in co-cultures may be due to pro-tumour-promoting factors from
fibroblasts. In a co-culture, it was shown that fibroblasts are always the leading cell as
stromal fibroblasts and carcinoma cells invade collectively, and carcinoma cells
migrate in a pattern in the ECM behind the fibroblast [490]. Invasion of carcinoma cells
required both protease- and force-mediated matrix remodelling to be facilitated by
fibroblasts [490].

Interestingly, the majority of fibroblasts were localised in the periphery of the MCTS.
In contrast, a study reported that mixed spheroids of fibroblasts and colorectal cancer
cell lines result in the localisation of fibroblasts in central region [414]. A study in
colorectal cancer observed that fibronectin expression in co-culture tumour spheroids
of cancer cells and fibroblast was observed in the periphery region of the spheroids
[491]. Furthermore, this study observed a decrease in apoptosis in the cisplatin treated
co-cultured spheroid with fibroblasts. Possibly, this effect is caused by the deposition
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of ECM by fibroblasts, which provides a physical barrier to prevent drug diffusion. A
study observed that upregulation of one of the ECM component, fibronectin, coincided
with the reduced uptake of DOX at higher concentration in co-cultured tumour
spheroids of cancer cells and fibroblasts [489]. In light of our findings, this model may
be useful for investigating CAF-induced drug resistance by using cancer cell-fibroblast
interactions within 3D co-cultured spheroids.

CSCs are rare subpopulations of cells within tumours, have been proposed as
supporting tumour aggressiveness and heterogeneity. Furthermore, CSCs play an
important role in resistance to chemotherapy. Hence, the characterisation of CSCs is
crucial for the development of more effective cancer treatments. Multiple studies have
shown a subpopulation of cells in oesophageal and breast tumours that express
particular markers and possess certain CSC traits, such as accelerated self-renewal,
differentiation, and tumour-initiating ability, despite the fact that the CSC concept is
controversial [492, 493]. Data from several studies revealed that it is possible to use
spheroid cultures to enrich and identify CSCs [494, 495]. Our 3D spheroids of both
oesophageal and breast cancer cells had high expression levels of CD44 and
ALDH1A1 CSC markers compared to 2D cultures. A study by Reynolds and
colleagues confirmed that CSC markers are expressed predominantly in spheroids of
MDA MB231 breast cancer compared to adherent cells [495]. Similarly, our study
showed that the expression of the stem cell-related genes, SOX2 and OCT4,
increased in our 3D cultures. SOX2 has been associated with poor survival outcomes
in breast cancer patients since it is an important transcription factor involved in
embryonic stem cell self-renewal [496]. It has been proposed that a niche for CSC
exists and that interactions with it contribute to the development of a self-renewing
population of tumour cells. It is possible that CSCs may use the niche already created
by CAFs or ECM components for colony expansion [497]. In addition, CAFs are able
to induce stemness markers, promote sphere formation, and increase self-renewal
and expansion of CSCs in breast and lung cancer [498, 499]. In our current study, we
were able to identify the expression of CSC markers or self-renewal markers in the 3D
co-culture of cancer cells and fibroblasts compared to 3D spheroids of cancer cells
alone. The spheroids in our model appear to behave like cancer in vivo in that they
show drug resistance and high migratory and invasion capabilities. Therefore,
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understanding the role of CAFs in the environment and the origin of CSC niches are
fundamental for developing effective anti-cancer drugs.

In summary, we utilised the MCTS model to study the interactions of cancer cells and
their stromal components on 96-well round-bottom plates. WHCO1 and MDA MB231
cancer cells were able to form compact spheroids whether cultured alone or with
normal WI38 or transformed CT1 fibroblasts. We were able to replicate the tumour
microenvironment in vivo through the integration of fibroblasts. In our 3D co-cultured
spheroids, we noticed a decreased sensitivity to cisplatin compared to 3D spheroids
and cells grown as monolayers. By measuring drug resistance and invasion, we
confirmed the similarity of 3D co-culture spheroids to in vivo tumours. Through the use
of MCTS, we can better understand the dynamics of CSC populations in their
expression of markers that can be used to come up with effective therapeutic drugs
for CSCs. We also demonstrate that fibroblasts offer some protection to cancer cells
in the presence of drugs. This could be because fibroblasts produce ECM proteins
that could act as a physical barrier for drugs. Given the complexity of tumours in vivo,
it may be possible to develop tumour models incorporating stromal components to
study cell-cell and cell-ECM interactions, examine the role that CSCs play in cancer
progression and evaluate potential agents to overcome drug resistance and tumour

invasion.
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CHAPTER 6:
GENERAL DISCUSSION AND CONCLUSION

6.1 Overall Discussion

The process of tumour initiation, development and eventual metastasis is a complex
and dynamic process involving the interplay between many components of tissues,
including cells, the ECM and biomolecules [261, 305]. Besides cancer cells, tumours
contain stromal cells and several proteins and proteoglycans making up the ECM [70].
In addition, various biomolecules released by cancer cells and stromal cells are
present within the TME. The success of the tumourigenesis process is determined by
the interaction between the ECM, cells within the tissue, and biomolecules [118, 166].
Stromal cells within the tumour microenvironment, such as CAFs, myofibroblasts and
immune cells, all play crucial roles in tumour progression [146, 157, 262]. This thesis
presents new data on the involvement of various components of the TME in the
formation of tumours and during the development of chemoresistance during

chemotherapy.

In summary, this thesis demonstrates that MSCs may be recruited to tumours and
transformed into cells that may assist cancer cells in growing. This study shows that
cells such as MSCs, CAFs and CSCs are part of the ‘machinery’ required by cancer
cells to develop into solid tumours fully and to metastasise. These stromal cells work
in concert with other TME components such as the ECM and growth factors in
promoting cancer cell proliferation, growth, invasion, metastasis, and drug resistance
[72, 82]. The purpose of this thesis was to look into the involvement of TME, including
acellular and cellular components, in tumour genesis, growth, and chemoresistance.
There is a subpopulation of cells, including CAFs and CSCs, that contribute to tumour
progression and the development of chemoresistance. CSCs that stain positively for
several stem cell markers such as CD44 and ALDH1A1 are present in oesophageal
tumour biopsies. Most importantly, these CSCs are not sensitive to commonly used
drugs such as cisplatin and paclitaxel, possibly explaining why oesophageal cancer

always ends up relapsing.

Within the TME, CAFs have been shown in various studies to be crucial to tumour
growth and metastasis [87, 105]. This study investigated the possibility that MSCs are
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a source of CAFs. This notion is based on the fact that CAFs display great
heterogeneity and that MSCs can differentiate into cells of various lineages [140, 142].
One obvious source of CAFs within the TME are the resident fibroblasts. Therefore,
this study investigated the possibility that MSC recruited to the TME might be the
source of CAFs. In addition, MSCs may contribute to the process of tumour
progression and chemoresistance through the release of various growth factors,
chemokines and cytokines [130]. Indeed, data from this study clearly show that MSCs
recruited from different tissues to the TME may be transformed into CAFs-like cells
through their interactions with cancer cells. This is in agreement with a report
demonstrating that long-term culture of MSCs with tumour conditioned medium from
breast cancer cells induces a phenotype that resembles CAFs [142]. Most importantly,
the release of growth factors such as TGF-B plays a key role in the transformation
MSCs into CAFs-like cells, including increased expression of a-SMA. The source of
the TGF-B was shown to be from both cancer cells and the MSCs. Therefore, TGF-[3
is acting in a paracrine as well as an autocrine manner. The expression of a-SMA was
elevated following incubation of MSCs derived from bone marrow with a conditioned
medium from human colorectal cancer cells or with TGF- [500]. In addition, CAFs
may play a role in remodelling the extracellular matrix through the secretion of MMPs
and growth factors that are important in angiogenesis, such as VEGF [112].
Importantly, CAFs have been shown to release cytokines and chemokines that are
important for cancer progression and the development of chemoresistance [123]. This
study suggests that MSCs contribute to CAF production within the TME and may play

key roles in the development of chemoresistance.

Most cancer therapies fail to prevent relapse due to the presence subpopulation of
cells known as CSCs with the ability to self-renew as well as the potential to
differentiate into new cancer cells [303, 310]. Over the years, many studies have
postulated that CSCs are ‘seeds’ for the growth of secondary tumours [164, 304]. In
this study, we utilized both oesophageal and breast cancer cell lines to study how
CSCs may contribute to tumour growth and chemoresistance. Cells positive for CSC
markers including CD44 and ALDH1A1 were found in immunohistochemical staining
of oesophageal samples. These markers have been identified to be correlated with
poor prognosis in breast, lung and pancreatic cancers [158, 164, 293].
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This study utilized two methods to isolate cancer stem cells: (i) through the use of
antibodies and (ii) using side population cells after flow cytometry. The CSCs isolated
from oesophageal cancer cells demonstrated increased expression of CSC markers,
increased ability to form colonies, drug resistance as well as reduced apoptosis. In
vitro, clonogenic assays have shown that only a small proportion of tumour cells in
solid tumours are capable of forming colonies [329, 335]. Possibly, only a small portion
of cells with very distinct phenotypes have the capacity to proliferate and form new
tumours, but they do so very effectively. The ability of CSCs to initiate the formation of
cancer as well as increase the expression of self-renewal markers in vitro was
established in this study through increased production of tumour spheroids using side
population cells. In colorectal cancers, the overexpression of CD44 characterises a
population of cells able to form tumour spheres, suggesting anchorage-independent
proliferation of these cells [501]. In severe combined immunodeficiency mice, a knock-
down of CD44 reduced sphere formation and decreased tumour growth in gastric
cancers [502]. Thus, this study, through using side population cells, demonstrates that
CSCs are able to form new tumours compared to cancer cells. Results from this study
also agree with other results that show that CD44 expression correlates with increased
drug resistance and increased cancer metastasis [324, 338]. Furthermore, the
expression of ALDH1A1 correlates with drug resistance in various cancers [329, 339].
Interestingly, in clinical sample studies and cell culture models, it has been found that
ALDH1A1-positive lung cancer stem cells are more resistant to EGFR-TKI (gefitinib)
and anticancer chemotherapy drugs (cisplatin, etoposide, and fluorouracil) than
ALDH1A1-negative cells [503]. Typically, chemotherapeutic agents induce apoptosis
in the proliferating cells, however, CSCs have the ability to arrest the cell cycle
(quiescent state), which gives them the ability to become resistant to chemotherapy
[176]. While successful cancer therapy eliminates most of the cancer cells, a subset
of cancer stem cells can survive and promote cancer relapse due to their increased
invasiveness and resistance to chemotherapies. For instance, a study has shown that
temozolomide, the most commonly used anti-glioma chemotherapy, consistently
expands the pool of glioma stem cells (GSCs) over time in both patient-derived and
established glioma cell lines [504]. This was demonstrated to be due to interconversion
between differentiated tumour cells and GSCs based on phenotypic and functional
interactions. CSCs are also protected against DNA damaging radiation therapy and
chemotherapy by mechanisms that regulate cell cycle and promote DNA damage
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repair [505]. According to Bao et al. 2006, CD133+ glioma stem cells are more
resistant to ionizing radiation than CD133- gliomas and can be enriched following
radiation therapy [506]. Consistent with these reports, cell cycle and apoptosis
analyses in the present study showed that isolated CSCs showed reduced cell cycle
arrest and apoptotic cells compared to cancer cells.

Furthermore, data from this study also showed that genes associated with invasion
and metastasis, such as MMPs and FOXM1, were upregulated in CSCs compared to
cancer cells. Several signalling pathways, such as PI3K/Akt, c-Myc and MER-ERK,
and transcriptional regulators such as OCT4, Nanog, and SOX2, are also commonly
activated in CSCs to regulate their self-renewal and differentiation state [336, 389].
Importantly, this study showed that isolated CSCs expressed high levels of several
signalling pathway genes such as MEK-ERK and the PI3K-Akt. These pathways are
involved in mediating several cellular processes, such as survival and prevention of
apoptosis. This study utilized commonly used drugs such as paclitaxel, cisplatin and
epirubicin in the treatment of oesophageal cancer and breast cancer. Based on the
results obtained in this study, the presence of CSCs may explain the high occurrence
of drug resistance in various cancers, including oesophageal cancer. New strategies
involving targeting both cancer cells and CSCs may result in better patients outcomes.
Overall data from this study show that markers associated with CSCs were
upregulated and that such cells may promote relapse via drug resistance.

The infiltration of cells from the epithelial cells into the tumour and the interaction
between transforming cells and the ECM play a key role during the process of tumour
progression and chemoresistance. In addition, as the tumour continues to grow,
cancer cells are exposed to both cancer-derived and stromal-cell derived extracellular
matrices. The ECM is a dynamic and complex component of the tumour
microenvironment that contributes physical, mechanical, and biochemical qualities to
the tumour microenvironment's overall character [223]. Besides the proteins and
proteoglycans of the ECM, the ECM sequesters several biomolecules, such as growth
factors, chemokines and cytokines. In addition, these substances can be released at
any time and facilitate tumour development and chemoresistance [227]. To study the
role of the ECM, this study utilized cell-derived extracellular matrix produced by the
removal of cells and other biomolecules. The cell-derived ECMs have been utilized in
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several assays to study their contribution to the development of chemoresistance [227,
410]. This study utilized both stromal-derived extracellular matrix as well as cancer-
derived extracellular matrix and showed that in the presence of cell derived
extracellular matrices, WHCO1 cells are able to resist similar concentrations of drugs
compared to cells that were plated on plastic. This study postulate that the ECM
contributes to the development of chemoresistance through the physical prevention of
drugs accessing the cancer cells and the ECM sequestering some of the drugs so that
the eventual concentration of drugs reaching cancer cells is reduced. Interestingly,
interactions between cells and their ECM play a fundamental role in cancer cell
behaviour and homeostasis, especially in response to environmental changes and

stresses.

According to studies, less than 5% of drugs tested in vifro reach patients,
demonstrating that the presence of ECM is critical to studying cancer cell behaviour
in vitro as it increases drug efficacy in patients [223]. This study demonstrated that the
extracellular matrix influences tumour progression, metastasis, and chemoresistance
by several assays, including as proliferation, migration, and apoptosis. Furthermore,
this study demonstrates that the ECM protected cancer cells from the drug-induced
apoptosis through increased expression of antiapoptotic genes compared to cells
plated on 2D or plastic. This is supported by a study reporting that the protective effect
of stromal-derived ECM on colon cancer was associated with increased expression of
Bcl-2 and Bcl-xL [227]. In addition, cell-derived ECM may also suppress apoptosis by
activating signalling pathways according to the integrin-mediated cell attachment, as
this study demonstrates. Cancer cells can use the ECM to activate intracellular
signalling pathways necessary to promote their proliferation and migration during
progression. In Chapter 2, we showed that cancer cells secrets TGF-f3 to facilitate the
transformation of MSCs to CAFs-like cells. Interestingly, the mechanical properties of
the ECM also influence the activity and availability of TGF-B. TGF-f3 is stored as a
latent complex in the ECM, and integrins are the primary activators of latent TGF-(3 in
vivo. Furthermore, the current study found activation of integrins in cancer cells plated
on the CD-ECM, which might indicate activation of latent TGF-B, as previously

observed in this study.
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Several ECM proteins are known to play a key role in promoting the growth of cancer
cells, drug resistance and the migration. For instance, type IV collagen increases
migration of breast cancer cells compared to no ECM control [507]. In this study,
knockdown of type | collagen and fibronectin demonstrated that the removal of these
two ECM components sensitises WHCO1 cells to the effect of drugs. Moreover, the
removal of these ECM components resulted in reduced cell migration. This means that
these two ECM components play critical roles in the development of chemoresistance
and migration. An effective method of remodelling ECM is to remove one or more of
its components. However, the degradation of ECM components allows the normal
ECM to be gradually destroyed and replaced by tumour-derived ECM. Furthermore,
ECM degradation may serve as an important driver of cancer cell motility. Remodelling
of the ECM by MMPs has been associated with cancer cells migration. An earlier study
revealed cancer cells could also degrade the ECM by recruiting MMPs to focal
adhesion sites [203].

Recent studies have shown that 3D MCTS are a good intermediate step between in
vitro and in vivo models, and they do offer better biological relevance in various
research areas. MCTS models are made up of cellular aggregates from single cells to
become tightly packed together and therefore communicate strongly with one another
[246]. In addition, cells within the tumour interact with the ECM in a much stronger
way. Thus, MCTS recapitulate the in vivo solid tumour features, including nutrient
distribution, oxygen distribution and structural organization. Various studies have
shown that MCTS display similar growth kinetics and resistance to tremors similar to
in vivo solid tumours [246, 414]. Therefore, this study utilized the 3D MCTS model to
study the interaction between cancer cells and fibroblasts to reveal how this
relationship influences cancer cell response to drugs. To study the growth kinetics of
tumour spheroids, the shape of the tumourspheres was evaluated using microscopy
and the shape of the spheroid. Interesting to note, slightly smaller spheroid sizes were
observed in the 3D co-cultures than in their respective 3D cultures.

In this study liquid overlay technique using low attachment, dishes was used to prevent
cell adhesion and promote the formation of cellular aggregates, that formed spheroids
over time. This technique has several benefits, including the ability to generate a
single-per well spheroid naturally by gravity and optimal culture conditions, metabolic

141



activity, and morphological and localisation of cells within the spheres were
determined. The data obtained in this study showed that the 3D structure of spheroids
formed within 24 hours. In order to mimic the physiological situation of in vivo tumours,
WHCO1 cells and fibroblasts were mixed at a ratio of 1 to 1. Similar culture conditions
for spheroid formation have been observed in several studies [414]. The data from this
study showed that spheroids from WHCO1 cells co-cultured with fibroblasts resisted
drugs more than WHCO1 cells alone, as exemplified by the decrease in apoptotic cells
and dead cells compared to normal fibroblasts. It is known that the fibroblasts in vivo
conditions promote tumour cell invasion [259]. The co-culture of transformed CT1
fibroblasts and WHCO1 cells appears to enhance the resistance of cancer cells to
drugs and invasion of cells into the matrix. CAFs influence the signalling pathways
involved in CRC cell migration and invasion in 3D co-cultures [485]. In addition to
chemoresistance and cell invasion, 3D co-cultures showed high levels of CSC and
self-renewal markers. CAFs have been shown to be capable of secreting factors that
have been implicated in regulating the growth of CSCs [499]. This study developed a
3D tumour spheroid model that can be used to study various cancers. The findings
reveal that in vitro spheroids made up of multicellular components can mimic different

aspects of solid tumours in vivo.

6.2 Conclusion

Cancer treatment's future success lies partly in a precise understanding of the
interaction between different components of the tumour microenvironment, especially
the interaction between cancer cells, stromal cells such as fibroblasts, and the
extracellular matrix. Understanding these interactions makes it possible to identify and
target specific components and associated signalling pathways to treat cancer and
prevent the development of chemoresistance. Recent studies indicate that interfering
with processes such as the epithelial to mesenchymal transition and with the
interaction between cancer cells and fibroblasts may help in destroying cancer cells
by removing the support system needed for tumour growth. In addition, the targeting
of stromal components such as the extracellular matrix may allow drugs to reach
cancer cells and to be more effective and prevent the development of
chemoresistance. Targeting tumour stroma is an appealing strategy as these

components do not harbour genetic mutations similar to cancer cells. There is a need
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for further studies, however, as targeting stromal cells may negatively affect other
tissues and organs. Therefore, a combination of drugs targeting both cancer cells and
some stromal components appear to be one of the various possible strategies to

control cancer.

This study showed that stromal cells that are recruited to tumours play a crucial role
in tumour initiation and further development of tumours and chemoresistance. By
interfering with the relationship or interaction between cancer cells and fibroblasts
could prevent the release of various growth factors, such as chemokines and
cytokines, which are required by cancer cells to grow, which can result in tumour
shrinkage. However, further studies are required before this is possible side effects

can ocCcur.

Another strategy that can be taken is targeting the extracellular matrix to prevent
cancer growth as well as to overcome chemoresistance. The dense extracellular
matrix of solid tumours prevents drugs from reaching cancer cells and therefore aids
the development of chemoresistance. This study shows that targeting extracellular
matrix proteins such as collagen and proteoglycans such as fibronectin may help
achieve better outcomes through effective drug delivery to tumours. This points to the
effectiveness of targeting cancer cells as well as stromal cells and stromal components
such as the extracellular matrix. This study enhances our understanding of the
interaction between cancer cells and the extracellular matrix and has shown that
targeting the ECM components and cancer cells is a viable option during cancer

treatment.

In conclusion, this study demonstrates that three-dimensional multicellular tumour
spheroids made up of cancer cells and fibroblasts mimic various features of in vivo
solid tumours. This provides a dynamic analysis of cells during treatment.
Furthermore, the study provides evidence of the utility of 3D multicellular spheroids as
a good model for studying various cancers. Taken together, this data show that various
components of the tumour microenvironment play significant roles in the process of

traumatic genesis and development of tumours as well as in chemoresistance.
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6.3 Limitations and recommendations

1.

This study describes the associated of only single MSC marker with fibroblast
markers. Comparing multiple markers at the same time might show a stronger
association with fibroblast lineage. Future studies using two or more marker
would be important to reveal a possible stronger association between MSC
markers and fibroblasts.

Studies have shown that in vitro CSCs can be enriched using tumoursphere
forming methods. Therefore, future studies may include the possible use of
enriched-CSCs from tumourspheres as an in vitro model to study CSCs biology
further.

The 24 hour time point used in this study clearly demonstrate that ECM does
influence cancer cell growth and migration. In order to reflect medication use in
the clinic future studies will need to/will extend this period of time to encompass
extended incubation times and drug concentrations. To this effect starting with

animal studies would be good.

. Based on the results from this study, it is clear that most of the cells migrating

out of the spheroids could be cancer cells. However, fibroblast are also able to
migration, but a lower rate than cancer cells. Given the 3 days of co-culture, it
is possible most of the migration is done by cancer cells. A limitation of the
study is the lack of using dyes to differentiate the cells. Future studies will use
specific dye for cancer cells and fibroblasts to determine the cells migrating,
studying the differences in morphology and different markers.
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CHAPTER7:
MATERIALS AND METHODS

7.1 Materials

7.1.1 Clinical Tissue Collection

Biopsy samples were collected over a period of 1 year at Groote Schuur Hospital,
Cape Town, South Africa. All Patients attended the oncology clinic of Groote Schuur
Hospital. Oesophageal squamous cell carcinoma (OSCC) biopsy samples were
confirmed by pathologist, Prof Govender, through immunohistochemistry. World
Health Organisation criteria was used to determine the histological parameters. Ethical
approval (Ref number: 040/2005) was obtained from the Research Ethics Committee
of the Health Sciences Faculty (University of Cape Town, South Africa) and informed
consent acquired from all patients according to institutional guidelines. The
Declaration of Helsinki guidelines (DOH 2004) were used [508]. OSCC biopsies as
well as corresponding adjacent normal tissue samples were taken from each patient.
The biopsies were stored in RNAlater solution (Qiagen, Hilden, Germany) at -80°C.
Tumour samples containing at least 50% of tumour cells were used in this study.
OSCC patient clinicopathological characteristics are shown in section 3 (Table 3.1).

7.1.2 Cell lines

The cell lines used in this study were the following:

Human oesophageal cancer cell lines WHCO1, WHCO5, WHCOG6 were originally
established from South African patient biopsy samples of oesophageal squamous cell
carcinoma [509].

KYSE180 was established from well differentiated oesophageal squamous carcinoma
resected from middle intra-thoracic oesophageal of a 53-year old Japanese man prior
to treatment [510].

The MDA-MB-231 cell line is an epithelial, triple negative human breast cancer cell
line, obtained from a pleural effusion of a 51-year-old Caucasian female with a

metastatic mammary adenocarcinoma [511].
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Human embryonic lung fibroblasts, (WI38) (ATCC CCL-75) (Manassas, VA, USA).
y-radiation transformed WI38 human lung fibroblast, CT-1 fibroblast (gift from DR M.
Nambia (Tokyo, Japan) [512].

Wharton’s Jelly-derived mesenchymal stromal/stem cells (WJ-MSCs) were
established from human umbilical cords collected from full-term births at the University
of Pretoria, South Africa [229].

7.2. Methods

7.2.1 Maintenance of cells in culture

Cancer cells were cultured at 37°C in a humidified atmosphere of 5% CO:2 in
Dulbecco’s modified Eagle’s (DMEM) supplemented with 10% heat inactivated fetal
bovine serum (FBS), 100 U/ml penicillin and 100 pg/ml streptomycin. WJ-MSCs were
maintained in KnockOut DMEM supplemented with 10% FBS, FGF, 100 U/ml penicillin
and 100 pg/ml streptomycin. Sorted cells were then cultured and maintained in serum-
free medium composed of DMEM/F 12 medium supplemented with, 100 U/ml penicillin
and 100 pg/ml streptomycin, 20 ng/ml recombinant epidermal growth factor, 20 ng/ml
human recombinant basic fibroblast growth factor, 1% GlutaMax and 2% B27
supplement. Cells were cultured at 70% confluent and cells were trypsinised with

0.05% trypsin-EDTA. The media was changed three times a week.

7.2.2. Thawing/Freezing of cells.

Frozen cells were collected from long-term storage in liquid nitrogen and thawed in a
37°C water bath. The vials were wiped with 70% ethanol, cells were transferred to 12
ml falcon tubes, containing 5 ml of fresh growth media. and centrifuged at 500 x G for
3 minutes. The supernatant was aspirated, and the cell pellet were then resuspended
in fresh complete medium and plated in a 100 mm dish containing 10ml of complete

medium.

For long term storage, cells were harvested by incubation with 0.5% trypsin-EDTA for
2-3 minutes at 37°C. Once cells had detached, the trypsin-EDTA was inactivated by
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adding an equal volume of the complete DMEM. Cells were pelleted by centrifugation
at 500 x G for 5 minutes and resuspended in freezing down media (70% DMEM, 20
% FBS and 10% DMSO) (v/v) by gentle pipetting action. The cells were aliquoted into
2 ml cryotubes (1 ml containing about10° cells) and stored at -80°C for 48 hours before

being transferred to liquid nitrogen.

7.2.3 Mycoplasma test

Cells were regularly checked for mycoplasma contamination. Cells were cultured in
pen/strep free DMEM media for 3 days on coverslips. The cells were fixed with ice
cold methanol and distilled water was used to rinse off the methanol. The cover slips
were then incubated with Hoechst stain, DNA-binding stain, for no longer that 30
seconds. The Hoechst was rinsed off using distilled water and the cover slips were
mounted on a microscope slide using mowiol. Cells were visualised using a Zeiss

Axiovert fluorescent microscope (Carl Zeiss, Jena Germany).

7.2.4. Preparation of cell-derived ECM

Confluent cells (WHCO1 and CT-1 transformed fibroblasts) were split in 0.5% trypsin-
EDTA and cells were cultured in 100 mm tissue culture dishes. The cells were grown
in DMEM supplemented with 10% heat inactivated FBS, 100 U/ml penicillin and 100
pg/ml streptomycin at 37°C in a humidified incubator and 5% CO.. Fresh ascorbic acid
was added every alternative day to a final concentration of 50 ug/ml according to
established protocols [410]. Cells were grown to 8 days post confluence after which
the medium was aspirated, the cell were rinsed with PBS and lysed by adding 1 ml of
freshly prepared 20 mM ammonium hydroxide for one minute [410, 513]. The resulting
matrix was treated with DNase. The matrix was washed three times with PBS, fixed to
the dish with a 50% ethanol rinse, air dried and sterilised overnight under UV light in
a tissue culture cabinet. The matrices were checked using an inverted phase contrast
microscope to check that all the had been lysed and that a cell-free 3D matrix
remained attached to the culture dish. Matrix-coated dishes were stored at 4°C and
used within two weeks after preparation. Extracellular matrix protein integrity is stable
under these storage conditions [410]. Before use, the matrix-coated dishes were
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rinsed with sterile PBS followed by one rinse with tissue culture medium. CT1
fibroblast cells were used to prepare the transformed fibroblast-derived ECM (tfd-
ECM) while WHCO1 cancer cells were used for the cancer-derived ECM (cd-ECM).
Co-culture of CT1 and WHCO1 cells produced combinatorial ECM (combi-ECM). For
the production of cell-derived ECM without fibronectin (ECM™) and without type |
collagen (ECM~<°") CT1 and WHCO1 cells were transfected with either fibronectin
siRNA or type | collagen siRNA and grown on tissue culture dishes. Cell-derived ECM
was done as described above with subsequent fibronectin siRNA and type | collagen
siRNA added after two days. In order to characterise the cell-derived ECM, the ECM
was dissolved in 5 M Guanidine-HCL in buffer and analysed by SDS-Page as
described in Section 7.2.20. Total protein was stained with Ponceau stain and
Coomassie stain. Human fibronectin and type | collagen were also loaded to serve as
markers. To evaluate proteoglycan composition within the ECMs, the ECM was
prepared on coverslips and fixed using 3% paraformaldehyde solution. ECMs were
incubated with 1% Alcian Blue for 20 minutes and washed three times with PBS.
Images were observed and photographed using a light microscope (Olympus CKX41
with SC30 camera).

7.2.5. Side-population (SP) analysis and sorting

Side population cells were isolated based as described by Goodell et all (2005).
Confluent WHCO1, WHCO5, WHCOG6, KYSE 180 and MDA MB 23 cells were split
using 0.05% trypsin-EDTA and centrifuged at 500 x G for 5 minutes. Cells were
resuspended at 1 x 108 cell/ml in pre-warmed DMEM supplemented with 2% FBS, 10
mM HEPES, 1% penicillin/streptomycin and Hoechst 33342 dye to a final
concentration of 5 ug/ml and mixed well by gentle inversion. Tubes were incubated for
90 minutes at 37°C with intermittent mixing. After 90 minutes cells were pelleted at
500 x G for 5 minutes and resuspended in ice-cold HBSS supplemented with 2% FBS
and 10 mM HEPES. Propidium iodide (Pl) was added at a concentration of 5 ug/ml for
dead cell discrimination. Samples were kept at 4°C to until analysis. Cells were filtered
through a 50 um nylon mesh prior to analysis.
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Forward Scatter (FSC) and Pl were displayed using a dot plot to exclude dead cells
and the remaining live cells were analysed. Propidium iodide fluorescence was also
excited at 351 to 364 nm and measured through the 675 EFLP. A second dot plot
region representing Side Scatter (SSC) and Hoechst 33342 blue cells was used to
include all live cells. Side Scatter (SSC) and Hoechst 33342 red was displayed using
a third dot plot to set the emission for determining DNA labelling in live cells. Dichroic
mirror short-pass (DMSP) of 610-nm was used to separate the emission wavelengths.
In addition,low SSC and Ilow FSC events, whichenriched in SP
cells, were considered. The SP and non-SP of each cell line was sorted with a cell
sorter. Sorted cells were then cultured and maintained in serum-free DMEM/F12
medium supplemented with, 100 U/ml penicillin and 100 pg/ml streptomycin, 20 ng/ml
recombinant epidermal growth factor, 20 ng/ml human recombinant basic fibroblast
growth factor, 1% GlutaMax and 2% B27 supplement.

7.2.6. Immunophenotyping

WHCO1 and MDA MB 231 cancer cells were washed twice with PBS, trypsinised with
0.05% trypsin-EDTA and centrifuged at 500 x G for 3 minutes at 4°C. Cells were
resuspended in PBS containing 5% FBS to a final concentration of 1 x 108 cells/ml.
and stained with anti-CD44-PE (Abcam, ab269300) and anti-CD24-FITC (Abcam,
ab30350) at 1:50 dilution. Samples were incubated with antibodies for 40 minutes at
4°C in the dark, washed with cold PBS and followed by FACS buffer (45 ml of 1X PBS
and add 5ml of 10% BSA). The cells were compared to negative controls that were
incubated with isotype-specific IgG1-FITC (Santa Cruz). The number of cells staining
positive for a marker was determined by the percentage of cells present within a gate
established using the FITC-conjugated isotype-matched control. At least 50 000
events were acquired on FACScan cell sorter (BD Bioscience, CA, USA).
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7.2.7. Coculture assay

Cells were co-cultured in 6 welled transwell plates (size of pore 4 ym, Polycarbonate
membrane, Costar, Corning, Cambridge, USA). WJ-MSCs (5 x 10° cells) were
cultured in the upper insert and WHCO1 or MDA MB 231 cells (5 x 10° cells) were
placed in the lower compartment of the 6-well plates. The control group had empty
inserts (no cells) containing a 1:1 mixture of WJ-MSCs in Knockout DMEM
supplemented with 10% FBS, FGF, 100 U/ml penicillin and 100 pug/ml streptomycin
and cancer cell in DMEM complete medium. For longer incubation periods, the
medium was changed every 3 days and fresh TGF- and reagents were added. At
specific time points or at the end of the experiment, cancer cells and WJ-MSCs were
harvested for analyses. For the drug treatment assay, WHCO1 and MDA MB 231
cancer (5 x10°) were cultured or co-cultured with WJ-MSCs for 16 days. Empty inserts
were used for control group (no WJ-MSCs) and a 1:1 mixture of Knockout DMEM
supplemented with 10% FBS, FGF, pen/strep and DMEM supplemented with 10%
FBS and pen/strep was used. Medium was changed every 3 days for longer incubation
periods. At the end of the same number of WHCO1 and MDA MB 231 cancer cells
were treated with increasing concentrations of paclitaxel or cisplatin for 48 hours. After
48 hours, cells were counted in a Countess Cell counter (Invitrogen) using the Trypan
Blue exclusion method. DMSO control (0.1%) was used to calculate percentages of
cells. Each experiment was performed in ftriplicates and three independent

experiments were performed.

7.2.8. 3D Tumoursphere formation

To recapitulate the 3D structure of the tumours in vivo, spheroids were created using
different methods. Single cell suspension of parental cells and side population cells
from cancer cells (WHCO1) were used to from tumour spheroids in vitro in low-
attachment dishes. Cells were plated in serum-free DMEM/F12 (1:1 volume) media
supplemented with B27 (to promote growth with differentiation), 20 ng/ml EGF and
bFGF and 10 ng/ml HGF. The media was refreshed with growth factors twice a week
until floating aggregates were formed. Cells were allowed to grow for up to 16 days in
attachment dishes, to prevent cell attachment, and images of tumourspheres were
observed by microscopy. For passaging, tumourspheres were collected by gently
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centrifugation at 500 x G, counted and dissociated into single cells through the use of
0.05% trypsin-EDTA. Mechanical dissociation was also done using by pipetting up and
down until all spheroids were dissociated in single cells. In some experiments,
tumourspheres were passaged every 6-8 days after reaching a diameter of around
100 ym. The diameter of the spheroids was measured using Image J software.
Tumourspheres were also treated with chemotherapeutic drugs for the indicated time

periods.

7.2.9. Multicellular Tumour Spheroid formation (MCTS)

Frozen cells (WHCO1, Wi38, CT1) were thawed in a 37°C water bath. The vials were
wiped with 70% ethanol, cells were transferred to 12 ml falcon tubes and centrifuged
at 500 x G for 3 minutes. The supernatant was aspirated, and the pellet was
resuspended in complete DMEM supplemented with 10% FBS and pen/strep. Cells
were counted with a Countess Cell counter using the Trypan Blue exclusion method.
Cells were grown at a density of 5 x 10° cells/100 pl per well in Nunclon™ Sphera™
96-well, U-shaped-bottom microplates (Thermo Scientific, Waltham, MA, USA) and
allowed to grow for 72 hours in humidified atmosphere with 5 % CO: at 37°C. 3D co-
cultures were obtained by mixing 2 x 10° of WHCO1 or MDA MB231 cancer cells and
2 x 10° of CT1 or Wi38 fibroblast cells to a total of 5 x 10% per well. Spheroid growth
was measured using spheroid diameter and metabolic activity as an indicator of cell
viability. For spheroid culture treatment, freshly prepared medium containing the
required drug concentrations were added to the spheroids. The cultures were then
incubated for 3 days prior to performing the cell cytotoxicity assays, flow cytometric
assays, western blot and immunofluorescence. Inverted Leica DMi1 microscope
equipped with digital camera Leica MC120 HD was used to take images with phase-
contrast optics. The images of the were analysed using Image J (version 1.52g,
National Institutes of Health Bethesdda, MD, USA) to measure cell diameter and

circularity.
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7.2.10. Cell Viability assay

7.2.10.1. Trypan blue exclusion protocol

Cell proliferation rates after plating cancer cells with/without drugs was determined
using the trypan blue exclusion method. Briefly, cancer cells (5 x 10°) were plated on
dishes with or without cell-derived ECM and/or with/without drugs for the indicated
time periods. Cell layers were rinsed with PBS, trypsinised with 0.05 % trypsin-EDTA
and centrifuged at 1800 rmp for 5 minutes. Cell were resuspended in DMEM
supplemented with 10% FBS 100 U/ml penicillin and 100 pg/ml streptomycin and 10
I of the cell suspension was mixed with 10 pl of Trypan Blue. Cell counting was done
using the Countess Cell Counter (Invitrogen). Cell numbers were plotted against time
and the cell proliferation rate was measured and compared to that of control cells. This

experiment was performed in three replicates and in three independent experiments.

7.2.10.2. MTT assay

The MTT assay was used to measure cell death by quantifying the viability of
metabolically active cells. The MTT assay was carried out by plating 2 x 103in 96-well
plates with or without cell-derived ECM, in a final volume of 100 pl DMEM
supplemented with 10% FBS 100 U/ml penicillin and 100 ug/ml streptomycin per well.
After the indicated incubation period, cells were washed with PBS and incubated in
fresh medium containing 10 pl (final concentration of 0.5 mg/ml) of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) at 37°C for 4 hours. The
formazan produced in the reaction, was dissolved by adding 200 pl of 10% sodium
lauryl sulphate (SLS) for 16 hours at 37°C. The absorbance of each sample was
measured at 595 nm using a microtiter plate reader (Model 680, Biorad). The ICs0 and
the confidence interval were derived from quadruplicate data retrieved from a
microtiter plate reader (Model 680, Biorad). The data was analysed using GraphPad
Prism 5.0 software (2006). The values obtained from the absorbance readings were
presented as mean + SEM, log transformed and fitted onto a non-linear regression log
(inhibitor) vs. response equation in order to construct a sigmoidal dose response

curve.
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7.2.10.3. Metabolic activity assay for spheroids

Metabolic activity assays were performed on WHCO1 and MDA MB231 cells grown in
2D, 3D or 3D co-cultured. Post-treatment cell viability was measured using
luminescent-based cell metabolic activity assay CellTiter-Glo® (G9681, Promega)
according to the manufacturer’s instructions. The reagent was thaw overnight at 4°C
followed by placing the reagent in 22°C water bath prior to use for 30 minutes. 100 pl
of the CellTiter-Glo® reagent was added to 100 ul of medium containing cells in a 96-
well plate. The content was mixed for 5 minuted to induce cell lysis then the plate was
incubated at room temperature for 25 minutes. The intensity of the luminescence
signal at 420 nm wavelength was detected using Veritas microplate luminometer

(Promega). The absorbance was calculated using GraphPad Prism 5.0 software.

7.2.11. Cell Cytotoxicity assay

7.2.11.1. I1C50 Determination

The IC50 of the drugs on WHCO1 cells were determined by plating 2 x 102 cells/well
in 96-well plates and cells were allowed to attach overnight. Cells were then treated
with varying concentrations of drugs or vector alone (0.1% DMSOQO). Cells were
incubated with drugs for 24, 48 or 72 hours at 37°C after which 10 pl MTT reagent
(Sigma Aldrich, USA) was added to a final concentration of 0.5 mg/ml and cells were
incubated for 4 hours at 37°C. The SLS solution was added to the cells and the plates
were incubation overnight followed by measuring the absorbance at 595 nm using a
Biotek microplate spectrophotometer (Winooski, VT, USA). For IC50 determination of
spheroids, CellTiter-Glo® reagent was used as described above (section 7.2.9.3). The
IC50 and 95% confidence intervals (Cl) were derived from quadruplicate data and data
was analysed using GraphPad Prism 5.0 software (2006). The data were presented
as mean (+ SEM), log transformed, and fitted into a non-linear regression log(inhibitor)

Vs response equation to make a dose response curve.
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7.2.12. Quantitative Real Time PCR (qRT-PCR)

7.2.12.1. RNA isolation of cells

Total RNA isolation was done according to the procedure of Chomczynski and Sacchi
(1983) using Trizol reagent (Invitrogen Corporation, California, USA). Cells were
seeded in 35mm or 100 mm dishes, after 24 hours the medium was changed to fresh
DMEM supplemented with 10% FBS 100 U/ml penicillin and 100 pg/ml streptomycin
and cells were incubated with or without drugs for different time points as indicated.
The medium was aspirated, cells were washed with cold PBS and lysed by adding 1
ml of Trizol reagent. The cell lysate was scraped off the dish and pipetted into 1.5ml
Eppendorf tubes. The homogenous samples were incubated for 5 minutes at room
temperature with intermittent shaking to ensure complete dissociation of nucleoprotein
complexes. Chloroform (200 ul per 1 ml of Trizol) was added to each sample and the
samples were shaken vigorously for 15 seconds followed by incubation at room
temperature for 3 minutes. The samples were then centrifuged at 14 000 rpm for 15
minutes at 4°C to separate the phases. The upper aqueous phase was transferred to
a fresh tube and the RNA was precipitated by the addition 500 ul isopropyl alcohol per
1 ml Trizol. Samples were shaken vigorously for 15 seconds and incubated at room
temperature for 10 minutes. The samples were centrifuged at 14 00 rpm for 30 minutes
at 4°C to pellet the RNA. The supernatant was carefully removed. The RNA was rinsed
once with 1 ml of 75% ethanol and vortexed at low speed for 5-10 seconds followed
by centrifugation at 7500 rpm for 5 minutes at 4°C. The supernatant was removed and
the pellet air-dried for 10 minutes at room temperature. The RNA was dissolved in 30-
50 yl DEPC-water by heating at 55°C for 5 minutes and stored at -80°C. The
concentration of the extracted RNA was determined using a Nanodrop
spectrophotometer 2000 (Thermo Fischer Scientific, USA). The absorbance was
measured at 260 nm and 280 nm, RNA that had A2so/A2s0 ratio between 1.8 - 2.0 was
considered pure.

7.2.12.2. RNA extraction of spheroids

In 2 ml Eppendorf tubes, 50 spheroids were lysed with 250 ul of Trizol reagent and
incubated for 5 minutes at room temperature. To the sample, 50 pl of chloroform was
added, samples were shaken vigorously for 15 seconds, and incubated at room
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temperature for 5 minutes. The samples were then centrifuged at 14 000 rpm for 15
minutes at 4°C to separate the phases. In new Eppendorf tubes, 100 yl of each
aqueous phase was transferred, followed by the addition of 125 pl isopropanaol,
vortexing and incubation for at room temperature for 10 minutes. The samples were
centrifuged at 14 00 rpm for 30 minutes at 4°C to pellet the RNA. The supernatant was
removed and in each tube, the RNA pellets were washed with 75% ethanol. Samples
were the vortexed allowed by centrifugation at 7500 rpm for 5 minutes at 4°C. The
supernatant was removed, and the pellet air-dried for 10 minutes at room temperature.
The RNA was dissolved in 30 yl of DEPC-water by heating at 55°C. The concentration
of the extracted RNA was determined using a Nanodrop spectrophotometer 2000
(Thermo Fischer Scientific, USA).

7.2.12.3. RNA extraction of biopsy samples

RNA from Biopsy Tissue Samples was extracted using the Qiagen AllPrep
DNA/RNA/mMIiRNA Kit (QIAGEN, Venlo, The Netherlands) . The RNA extraction was
carried out as described by the manufacturer. Normal tissue adjacent to tumour and
tumour samples in RNAlater were used for RNA extraction. Tissue samples were
washed twice with PBS. 30 mg of tissue was dissected into several smaller pieces
using a sterile scalpel blade and pieces were then placed in a 1.5 ml microfuge tube.
For tissue disruption and homogenisation, 300 pl of Buffer RLT containing -
mercaptoethanol was added then the tissue was homogenised at room temperature
in a tissue-rupture by placing the tip of the pestle probe into the tube at full speed until
the tissue lysate is uniformly homogeneous. The lysate was centrifuged at 14 000 rpm
for 10 minutes at room temperature. The supernatant was transferred to an AllPrep
DNA spin column placed in a 2ml collection tube and centrifuged at 14 000 rpm for 30
seconds. 300 ul of RLT buffer was added to the spin column and centrifuged at 14 000
rpm for 30 seconds. The flow through was transferred to a 2 ml microfuge tube and
RNA clean-up was carried out using the RNeasy mini kit (QIAGEN, Venlo,
TheNetherlands). The RNA clean-up was carried out as described by the
manufacturer. Following the dissolution of the RNA in DEPC water, the volume was
adjusted to 100 pl using RNAse free water. RNA was precipitated with a Qiashredder
(QIAGEN, Venlo, The Netherlands) and washed with 70% ethanol using the RTL

buffer. The RNA was then eluted from the column with RNAse-free water. The
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concentration of the extracted RNA was determined using a Nanodrop
spectrophotometer 2000 (Thermo Fischer Scientific, USA).

7.2.12.4. Synthesis of cDNA

Complementary DNA (cDNA) was synthesised using 2 ug RNA and 50 uM oligo (dT)1s
primer and Impromp |l reverse transcriptase (Promega Inc, Madison, WI, USA) in the
presence of dNTPs and MgClz, following the manufacturer’s instructions. Briefly, the

following were added to a nuclease-free microcentrifuge tube:

50uM oligo (dT)15 primer 1 ul
5ug total RNA X ul
Distilled water (DEPC-dH-0) Y ul
Total volume 9 ul

(X = depends on the concentration of the RNA and Y = add up to a final volume of 9
bl). The volume of the RNA varied as it was dependent on the concentration of the
RNA sample and the total reaction was kept constant for each sample by addition of
DEPC treated dH20 to reach a final volume of 9 pl

The above mixture was heated at 70°C for 10 minutes to break up any secondary
structure and ensure strand separation, as well as annealing of oligo (dT). The PCR
tube containing the mixture was spun by brief centrifugation for 4 seconds and placed
on ice immediately. For each sample, 11 yl of the following master mix was added to
make a final volume of 20 ul per sample:
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cDNA synthesis master mix

5 x First strand buffer 5yl
dNTP mix 1l
RNase inhibitor 1 ul
MgCl> 2yl

Impromp Il reverse transcriptase 1 pl

Nuclease-free water 1 ul

Total volume 11 ul

The final mixture was mixed well, centrifuged briefly and incubated or 2 hours at 42°C.
The resulting cDNA was stored at -20°C.

7.2.12.5. Quantitative real time PCR

Quantitative real time (RT) polymerase chain reaction (PCR) was performed, to
measure the relative changes in RNA levels, using KAPA SYBR® FAST gPCR
Universal Kit (KAPA Biosystems, S.A) and LightCycler® 480 Il (Roche). The qRT-PCR
was done in 96 well plates by adding 2 ul of cDNA, forward primer, reverse primer
(see appendix b), dH2O and KAPA SYBR® FAST gqPCR Universal Master Mix as

shown below:

gRT-PCR reaction mixture:

KAPA SYBR® Fast Master Mix 12.5 pl
Forward Primer 1l
Reverse Primer 1l
Water 8.5 ul
cDNA or Water (control) 2 ul
Total volume 25yl
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Every gRT-PCR plate had a negative control and reactions were done in triplicate.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal

control.

7.2.12.5. Analysis of qRT-PCR data

Real Time PCR data were analysed using the comparative 22T method for relative
quantification. The gene of interest was normalised against the reference gene,
GAPDH, and expressed as fold induction.

7.2.13. Western Blot Analysis

7.2.13.1. Protein extraction

Cells or spheroids were plated in 100 mm or 96-well culture dishes in complete DMEM
supplemented with 10% FBS 100 U/ml penicillin and 100 pg/ml streptomycin for 24 or
72 hours before treatment with chemotherapeutic drugs. At the end of each
experiment cells were washed with cold PBS and lysed with 1 x RIPA supplemented
with protease inhibitors then incubated with for 5 minutes in ice. A cell scraper was
used to harvest the cells, which were transferred to a 1.5 ml Eppendorf tubes and
sonicated for 10 seconds on ice (Heat System-Ultrasonic, Inc, Plainview, New York).
The cell lysate was centrifuged at 10 000 rpm for 10 minutes at 4°C and the
supernatant was transferred to a fresh tube. Protein quantification was done using the
BCA (Bicinchoninic Acid) Assay (Pierce® Bradford Protein Assay kit, Thermo Fischer
Scientific, USA) according to the manufacturer’s protocol. Protein concentration was
measured using a standard curve from a serial dilution of bovine serum albumin (BSA)
standards concentrations ranging from 0 to 2000 pg/ml. Protein concentrations were
determined by diluting 5 pl of the lysate with 25 pl of dH20 in a 96-well plate, followed
by the addition of 200 ul of the BCA working reagent and incubated at 37°C for 30
minutes. Absorbance was measured in a Multiskan FC microplate photometer
(Thermo Scientific, USA) at 595 nm.

158



7.2.13.2. SDS-Polyacrylamide Gel Electrophoresis

7.2.13.2.1. Preparation and electrophoresis of gels

Proteins were separated by sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE). using a 10% separating and a 4% stacking gel as
detailed in Table 7.1. The separating gel was added first into BioRad Mini protein
system overlayed with water to create a level between separating and the stacking
gel. Once the separating gel had set, the water was decanted followed by adding the
stacking gel and the insertion of combs in each gel to create loading wells. Combs
were removed once the gel had polymerised and the wells were rinsed with 1 x running
buffer. 50 pg protein was mixed with 4 x loading dye and water to a total volume of 40
pl. The samples were heated for 5 minutes at 95°C to ensure the denaturation of
proteins. In each gel, 6 ul of molecular weight marker, (PageRuler™ Plus Prestained
Protein Ladder, Thermo Scientific, USA), was loaded and followed by 40 pl of the
protein sample into the next well. Gel was run at 150 V for 1 hour to separate the
proteins.

Table 7. 1. Reagents and volumes used to prepare separating and stacking gels for western blot.

Reagents Stacking Gel Separating
Gels
4% 10%
Distilled water 3.65 ml 2.75
Tris Buffer 0.625 ml 3.75
30% Acrylamide 0.650 ml 3.35
10% SDS 50 ul 100
10% APS 60 ul 200
TEMED 6 ul 20

7.2.13.2.2. Transfer of protein to nitrocellulose membranes
The separated proteins were transferred to nitrocellulose membrane (BioRad, USA)

using the BioRad mini gel transfer system. Whatman 3M filter paper, nitrocellulose
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membrane and sponges were cut into the size of the gel and soaked in 1 x transfer
buffer (see Appendix X) for 15 minutes. The sandwich was assembled in the inner
black side of the transfer system cassette. The cassette was then placed in the transfer

apparatus and the transfer was carried out at 100V for 70 minutes at 4°C.

7.2.13.2.3. Immunoblotting

The nitrocellulose membrane was removed from the transfer apparatus and place a
container with 5% (w/v) fat-free milk dissolved in 1 x Tris-Buffered Saline (TBS)
containing 0.1% Tween 20 (Sigma Aldrich, USA) (TBST). The nitrocellulose
membrane was blocked for 1 hour on a shaker at room temperature then incubated
overnight with diluted antibody at 4°C on a shaker. The list of antibodies used and
their dilutions are shown on Table 7.2. The membrane was washed 3 times with TBST
for 5 minutes followed by incubation of horseradish peroxide (HRP)-conjugated
secondary antibodies diluted in 5% fat-free milk solution for 1 hour at room
temperature on a shaker. After the incubation, the membrane was washed 3 times
with TBST for 5 minutes.

7.2.13.2.4. Visualisation

The protein bands of interest were detected using chemiluminescent LumiGLO
Substrate (KPL, USA) as per the manufacturer’s instructions and visualised on a Bio-
spectrum (UVP) detection system (BioSpectrumTM 500 imaging System, Upland, CA,
USA) with VisionWorks LS Image Acquisition and Analysis Software (Version 6.8).
The bands in the image captured by UVP CCD camera were quantified using ImageJ

software.

7.2.13.2.5. Stripping a blot

To probe the same membrane with a secondary antibody, the first was stripped off by
washing with 1M glycine pH 2.5 by shaking at room temperature for 10 minutes and
neutralised by the addition of 1M Tris pH 7.5 for 5 minutes. Membrane was incubated
with the blocking solution for 1 hour followed by the probing of a different primary

antibody.
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Table 7. 2. Antibody concentrations and incubation conditions.

Primary Antibody Primary Antibody Secondary Secondary Antibody Substrate
Conditions Antibody Conditions

GAPDH [Santa 1:5000 in 5% Milk Goat anti-Rabbit 1:5000 in 5% Milk LumiGlo®
Cruz Biotechnology] TBST [Bio-Rad] TBST chemiluminescent

a-SMA [Santa Cruz | 1:500 in 5% Milk TBST | Goat anti-Mouse 1:5000 in 5% Milk LumiGlo®
Biotechnology] [Bio-Rad] TBST chemiluminescent

Vimentin [Santa 1:500 in 5% Milk TBST | Goat anti-Mouse 1:1000 in 5% Milk LumiGlo®
Cruz Biotechnology] [Bio-Rad] TBST chemiluminescent

Type | collagen 1:1000 in 5% Milk Goat anti-Rabbit 1:5000 in 5% Milk LumiGlo®
[Abcam] TBST [Bio-Rad] TBST chemiluminescent

CD44 [Santa Cruz 1:500 in 5% Milk TBST | Goat anti-Mouse 1:5000 in 5% Milk LumiGlo®
Biotechnology] [Bio-Rad] TBST chemiluminescent

ALDH1A1 [Santa 1:500 in 5% Milk TBST | Goat anti-Mouse 1:5000 in 5% Milk LumiGlo®
Cruz Biotechnology] [Bio-Rad] TBST chemiluminescent

ABCG2 [Santa Cruz 1:1000 in 5% Milk Goat anti-Mouse 1:1000 in 5% Milk LumiGlo®
Biotechnology] TBST [Bio-Rad] TBST chemiluminescent

MDR1 [Santa Cruz | 1:500 in 5% Milk TBST | Goat anti-Mouse 1:5000 in 5% Milk LumiGlo®
Biotechnology] [Bio-Rad] TBST chemiluminescent

Oct4 [Abcam] 1:200 in 5% BSA Goat anti-Rabbit 1:5000 in 5% Milk LumiGlo®
[Bio-Rad] TBST chemiluminescent

Sox2 [Abcam] 1:200 in 5% BSA Goat anti-Rabbit 1:5000 in 5% Milk LumiGlo®
[Bio-Rad] TBST chemiluminescent

Nanog [Abcam] 1:1000 in 5% BSA Goat anti-Rabbit 1:5000 in 5% Milk LumiGlo®
[Bio-Rad] TBST chemiluminescent

FOXM1 [Santa Cruz | 1:500 in 5% Milk TBST | Goat anti-Mouse 1:5000 in 5% Milk LumiGlo®
Biotechnology] [Bio-Rad] TBST chemiluminescent

MMP2 [Cell 1:500 in 5% Milk TBST | Goat anti-Rabbit 1:1000 in 5% Milk LumiGlo®
Signalling [Bio-Rad] TBST chemiluminescent

MMP9 [Cell 1:500 in 5% Milk TBST | Goat anti-Rabbit 1:1000 in 5% Milk LumiGlo®
Signalling] [Bio-Rad] TBST chemiluminescent

IL6 [Santa Cruz 1:500 in 5% Milk TBST | Goat anti-Mouse 1:5000 in 5% Milk LumiGlo®
Biotechnology [Bio-Rad] TBST chemiluminescent

IL8 [Santa Cruz 1:500 in 5% Milk TBST | Goat anti-Mouse 1:5000 in 5% Milk LumiGlo®
Biotechnology] [Bio-Rad] TBST chemiluminescent

p-ERK 1,2 [Cell 1:500 in 5% BSA Goat anti-Mouse 1:1000 in 5% BSA LumiGlo®
Signalling [Bio-Rad] chemiluminescent

ERK2 [Santa Cruz 1:1000 in 5% Milk Goat anti-Rabbit 1:1000 in 5% Milk LumiGlo®
Biotechnology] TBST [Bio-Rad] TBST chemiluminescent

p-Akt [Cell 1:500 in 5% Milk TBST | Goat anti-Rabbit 1:5000 in 5% Milk LumiGlo®
Signalling] [Bio-Rad] TBST chemiluminescent

Akt [Cell Signalling] | 1:500 in 5% Milk TBST | Goat anti-Rabbit 1:5000 in 5% Milk LumiGlo®
[Bio-Rad] TBST chemiluminescent

Ki67 [Santa Cruz 1:500 in 5% Milk TBST | Goat anti-Mouse 1:5000 in 5% Milk LumiGlo®
Biotechnology [Bio-Rad] TBST chemiluminescent
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Table 7.2. Antibody concentrations and incubation conditions (continued).

Primary Antibody Primary Antibody Secondary Secondary Antibody Substrate
Conditions Antibody Conditions
PCNA [Santa Cruz | 1:500 in 5% Milk TBST | Goat anti-Mouse 1:5000 in 5% Milk LumiGlo®
Biotechnology [Bio-Rad] TBST chemiluminescent
Cyclin D1 [Santa 1:500 in 5% Milk TBST | Goat anti-Mouse 1:1000 in 5% Milk LumiGlo®
Cruz Biotechnology] [Bio-Rad] TBST chemiluminescent
p-p21 [Santa Cruz 1:500 in 5% Milk TBST | Goat anti-Rabbit 1:5000 in 5% Milk LumiGlo®
Biotechnology] [Bio-Rad] TBST chemiluminescent
Bcl-2 [Cell 1:500 in 5% Milk TBST | Goat anti-Mouse 1:5000 in 5% Milk LumiGlo®
signalling] [Bio-Rad] TBST chemiluminescent
Bcl-xL [Cell 1:1000 in 5% Milk Goat anti-Rabbit 1:5000 in 5% Milk LumiGlo®
signalling] TBST [Bio-Rad] TBST chemiluminescent
Integrin a1 [Santa 1:500 in 5% Milk TBST | Goat anti-Mouse 1:1000 in 5% Milk LumiGlo®
Cruz Biotechnology] [Bio-Rad] TBST chemiluminescent
Integrin a2 [Santa 1:500 in 5% Milk TBST | Goat anti-Mouse 1:1000 in 5% Milk LumiGlo®
Cruz Biotechnology] [Bio-Rad] TBST chemiluminescent
Integrin a5 [Santa 1:5000 in 5% Milk Goat anti-Mouse 1:1000 in 5% Milk LumiGlo®
Cruz Biotechnology] TBST [Bio-Rad] TBST chemiluminescent
Integrin B1 [Santa 1:500 in 5% Milk TBST | Goat anti-Mouse 1:5000 in 5% Milk LumiGlo®
Cruz Biotechnology] [Bio-Rad] TBST chemiluminescent

7.2.14. Gelatin Zymography

Zymographic analysis of protease activity was done as described by Healary et al
(2005). Cells were grown in serum-free DMEM overnight, washed with PBS and fresh
serum-free DMEM followed by the treatment with chemotherapeutic drugs. After the
end of the treatment the serum-free DMEM was harvested and total proteins in the
medium were quantified using the BCA (Bicinchoninic Acid) assay as described
above. Polyacrylamide gels containing 1 mg/ml gelatin in a buffered solution
consisting of 5 ml 1.5 M Tris-HCI pH 8.8, 200 pl 10% SDS, 8 ml 30% Acrylamide and
5 ml distilled water were prepared. Stacking gels contained 4% polyacrylamide in
0.125 M Tris-HCI pH 6.8. Gels were polymerised by adding 50 pl of 10% ammonium
persulfate and 10 yl of TEMED. 2 x of the loading buffer (non-reducing) was added to
the sample and electrophoresis was done at 25 mA for 2 hours. Followed by washing
gels twice for 30 minutes each in 200 ml of 2.5% Triton X-100 with constant stirring
and incubated in incubation buffer (50 mM Tris-HCI pH 7.5, 5 mM CaCl,, 0.2 M NaCl
and 0.02% Brij-35) for 18 hours at 37°C. Gels were washed then stained with
Coomassie brilliant blue dissolved in 20% methanol and destained with 15% acetic

acid, 10% methanol. Gelatinolytic activity was shown as transparent zones in the blue

162



gels. The areas of the cleared zones were analysed with a Fluor-S Multimager
(BioRad, USA).

7.2.15. Flow cytometry

7.2.15.1. Cell cycle analysis

Cells plated on the ECM or treated with chemotherapeutic drugs were subjected to
FACS analysis after staining the DNA with PI. Briefly, 5 x 10° cell were plated on either
100 mm plates with or without ECMs and allowed to grow overnight at 37°C. Cells
were then treated with drugs for 24 hours. Following the treatment, the cells were
collected (including floating cells) with 0.5% trypsin-EDTA and centrifuged at 4000 rpm
for 5 minutes. The cells were washed twice with ice cold PBS and fixed with 70%
ethanol for 30 minutes at -20°C. After washing step, cells were incubated with 50
ug/ml ribonuclease A (RNase A) (Roche, Indianapolis, IN, USA) in PBS for 30 minutes
at 37°C. Followed by the incubation, cells were stained with Pl solution (1 mg/ml) and
analysed with FACS cell sorter (BD Biosciences, Franklin Lakes, NJ, USA). The cell
population was identified and gated on a forward scatter (FSC) vs. side scatter (SSC)
dot plot in acquisition mode. Fluorescent Channel 2(FL2) at 575nm was used for
Propidium lodide detection. A dot plot of FL2A(area) vs FL2W(width) was used to
identify single cells and thus eliminating doublets. A histogram plot of FL2A was used
to enumerate G1/G0, s-phase and G2 populations. The combined parameters FSC,
SSC,FL2A and FL2W display the results. A threshold of 52 on the FSC channel was
set to remove sample debris. Nile Red Fluorescent particles were used for instrument
standardization, stability and reproducibility. Analysis and results obtained of acquired
data was done with Modfit version 3.3, software.

7.2.15.2. Annexin V/Propidium lodide Assay for Apoptosis

Apoptosis was determined by double staining with Annexin V conjugated to
Fluorescein isothiocyanate (FITC) and Propidium lodide (P1). Briefly, cells were plated
in culture dishes with/without ECM at a density of 5 x 10° cell/plate and treated with
either chemotherapeutic drugs or with 0.1% DMSO (control) for 24 hours. Post
treatment, cells were harvested, washed twice with cold PBS and resuspended in 1 X
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Binding Buffer at a concentration of 1 x 10° cells/ml. 100 pl of solution (1x 10° cells)
was transferred to a 5 ml culture tube and stained with Annexin V conjugated with
FITC and Pl according to the manufacturer’s instructions (FITC Annexin V Apoptosis
Detection Kit |, BD Bioscience, USA). Tubes were vortexed gently and incubated for
15 minutes at room temperature in the dark. Flow cytometric analysis was done using
a Beckman Coulter Flow Cytometer (Beckman Coulter, Life Sciences, Indianapolis,
IN, USA). Data acquisition (2 x 104 events per treatment condition) was performed
using the Cellquest software (Version 5.1, Becton Dickinson, Franklin Lakes, NJ,
USA).

7.2.16. Colony Formation Assay

Plates containing cells that were 80-90% confluent were washed with PBS and
incubated with 0.05% trypsin-EDTA solution for 2-5 minutes at 37°C. The trysin was
neutralized with complete DMEM and the cells pelleted by centrifugation at 1800 rpm
for 5 minutes. Cells were suspended in DMEM supplemented with 10% FBS 100 U/ml
penicillin and 100 pg/ml streptomycin and counted using a Countess Cell Counter
(Invitrogen) using the Trypan Blue exclusion method. 500 cells were cultured in 6-well
plates with or without the ECM and incubated for 10 days. Cells were treated with
drugs for 24 hours. Methanol (100%) was added to fix the colonies and staining was
done using 0.05% crystal violet. Digital images of colonies were obtained using a
scanning device or a camera and colonies were counted using Imaged. The

experiments were performed at least 3 times.

7.2.17. CellTracker and Live/Dead staining in spheroids

The co-cultured cells were stained with CellTracker in order to follow the spheroid
localisation of the cells in time. Briefly, prior to seeding cells, cancer cells, CT1 and
Wi38 fibroblast cells were washed with PBS. Cancer cells were incubated with serum
free DMEM supplement 40 uM blue CMAC (C2110, Life Technologies,) and CT1 and
Wi38 fibroblast were incubated with serum free DMEM supplemented with 10 uM Red
CMTPX (C34552, Life Technologies) for 20 minutes at 37°C. Following the staining,

3D co-cultures were established, and fluorescence imaging was done.
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Live-dead double staining was done on 3D and 3D co-culture spheroids. The
spheroids were established as described in section 7.2.8 for 3 days and the spheroids
were treated for 72 hours with chemotherapeutic drugs. After treatment, the spheroids
were washed with once with PBS and stained with 4 yM Calcien AM (17783-1MG,
sigma) and 10 pM ethidium homodimer (46043-1MG-F, sigma) for 45 minutes.
Fluorescence imaging was performed. All steps were done with spheroids inside the

96 well plates.

Fluorescence imaging was done at 10x using Zeiss Axiovert 200M fluorescence
microscope with AxioVision 4.8 Zeiss software and an Axioam HRm (Carl Zeiss, Jena
Germany). Fluorescence signal images were obtained for CellTracker and Live/Dead
stained cells. Using focus stacking, a Z-stack of each spheroid was taken, and a Z-

projection obtained.

7.2.18. Immunofluorescence

2D cells were plated on glass coverslips in 6-well plates and 3D spheroid were
established in Nunclon™ Sphera™ 96-well, U-shaped-bottom microplates. 2D and 3D
cultures were washed twice with ice cold PBS after for 72 hours of treatment. Cells
were fixed using 4% PFA (Paraformaldehyde) in PBS for 15 minutes at room
temperature. The cells were washed twice with PBS and 0.25% Triton X-100 in PBS
was used to permeabilise the cells for 15 minutes at room temperature. Cells were
washed twice with PBS and blocked with 1% BSA in PBST with 0.3M glycine for 30
minutes. Cells were incubated with primary antibody (Table 7.3) diluted in 1% BSA in
PBST overnight at 4°C. PBS was used to wash off the primary antibody. Secondary
antibody was diluted in 1% BSA in PBST and added to the cells for 1 hour at room
temperature in the dark. Secondary antibody was washed twice with PBS for 5 minutes
intervals. DAPI (200 pg/ml) diluted to 1:400 in PBS was added to the cell for 5 minutes
and was rinsed with PBS. All the steps for 3D cultures were done with spheroids inside
the 96 U-bottom well plate. 2D cells on coverslips were mounted using Mowiol (Sigma-
Aldrich, USA). Fluorescence imaging was done at 10x using Zeiss Axiovert 200M

fluorescence microscope with AxioVision 4.8 Zeiss software and an Axioam HRm
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(Carl Zeiss, Jena Germany). Each spheroid was used to create a Z-stack and a Z-

projection using focus stacking. Imaged software was used to measure fluorescence

intensity.

Table 7. 3. Antibody concentrations and conditions for immunofluorescence microscope

Primary Antibody Primary Antibody Secondary Antibody Secondary Antibody
Conditions Conditions
Sox2 1:100 1% BSAin Cy3 Goat anti Rabbit 1:300 1% BSAin
[Ab92494, Abcam] PBST [Jackson PBST
ImmunoResearch]
Oct4 1:100 1% BSAin Cy3 Goat anti Rabbit 1:300 1% BSAin
[Ab208907, Abcam] PBST [Jackson PBST
ImmunoResearch]

7.2.19. Phalloidin staining

For immunofluorescence analysis, parental and side population cells from WHCO1

and MDA MB231 cells were cultured on glass cover slips. After 24 hours of culturing,

cells were fixed in 4% paraformaldehyde for 20 minutes at room temperature.

Permeabilisation of cell membranes was achieved using 0.1% Triton X-100 in PBS for

5 minutes at room temperature. Cells were then blocked with 1% BSA in PBS for 30

minutes. The cytoskeleton was stained using 50 ng/ml FITC-conjugated Phalloidin

(Sigma-Aldrich, USA) by shaking for 1 hour at room temperature. Cells were then

washed three times with PBS followed by counterstaining the nuclei with DAPI (200

ug/ml) (Sigma-Aldrich, USA). Glass cover slips were mounted using Mowiol (Sigma-

Aldrich, USA). The slides were then stored in the dark at room temperature for the

mowiol to set and then stored in the dark at 4°C until viewing. Stained cells were

visualized using Zeiss Anxiovert 200 inverted fluorescent microscope (Carl Zeiss,

Jena, Germany).
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7.2.20. Immunohistochemistry

Sections oesophageal tumour and normal samples were formalin-fixed paraffin
embedded and used in the evaluation of expression of ALDH1A1, CD133, CD44 and
Ki67. Sections were cut to a 4 ym thickness and standard histological analyses were
performed. Briefly, slides were heat-fixed at 60°C overnight and deparaffinized in
xylene and rehydrated through a decreasing ethanol gradient. Endogenous
peroxidase was inactivated with 3% hydrogen peroxide in water for 15 minutes and
antigen retrieval was performed with slides heated in 0.01 M citrate buffer in a pressure
cooker (97°C) for 20 minutes. Slides were allowed cool off in tap water and PBS-T (1
x PBS + 0.1% Tween) was used to wash in between steps. Slides were incubated with
100 pl primary antibodies against human ALDH1A1, CD133, CD44 and Ki67 for 1 hour
(Table 7.4). Sections were rinsed with PBS-T and incubated with Envision+ System-
Horseradish peroxidase (HRP) labelled polymer anti-mouse (Dako #K4001) for 30
minutes. Slide were washed with PBS-T and diaminobenzidine tetrachloride (DAB)
substrate solution was used for 8 minutes to develop peroxidase colour. Haematoxylin
was used as a counter stain and dehydrated through increasing ethanol gradient
before being placed in xylene and mounting of the slides. Results were obtained using
a light microscope and the samples were assessed and scored and confirmed by a
pathologist.

Table 7. 4. Antibody conditions for immunohistochemistry

Primary Antibody Conditions Source
ALDH1A1 1:50 Mouse
[ab134188, Abcam] monoclonal
CD44 1:200 Mouse
[ab9524, Abcam] monoclonal
CD133 1:100 Rabbit
[ab216323, Abcam] monoclonal
Ki67 [ab92742, 1:250 Rabbit
Abcam] monoclonal
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7.2.21. siRNA Transfection Assay

Transfectin reagent (BioRad, Munich Germany) was used in the transient transfection
assays. Short interfering RNAs (siRNAs) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). 4 ul (0.5 ug) of 10 yM siRNA was dissolved in
transfection diluent (6 pl) according to manufacturer’s protocols. WHCO1 and CT1
cells were transfected with alpha type 1 collagen (COL1A1) and Fibronectin siRNAs
using the Transfectin reagent and incubated for 6 hours. After 6 hours the medium
was changed and ECM synthesis was continued for indicated period. To maintain
knockdown efficiency subsequent transfections were carried out every 2 days for the
duration of the ECM synthesis. In a different experiment, COL1A1 knockdown was
accomplished by omitting ascorbic acid from the medium and ECM synthesis was
continued for the duration indicated above. Cells were plated in 6-well plates with or
without ascorbic acid and the ECM synthesis was continued for the indicated duration.
Immunoblot and SDS-PAGE analysis was used to confirm COL1A1 and Fibronectin
knockdowns.

7.2.22. Migration assay

To determine the influence ECMs have on cellular migration, confluent cells were
trypsinised with 0.05% trypsin and neutralised by adding complete DMEM.
Centrifugation was done at 1800 rpm for 5 minutes at room temperature and cells
were resuspended in DMEM. Cells were counted in a Countess Cell Counter and
diluted to a final density of 5000 cells per microliter. Cellular foci of 4 pl containing a
total of 2 x 10* cells were added to culture dishes with or without the ECMs. An extra
100 ul of DMEM media was added to the cellular foci to prevent evaporation of media
and incubation continued for 2 hours. An addition of 3 ml of complete DMEM was
added and incubation was continued for 24 hours. Images were taken at time 0 hours
and at 24 hours under 10 X magnification. To measure the area of migrating mass of
cells, ImagedJ software was used. Migration of cells on ECMs was normalized to that

on plastic dishes.

Migration of parental and side population cells was determined using the wound
healing assay. Briefly, 5 x 10° cells were plated in 6-well culture dishes and allowed to

grow to confluency. For cell proliferation to be eliminated during migration, serum
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starvation 16 hours after one-third confluence was applied before making the "wound"
in vitro. Yellow plastic tip (p200) was used to make a scratch wound, the plated were
rinsed with PBS to remove debris and fresh media was added to the cells. Images at
0 hours of the scratch wound were taken. Cells were then treated with
chemotherapeutic drugs for the indicated time periods. At the end of each time period,
the wound was observed by phase contrast using an Olympus CKX41 inverted
microscope analysed with AnalySIS getlT software (Olympus, Tokyo, Japan).

7.2.23. 3D Invasion assay

Cells were grown at a density of 5 x 10° cells/100 pl per well in Nunclon™ Sphera™
96-well, U-shaped-bottom microplates (Thermo Scientific, Waltham, MA, USA) and
allowed to grow for 72 hours in humidified atmosphere with 5 % CO2 at 37°C, to
establish 3D spheroids. After 72 hours, spheroids were washed twice with PBS and
embedded into a 70 ul of 1.5 mg/ml collagen type | rat tail matrix (Gibco, 41048301,
Thermo Fisher Scientific, USA). 100 ul of complete DMEM with or without drugs was
added to the wells with 3D spheroids. 3D cell invasion was observed using Inverted
Leica DMi1 microscope equipped with digital camera Leica MC120 HD and images
were taken at 0, 24, 48 and 72 hours. The area of the cell invasion was measured
using Imaged software.

7.2.24. Mass Spectrometry

7.2.24.1 ECM Preparation

Mass spectrometry was used to assess the proteomic profiles of the 3D-ECMs. The
analysis was performed in triplicate ECM samples. 3D-ECMs were prepared using the
method mentioned above with some modifications and following the protocol
published by Adam Harvey, et al 2013. Briefly, confluent cells (WHCO1 and CT1) were
split using 0.05% trypsin-EDTA and centrifuged at 1800 rpm for 5 mins. Cells were
plated in DMEM supplemented with 10% FBS and 100 U/ml penicillin/streptomycin.
The ascorbic acid was added to a final concentration of 50 pg/ml every second day
and cells were maintained up to several days post confluence. After a thorough rinsing,
the cells were lysed from the ECM using 5 ml of 0,5% Triton X-100 (Sigma-Aldrich,
USA) for 10 minutes at room temperature. Followed by slowly adding 5 ml of 0.1 M
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NH4OH to the plates followed by three rinses with PBS. After the ECM had been
prepared, the ECM was solubilized 5% SDS, 50 mM Tris-HCL, pH 6.8 and the ECM
was scraped with a cell scraper. The SDS-lysate was collected into 1.5 ml centrifuge
tubes and incubated at 95°C for 5 minutes. The samples were centrifuged at 14 000
rom for 10 mins the supernatants called SDS-soluble ECM proteins were collected
and placed on ice. ECM protein concentration was measured using BCS Protein
Assay Kit following the protocol mentioned above.

7.2.24.2. Sample Preparation- FASP

After quantification, 100 pg samples were prepared by filter aided sample preparation
(FASP) according to Ostasiewicz P. et al., 2010 [514]. The samples were added to a
filter, diluted with 8M urea and centrifuged at 14 000 rpm for 15 minutes. 100 mM
dithiothreitol (DTT) was added to the filter, mixed and incubated at room temperature
for 30 minutes in the dark. Followed by centrifugation at 14 000 rpm for 15 minutes
addition of 8M urea was added to the filter and centrifugation at 14 000 rpm for 15
minutes. 50 mM lodoacetamide (IAA) was added to the filter, incubated in the dark at
room temperature and centrifuged at 14 000 rpm for 15 minutes. 8M urea was added
to the filter and centrifuged for 15 minutes at 14 000 rpm, this step was repeated twice.
Then 50 mM ammonium bicarbonate (ABC) was added to the filter and centrifuged at
14 000 rpm for 15 minutes. The filter was transferred to a new collection tube, the
proteins were digested using trypsin (1:50) and incubated for 16 hours in a wet
chamber at 37°C. After incubation, the filter was centrifuged at 14 000 rpm for 10
minutes and 50 mM ABC was added followed by centrifugation at 14 000 rpm for 10
minutes. The resulting tryptic peptides were acidified in 0.1% formic acid and desalted
using in-house C18 stage tips. The samples were dried in vacuum concentrator and
reconstituted in 2% acetonitrile with 0.1% formic acid prior to LC-MS/MS analysis.

7.2.24.3. Q-Exactive

Thermo Scientific Dionex Ultimate 3000 UHPLC (Thermo Fisher Scientific, Waltham,
MA, USA) coupled to a Thermo Scientifc Q-Exactive hybrid quadrupole Orbitrap mass
spectrometer was used to analyse the samples. The Q Exactive was ran in data-
dependent mode, with full scan MS spectra (m/z 300—1750) acquired in the Orbitrap
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analyser after accumulation to an AGC target of 3e6 or an injection time of 250 MS at

a resolution of 70,000.

7.2.24.4. Data Analysis

Label-free quantification was done using MaxQuant version 1.2.7.429 (Computational
Systems Biochemistry, Martinsried, Germany) was used to process the raw files.
MS/MS spectra were searched against Uniprot human protein database. A maximum
of 1% peptide and 1% protein false discovery rate was applied to the run. Enzyme
specificity was set to trypsin with a maximum of two missed cleavages.
Carbamidomethylation of cysteine was set as a fixed modification, and oxidation of
methionine and protein N-terminal acetylation were selected as variable modifications.
The minimum peptide length was set to seven amino acids. Protein intensity values
were normalized automatically using the LFQ algorithm to identify differentially
expressed proteins. Perseus v.1.2.7.4 software was used to perform bioinformatic
analyses of the data. Reverse and “only identified by site” entries were excluded. LFQ
intensity values were log2 transformed, and the dataset was filtered to contain only
entries with two minimum valid values in at least one group. Statistical significance
was assessed using Student’s t-test to identify differentially expressed proteins
between the groups.

7.2.25. Databases and RNA -seqg/gene expression analysis

Several public databases were consulted for this study, including The Cancer Genome

Atlas (TCGA) (https://cancergenome.nih.gov), Oncomine database

(https://www.oncomine.org), Tumour Immune Estimation Resource (TIMER)

database (https://cistrome.org/TIMER/), and the Human Protein Atlas

(www.proteinatlas.org). Whole-genome messengers RNA expression levels of several

CAF and MSC markers were examined in tumour and normal adjacent tissues. In
Oncomine database, a large collection of cancer gene expression microarrays has
been used to identify cancer-related genes and pathways [515]. By using Oncomine
database, the expression level of genes was examined in thousands of 32 cancer
types and the results were determined based on the following parameters: P-value <
0.001, fold change > 1.5, and gene ranking overall. TIMER provides access to
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systematic analysis of immune infiltrates in cancers [516]. Therefore, gene expression
in different cancers using RNA-seq data was assessed across all TCGA tumours with
Wilcoxon tests in TIMER with statistical significance (P-value <0.05). TIMER database
analysis revealed a correlation between CAFs expression level and MSC markers in
different cancer types, with a significance level of P<0.05. Using the Human Protein
Atlas (HPA), researchers were able to study protein expression and localisation in
human cells [517]. HPA database was used to detect the protein expression levels of

genes. GeneMANIA (https://genemania.org) was used to construct protein-protein

networks and determine the function of interactive genes [518]. The GeneMANIA
database provides information about genes that are co-expressed, colocalized, and
physically interact with CAFs.

7.2.26. Statistical Analysis

Statistical analysis was performed using GraphPad Prism version 5 software
(GraphPad software, San Diego, California, USA). Experiments were performed in
triplicates or quadruplets and expressed as means + SEM. Paired Student’s t test and
one way ANOVA with a post hoc were used to analyse the data where a p-value of
<0.05 was considered statistically significant. Data analysis was also done using non-
parameter Mann-Whitney U test where a p-value of <0.05 was considered statistically
significant.
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APPENDIX A
SOLUTIONS

10 % Ammonium persulfate (APS)
100 mg APS

1 ml dH20, store at 4°C

1% BSA in PBST
19 BSA

100 ml PBST

1% BSA in PBST + 0.3 M Glycine
0.5gBSA
1.126 g Glycine

Up to 50 ml PBS-T

Colony fixation solution (160 ml)
Acetic acid (20 ml)

Methanol (140 ml)

Complete Media
450 ml DMEM
50 ml FBS (10%)

5 ml Pen/Strep (1%)
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Coomassie staining solution
0.5 g Coomassie brilliant blue
200 ml methanol

100 ml acetic acid

400 ml dH20

Crystal violet 0.5% solution (200 ml)
1 g crystal violet
50 ml methanol

150 ml dH20

DEPC dH20
100 pl DEPC

1L dH20

75 % DEPC- Ethanol
75 ml absolute ethanol

25 ml DEPC-dH20

Destaining solution
100 ml acetic acid,
100 ml methanol

800 ml dH20
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0.5 M EDTA (pH 8.0)
37.22 g Na2EDTA-2H20
140 ml dH20

Adjust to pH 8.0 with NaOH

Make up to 200 ml with dH20

Freezing down media
70% FBS
20% DMEM media

10% DMSO

MTT (5 mg/ml)
100 mg MTT
20 mlof IXxPBS atpH 7.4

Wrap in foil and store at 4°C for up to a month

5 M NaCl
58.44 g NaCl

Up to 200 ml dH20

4% Paraformaldehyde
20 g Paraformaldehyde
Up to 400 ml PBS

Stir on a heating blocking at 60 °C
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Add 1 M NaOH dropwise until the solution clears

Filter sterilise

Adjust the volume to 500 ml with PBS

10X PBS

40 g NaCl

1 g KCl

1 g KH2PO4

5.75 g Na2HPO4.2H20
2.1 g KH2PO4

Up to 500 ml with dH20
Calibrated to a pH of 7.4

Autoclave

0.1% PBS-T
500 ml 1 X PBS

500 pl Tween-20

4 X Protein loading dye

2.5ml 1M Tris at pH 6.8,

3 ml 20 % SDS,

0.5 ml 0.1 % Bromophenol blue and
4 ml Glycerol

50 pl B-mercaptoethanol
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RIPA Solution
150 mM NacCl

1 % Triton X-100
0.1 % SDS

25 mM Tris, pH 7.4

1 % sodium deoxycholate

10 X Running buffer
29 g Tris

144 g Glycine

10 g SDS

Up to 1 L with dH20

1 X Running buffer
100 ml 10 X Running buffer

900 ml dH20

10 % SDS

10 g SDS

100 ml dH20 (stir on low heat)

10% Separating gel

2.75 ml dH20
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3.75ml 1 M Tris pH 6.8,
3.35 ml 30 % Acrylamide
100 pl 10% SDS

200 pl 10% APS

20 yl TEMED

10% Solubilisation reagent: Sodium Lauryl sulphate (SLS)
25g SLS
76.6 pl concentrated HCI

Up to 250 ml with dH20

4% Stacking gel

3.65 ml dH20

0.625 ml 1 M Tris pH 6.8,
0.65 ml 30 % Acrylamide
50 pl 10% SDS

60 pl 10% APS

6 pl TEMED

Stripping buffer
37.54 g Glycine
Up to 500 ml with dH20

pH 2.5
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10 X TBS
24.23 g Tris
80.06 g NaCl
Up to 1 L dH20

pH 7.6

1 X TBS-Tween
100 ml 10 X TBS
900 ml dH20

500 pl Tween-20

Make up to 1 L with dH20

10 X Transfer buffer
144 g glycine
38 g Tris

Make up to 1 L dH20

1 X Transfer buffer
100 ml 10 x Transfer buffer
200 ml Methanol

700 ml dH20

1M Tris

121 g Tris base to 800 ml dH20,
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Adjust the pH 10 6.8, 7.5 or 8.8

Make up to 1 L with dH20, then autoclave.

0.25% Triton X 100 in PBS (250 ml)
250 1 X PBS

625 pl Triton X 100

Trypsin

0.5 g trypsin powder

0.2 g EDTA powder

Up to 1 L with PBS buffer
The pH 7.4 and the

Filter sterilise
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APPENDIX B

PRIMERS SEQUENCES
Gene Forward Primer Reverse Primer Temperature
symbol (5-3) (5-3) (°C)
GAPDH GCTCTCCAGAACATCATCC GCCTGCTTCACCACCTTC 60
COL1A1 GATTGAGACCCTTCTTACTCCTGAA TTTGTATTCAATCACTGTCTTGC 60
COL1A2 GATTGAGACCCTTCTTACTCCTGAA GGGTGGCTGAGTCTCAAGTCA 60
COL2A1 GTCCCAGGATGAGGTCAAGA TGGCAAGCTCATTGTAGTCG 60
COL3A1 AAGGTCCAGCTGGGATACCT CACCCTTTAATCCAGGAGCA 60
Smad2 CGGAGATTCTAACAGAACTG TGCTTGAGCATCGCACTGAA
Smad3 AGCACACAATAACTTGGACC TAAGACACACTGGAACAGCGGAT 60
G
ACTA2 AGCGTGGCTATTCCTTCGT CCATCAGGCAACTCGTAACTC 60
CD44 GAGCATCGGATTTGAGA CATACTGGGAGGTGTTGG
CD24 TGCTCCTACCCACGCAGATT GGCCAACCCAGAGTTGGAA
CD133 AAGCATTGGCATCTTCTATGG AAGCACAGAGGGTCATTGAGA 57
ALDH1A1 TTGGAATTTCCCGTTGGTTA CGTTAGGCCCATAACCAGGA 55
Oct3/4 CTTGCTGCAGAAGTGGGTGGAGGA | CTGCAGTGTGGGTTTCGGGCA 60
A
SOX2 CCCAGCAGACTTCACATGT CCTCCCATTTCCCTCGTTTT 60
Nanog GCTTGCCTTGCTTTGAAGCA TTCTTGACTGGGACCTTGTC 60
p63 GAAAGCAGCAAGTTTCGGAC TTTCATAAGTCTCACGGCCC 60
CK5/6 ATCGCCACTTACCGCAAGCTGCTG | AAACACTGCTTGTGACAACAGAG 60
GAGGG
H1FO CTGGCTGCCACGCCCAAGAA CGGCCCTCTTGGCACTGGAC 60
HISTH1A CTCCTCTAAGGAGCGTGGTG GAGGACGCCTTCTTGTTGAG 57
HISTH1B GTCAAAAAGGTGGCGAAGAG CTTGGCCTTTGCAGCTTTAG 55
HISTH1C ACACCGAAGAAAGCGAAGAA GCTTGACAACCTTGGGCTTA 55
ABCB1 GCCTGGCAGCTGGAAGACAAATAC | ATGGCCAAAATCACAAGGGTTAG 60
C
ABCG2 TTGGTGGGCAACTGCATCG GTTGGTTTCCATTTCAGATGACAT 60
CCG
MDR1 CCCATCATTGCAATAGCAGG TGTTCAAACTTCTGCTCCTGA 60
MGMT GCTGAATGCCTATTTCCACCA CACAACCTTCAGCAGCTTCCA 60
Fibronectin | AGCAGACCCAGCTTAGAGTT GCAGAAGTGTTTGGGTGACT 60
Laminin a1 | GTCAGCGACTCAGAGTGTTTG AACTTGGGTGAAAGATCGTCAG 60
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Laminin a2 | GAACCCGCAGTGTCGAATCT GGGGAGTTAGCTGCCTTCA 60
Laminin a3 | TAGACTTTGGAAGCACCTACTCA GTTTATCAAGGACACCACAACCT 60
MMP1 GCTGGGAGCAAACACATCTGACCT TGAGCCGCAACACGATGTAAGTTG 60
MMP2 CCGCCTTTAACTGGAGCAAA TTTGGTTCTCCAGCTTCAGG 60
MMP3 CTGGGCCAGGGATTAATGGAG GCTTCAGTGTTGGCTGAGTG 60
MMP9 GAGACAGCATGGCCAAATTA CTCTAGAAACTGCTGAGGGC 60
Integrin a1l | GGTGCTTATTGGTTCTCCGTTAG TTCTCCTTTACTTCTGTGACATTGG 58
Integrin 02 | GACCTATCCACTGCCACATGTGAAAAA | CCACAGAGGACCACATGTGAGAAAA 58
Integrin a5 | TGCAGTGTGAGGCTGTGTACA GTGGCCACCTGACGCTCT 58
Integrin B1 | GAAGGGTTGCCCTCCAGA GCTTGAGCTTCTCTGCTGTT 58
Tenascin C | ACCATGCTGAGATAGATGTTCCAAA | CTTGACAGCAGAAACACCAATCC 58

223




1.

PUBLICATIONS

Senthebane DA, Jonker T, Rowe A, Thomford NE, Munro D, Dandara C,
Wonkam A, Govender D, Calder B, Soares NC, Blackburn JM, Parker MI,
Dzobo K. The Role of Tumour Microenvironment in Chemoresistance: 3D
Extracellular Matrices as Accomplices. Int J Mol Sci. 2018 Sep 20;19(10).

Senthebane DA, Rowe A, Thomford NE, Shipanga H, Munro D, Mazeedi
MAMA, Almazyadi HAM, Kallmeyer K, Dandara C, Pepper MS, Parker MlI,
Dzobo K. The Role of Tumour Microenvironment in Chemoresistance: To
Survive, Keep Your Enemies Closer. Int J Mol Sci. 2017 Jul 21;18(7).

224



S International Journal of

7
Molecular Sciences m\D\Py

Article

The Role of Tumor Microenvironment in
Chemoresistance: 3D Extracellular Matrices
as Accomplices

Dimakatso Alice Senthebane 12, Tina Jonker 12, Arielle Rowe 2, Nicholas Ekow Thomford 3(,
Daniella Munro 3, Collet Dandara 3(©, Ambroise Wonkam 3, Dhirendra Govender ¢,

Bridget Calder °, Nelson C. Soares >, Jonathan M. Blackburn 09, M. Igbal Parker !

and Kevin Dzobo 1/%-*

1 Division of Medical Biochemistry and Institute of Infectious Disease and Molecular Medicine,

Faculty of Health Sciences, University of Cape Town, Anzio Road, Observatory, Cape Town 7925, South Africa;
SNTDIMOOl@myuct.ac.za (D.A.S.); tyjonker@gmail.com (T.].); igbal.parker@uct.ac.za (M.L.P.)

International Centre for Genetic Engineering and Biotechnology (ICGEB), Cape Town Component,

Wernher and Beit Building (South), UCT Campus, Anzio Road, Observatory, Cape Town 7925, South Africa;
arielle.rowe@icgeb.org

Pharmacogenetics Research Group, Division of Human Genetics, Department of Pathology and Institute of
Infectious Diseases and Molecular Medicine, Faculty of Health Sciences, University of Cape Town,

Anzio Road, Observatory, Cape Town 7925, South Africa; Nicholas.thomford@uct.ac.za (N.E.T.);
MNRDANO002@myuct.ac.za (D.M.); collet.dandara@uct.ac.za (C.D.); Ambroise.wonkam@uct.ac.za (A.W.)
Division of Anatomical Pathology, Faculty of Health Sciences, University of Cape Town, NHLS-Groote
Schuur Hospital, Cape Town 7925, South Africa; dhiren.govender@uct.ac.za

Division of Chemical and Systems Biology, Department of Integrative Biomedical Sciences,

Faculty of Health Sciences, Institute of Infectious Disease and Molecular Medicine, University of Cape Town,
Cape Town 7925, South Africa; bridget.calder@uct.ac.za (B.C.); nelson.dacruzsoares@uct.ac.za (N.C.S.);
jonathan.blackburn@uct.ac.za (J.M.B.)

*  Correspondence: kd.dzobo@uct.ac.za; Tel.: +27-21-404-7689; Fax: +27-21-406-6060

check for
Received: 1 September 2018; Accepted: 18 September 2018; Published: 20 September 2018 updates

Abstract: Background: The functional interplay between tumor cells and their adjacent stroma
has been suggested to play crucial roles in the initiation and progression of tumors and the
effectiveness of chemotherapy. The extracellular matrix (ECM), a complex network of extracellular
proteins, provides both physical and chemicals cues necessary for cell proliferation, survival,
and migration. Understanding how ECM composition and biomechanical properties affect cancer
progression and response to chemotherapeutic drugs is vital to the development of targeted
treatments. Methods: 3D cell-derived-ECMs and esophageal cancer cell lines were used as a model to
investigate the effect of ECM proteins on esophageal cancer cell lines response to chemotherapeutics.
Immunohistochemical and qRT-PCR evaluation of ECM proteins and integrin gene expression
was done on clinical esophageal squamous cell carcinoma biopsies. Esophageal cancer cell lines
(WHCO1, WHCO5, WHCO6, KYSE180, KYSE 450 and KYSE 520) were cultured on decellularised
ECM s (fibroblasts-derived ECM; cancer cell-derived ECM; combinatorial-ECM) and treated with 0.1%
Dimethyl sulfoxide (DMSO), 4.2 uM cisplatin, 3.5 uM 5-fluorouracil and 2.5 uM epirubicin for 24 h.
Cell proliferation, cell cycle progression, colony formation, apoptosis, migration and activation
of signaling pathways were used as our study endpoints. Results: The expression of collagens,
fibronectin and laminins was significantly increased in esophageal squamous cell carcinomas (ESCC)
tumor samples compared to the corresponding normal tissue. Decellularised ECMs abrogated the
effect of drugs on cancer cell cycling, proliferation and reduced drug induced apoptosis by 20-60%
that of those plated on plastic. The mitogen-activated protein kinase-extracellular signal-regulated
kinase (MEK-ERK) and phosphoinositide 3-kinase-protein kinase B (PI3K/Akt) signaling pathways
were upregulated in the presence of the ECMs. Furthermore, our data show that concomitant addition
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of chemotherapeutic drugs and the use of collagen- and fibronectin-deficient ECMs through siRNA
inhibition synergistically increased cancer cell sensitivity to drugs by 30-50%, and reduced colony
formation and cancer cell migration. Conclusion: Our study shows that ECM proteins play a key
role in the response of cancer cells to chemotherapy and suggest that targeting ECM proteins can be
an effective therapeutic strategy against chemoresistant tumors.

Keywords: esophageal cancer; 3D extracellular matrix; stroma; type I collagen; fibronectin;
chemoresistance; signaling cascade; targeted therapy

1. Introduction

Great interest has been generated in developing microphysiological systems that can best mimic
normal and pathological human conditions in vitro. Most drug discovery assays are performed
using in vitro models that do not recapitulate the in vivo tumor microenvironment present during
tumor growth, development and treatment [1-6]. The lack of good in vitro tumor models limits our
understanding of the functional interplay between tumor cells and the tumor microenvironment [7-10].
The dynamic full in vivo biological repertoire of the tumor microenvironment include many cells such
as fibroblasts, endothelial cells, immune cells and the ECM [7-16]. This ultimately leads to incorrect
and misleading claims when it comes to the efficacy of drug candidates. Such scenarios can be avoided
by employing in vitro models that better recapitulate the in vivo tumor microenvironment [3,17-23].
One important constituent of the tumor microenvironment is the extracellular matrix, a meshwork of
proteins and glycosaminoglycans [3,17,18,20]. The ECM provides both mechanical and biochemical
support for cellular adhesion and migration and acts as a conduit for extracellular cues via its
interaction with cell surface receptors. It is known to sequester growth factors and cytokines and
these will affect cellular growth and signaling [24-30]. Thus the ECM is the “theatre” where most
cues or signals from diverse sources are integrated into a “specific” message that is relayed to cells.
The ECM is synthesised mostly by fibroblasts with the contribution of other cells such as mesenchymal
stem cells, macrophages and endothelial cells [31-36]. Fibroblasts are the main cellular components of
tumor stroma [37-44]. Activated or transformed fibroblasts have a high proliferation rate and generate
huge amounts of extracellular matrix [38,39,45-49].

Esophageal cancer is one of the most highly malignant neoplasms and can be classified into
two main subtypes, esophageal adenocarcinomas and esophageal squamous cell carcinomas (ESCC),
with the majority of deaths from ESCC occurring in developing countries [50-52]. ESCC is the third
most common cancer in South African men [53,54]. Although promising progress has been attained
in treating esophageal cancer, it responds poorly to chemotherapeutic drugs and the mortality still
remains high [51,55-59]. Surgery, chemotherapy and radiotherapy are the most widely-used treatment
methods but about half of advanced esophageal cancer cases result in recurrence and patients normally
succumb to resistant disease [60—-64]. There is a lack of understanding of the mechanisms driving the
initiation, progression and the occurrence of refractory disease. Besides the gradual accumulation over
time of genetic mutations in epithelial cells due to carcinogen exposure, the initiation, progression
and response to chemotherapy of many tumors including esophageal cancer depends on the interplay
between the stroma and tumor cells. Recent data suggest that the development of chemoresistant
disease is beyond cancer cell autonomous mechanisms with the tumor microenvironment emerging
as a key player in this phenomenon [50-52,65-70]. Several reports have shown the involvement
of stromal fibroblasts in esophageal cancer angiogenesis and differentiation through the release of
biomolecules and ECM synthesis [71-77]. The expression of several ECM proteins has been shown
to be upregulated in many tumors [17,78-80]. The so-called ‘hardening of the tumor’ is in fact
the deposition and crosslinking of thick fibres mainly made up of collagen and fibronectin [80-85].
ESCC stroma is fibrotic due to desmoplasia. Huge amounts of the ECM are deposited during ESCC
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development. Thus the constituents of the ECM can have a lasting effect on cancer cells. Different types
of ECMs have been used to study cancer cell-ECM interactions, with most ECM proteins being purified
proteins [3,6-8,10,16,18,20,86]. Decellularised cell-derived ECMs contain native ECM proteins, and are
cost-effective and easily obtainable [3,10,18,20,87-90]. Fibroblast-derived decellularised ECM would
mimic the desmoplastic microenvironment of the ESCC.

This study investigated the effect of three different cell-derived ECMs on the response of
esophageal cancer cells to chemotherapeutic drugs. We reproduced the native ECM microenvironment
by employing decellularised ECMs synthesised by fibroblasts and cancer cells. Our data show that
fibroblast- and cancer cell-derived ECMs contain similar ECM proteins, though in differing amounts.
We report that decellularised ECMs, regardless of origin, induce chemoresistance to cisplatin,
5-fluorouracil and epirubicin. Survival pathways such as the MEK-ERK and PI3K-Akt pathways
were activated in the presence of decellularised ECMs. Remarkably, we show that the use of type I
collagen- and fibronectin-deficient ECMs and drugs have a synergistic negative effect on esophageal
cancer cell proliferation, colony formation and migration. These results suggest that components of the
tumor microenvironment underlie aspects of chemoresistance, and are therefore potential drug targets.

2. Results

2.1. ECM Proteins and Matrix Metalloproteases Expression in Clinical Esophageal Squamous Cell
Carcinoma Tissues

Twenty-one biopsy samples were collected from histopathologically-confirmed ESCC patients and
were used to evaluate the expression profiles of ECM and associated genes. The clinicopathological
characteristics of the 21 ESCC patients are shown in Table 1. The age range of the patient cohort
is 30-83 years with a median age of 55 years. Patients were nearly evenly distributed between
male and females. Among the patient cohort, with the exception of one patient with a poorly
differentiated tumor and four esophageal tumors which were not graded, all other esophageal
tumors were moderately differentiated. To determine the importance of ECM proteins in ESCC,
we determined the mRNA levels of several ECM proteins in primary esophageal cancer tumor tissue
compared to normal tissue. Real time quantitative reverse transcription polymerase chain reaction
(qRT-PCR) analysis of RNA extracted from matched ESCC patients’ tumor and adjacent normal tissues,
was performed. GAPDH was used as a normaliser. Our statistical analysis of the resultant data show
that the expression of collagens, fibronectin and laminins was significantly upregulated in ESCC
tumor tissues compared to the corresponding normal tissue (Figure 1A,B). Immunohistochemical
staining of tumor and normal biopsy specimens using anti-type I collagen antibody showed
significantly upregulated type I collagen in tumor specimens compared to normal biopsy specimens
(Supplemental Figure S1A). The source of the ECM within the tumor microenvironment is both
cancer cells and stromal cells including cancer-associated fibroblasts. Real time qRT-PCR analysis of
RNA from normal fibroblasts (WI38, FGy), transformed CT1 fibroblasts and several ESCC cell lines
(WHCO1, WHCO5, WHCO6, KYSE 180, KYSE 450, KYSE 520) show that transformed CT1 fibroblasts
express significantly higher ECM proteins than normal fibroblasts (Supplemental Figure S1B-D;
Supplemental Figure S2A,B). ESCC cell lines express significantly lower ECM proteins, about 30-50%,
compared to normal fibroblasts (Supplemental Figure S1B-D; Supplemental Figure S2A,B).

The tumor microenvironment is not constant, with levels of ECM proteins always fluctuating.
Changes in the levels of ECM proteins within tumors can be brought about by matrix
metalloproteases (MMPs). Among the MMPs, MMP1, MMP2, MMP9 and MT1-MMP produced
by both stromal and tumor cells degrade and migrate through the ECM. Our data show significantly
upregulated levels of MMP-1, MMP2, MMP3 and MMP9 mRNA in ESCC tumor tissues compared
to the adjacent normal tissues (Figure 1C). Increased expression of ECM proteins might also be
accompanied by the over-expression of their receptors, which are responsible for relaying extracellular
cues between tumor cells and the tumor microenvironment. Indeed, integrins gene expression in the
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clinical ESCC tumor tissues show significant higher levels of integrin a-1 ITGA1), ITGA2, ITGA5 and
ITGB1 mRNA compared to normal tissue from the same patient (Figure 1D).

Table 1. Clinicopathological characteristics of 21 ESCC samples from patients used in the study.

Biopsy Number  Histology Sex Age Tumor Differentiation (Grade) si t?;lg](;r-lo Invasive or Infiltrating
543 ESCC M 55 ND Cl154 Infiltrating
547 ESCC F 30 Moderate C15.5 Invasive
551 ESCC M 47 Moderate C15.5 Invasive
556 ESCC F 54 Moderate C154 Invasive
561 ESCC M 58 Moderate C15.9 Keratinizing
563 ESCC M 52 Moderate C155 Infiltrating
569 ESCC F 79 Poor C154 Invasive
571 ESCC F 48 Moderate C15.3 Keratinizing
573 ESCC F 41 ND C15.3 Infiltrating
591 ESCC M 47 Moderate C154 Invasive
596 ESCC F 67 Moderate C15.4 Invasive
601 ESCC M 59 ND C154 Infiltrating
607 ESCC F 48 Moderate C154 ND
613 ESCC M 54 Moderate C15.9 Invasive
618 ESCC F 60 Moderate C154 Keratinizing
619 ESCC M 57 Moderate Cl154 Infiltrating
621 ESCC F 64 Moderate C154 Invasive
622 ESCC F 83 ND C154 Infiltrating
627 ESCC M 52 Moderate ND ND
634 ESCC F 57 Moderate C154 Keratinizing
635 ESCC M 57 Moderate C15.4 Keratinizing

ESCC: Esophageal squamous cell carcinoma; M: Male; F: Female; ND: Not done.
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Figure 1. Gene expression profile of ECM proteins and associated proteins in ESCC samples:
(A) qRT-PCR analysis of collagens mRNA expression in human ESCC samples; (B) Fibronectin
and laminins mRNA expression in human ESCC samples. (C) qRT-PCR analysis of MMPs mRNA
expressions in human ESCC samples; (D)’qRT-PCR analysis of integrins mRNA expression in human
ESCC samples. Each ESCC tumor (T) mRNA was quantified relative to the corresponding normal
sample (N) from the same patient, which is taken as one. GAPDH is the normaliser. Statistical analysis
to determine significance difference of gene expression in tumor versus normal sample was done using
a 2-tailed non-parametric Mann-Whitney test. * p < 0.05.
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2.2. Detailed Analysis of Decellularised ECMs Used in the Study

Fibroblasts are the major stromal cell type responsible for ECM production and we previously
utilised the fibroblast-derived ECM as a model to investigate cancer cell and mesenchymal stem
cells interactions [88]. In the context of the tumor, fibroblasts within the tumor or surrounding
the tumor are called cancer-associated fibroblasts. We utilised cell-derived 3D culture models
involving plating ESCC lines on decellularised ECMs produced by transformed CT1 fibroblasts
(fd-ECM), ESCC cell lines (cd-ECM) and a combination of transformed CT1 fibroblasts and
WHCOL1 cancer cells (combi-ECM) (Figure 2A). Our data show that the transformed CT1 fibroblasts
express significantly more upregulated o-smooth muscle actin than normal fibroblasts WI38
and FGO and show the spindle-shaped morphological features typical of CAFs found within
tumors (Supplemental Figure S2C,D). We therefore used transformed CT1 fibroblasts, obtained
by transforming WI38 fibroblasts through y-radiation [91] as our “transformed fibroblasts”.
Transformed CT-1 fibroblasts produced an ECM (tfd-ECM) that is much more highly linearized
than the ECM produced by WHCO1 cells (cd-ECM) and a mixture of CT-1 fibroblasts and WHCO1
cells (combi-ECM) (Figure 2A, right column). It is important to note that most synthetic and solubilised
ECMs used in most experiments such as Matrigel and Fibronectin do not form a linearized ECM.
This could have a huge impact on WHCO1 cancer cell response to drugs and probably mimic the
in vivo ECM better than these purified ECMs.

In order to study cancer cell-ECM interactions, it is necessary to obtain a detailed composition of
the decellularised ECMs. To analyse the composition of the tfd-ECM, cd-ECM and combi-ECM obtained
after synthesis, we employed a proteomics pipeline using chromatography combined with tandem mass
spectrometry (LC-MS/MS) to identify the peptides and proteins (Figure 2B). Our data showed that all
decellularised ECMs generally contain similar ECM proteins and proteoglycans, with obvious differences
in the quantities of ECM proteins and proteoglycans identified within tfd-ECM and combi-ECMs compared
to cd-ECMs (Figure 2C; Supplemental Figure S3A-C). Mass spectrometric analysis identified well-known
ECM proteins within the decellularised ECMs such as collagens, laminins and fibronectin (Table 2).
As expected, tfd-ECM and combi-ECM showed higher amounts of ECM proteins such as type I collagen
and fibronectin and glycoproteins than cd-ECM (Figure 2C).
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Figure 2. Characterisation of CT1 fibroblasts and WHCOL1 cancer cells and their ECMs. (A) Phase
contrast images of CT1 and WHCOT1 cells prior to decellularization (left panel) and phase contrast
microscopy of decellularised ECMs (right panel). Scheme of the ECM analysis workflow. Images
were taken at 100 x magnification. (B) Schematic representation of decellularised ECMs synthesis and
analysis via SDS PAGE and mass spectrometry. (C) Representative image showing SDS PAGE and
Coomassie Blue staining of decellularised ECMs (left panel). Representative Alcian Blue staining for
proteoglycans in decellularised ECMs. Images were taken at 100 x magnification.
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Table 2. Major ECM proteins and associated entities identified in decellularised ECMs by mass
spectrometric analysis.

Glycoproteins Collagens ECM Regulators ECM Affiliated Proteins Secreted Factors Proteoglycans
Gene Name
FN1 COL1A1 TGM2 LGALS1 S100A13 HSPG2
LAMA3 COL1A2 HTRA1 FREM2 EGFL7 BGN
LAMA5 COL6A3 CSTB ANXA2 IGF2 DCN
FBN1 COL3A1 LOXL2 FREM1 S100A11 LUM
TGFB1 COL12A1 LOXL1 ANXA6 S100A6 ASPN
TNC COL6A1 SERPINH1 ANXAS5 S100A13 OGN
EMILIN1 COL4A2 CTSB COLC12 CXCL12 PRELP
LAMC1 COL6A2 LOX CLEC3B CCL25 VCAN
LAMB2 COL4A5 ITH5 LGALS3 PF4
FBLN2 COL4A4 ADAM10 LGALS8 FGF2
LAMA?2 COL5A2 ADAMTSL1 SEMA3C INSL5
TNXB COL7A1 PLG CLEC14A ANGPTL2
POSTN COL11A1 PZP ANXA9 S100A9
THBS1 COL4A1 CTSK ANXA1
FBN2 COL5A1 ADAMTSL5 PLXDC2
FBLN1 COL5A3 SERPINAIA SFTPA1
LAMB3 COL14A1 SERPINA3K CSPG4
LAMA4 COL16A1 PLOD1 SFTPD
AGRN COL18A1
FGB COL15A1
LAMC2
VWF
HMCN1
LTBP4

2.3. Decellularised ECMs Protect WHCO1 Cancer Cells from the Effect of Drugs

We sought to study the proliferation and migration of WHCO1 cancer cells on the underlying
decellularised ECMs and to determine how the presence of the ECMs affect the response of WHCO1
cancer cells to chemotherapeutic drugs. Many drugs are used in ESCC chemotherapies, including
cisplatin, 5-flurouracil and epirubicin. Cells were treated with 0.1% DMSO (control), cisplatin
(Mw 300.05; CAS 15663-27-1; Sigma Aldrich, Steinheim, Germany), 5-fluorouracil (My 130.08 g/mol;
CAS 51-21-8; Sigma Aldrich, Steinheim, Germany), epirubicin (M 579.98 g/mol; CAS 56390-09-1;
Sigma Aldrich, Steinheim, Germany) at the indicated concentrations for different time periods.
Drugs concentrations used were lower than half of reported and determined ICs values, as determined
by the MTT assay, as we were interested in studying the gene response of the WHCOL1 cells to these
chemotherapeutic drugs and not interested in actually killing the cells. ICsy values were measured
in WHCOIL cancer cells over 24 h and were determined as the concentration of drugs needed to kill
50% of cells. As shown in Table 3, IC5 values for drugs were higher when cancer cells were plated
on ECMs compared to plastic. No major morphological changes were observed between WHCO1
cancer cells plated on plastic and those plated on decellularised ECMs, with or without drugs (data
not shown).

Table 3. Cytotoxicity quantification. Oesophageal cancer cells, WHCO1, were treated with drugs as
indicated and the effect was evaluated by the MTT assay. The ICsy was determined as the concentration
of drug needed to kill 50% of cells over 24 h treatment. Values of the ICsy are shown as mean + S.D. of
three independent determinations.

Drug Plastic tfd-ECM cd-ECM combi-ECM
Cisplatin (IC5¢ &+ S.D. (uM)) 185+ 64 23.8+32 224445 257 £3.2
5-FU (IC5p £+ S.D. (uM)) 141+ 3.8 19.1+2.6 20.6 £2.2 219+138
Epirubicin (IC5¢ & S.D. (uM)) 128 +23 173 £45 185+ 1.9 278 £53

With no drug present, there were no significant differences in cell proliferation between WHCO1
cells on plastic and those on decellularised ECMs (Figure 3A). Cisplatin caused a significant decrease
in WHCOT1 cell proliferation on plastic compared to those on the decellularised ECMs (Figure 3B).
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The same trend is observed in WHCOL1 cell proliferation in the presence of 5-fluorouracil and epirubicin
(Figure 3C,D). The presence of the decellularised ECMs appears to protect WHCOT1 cells and reduce
the effect of drugs on WHCO1 cancer cell growth. The effect of drugs and ECMs on WHCO]1 cancer
cell doubling time is shown in Table 4. For the no-drug experiment, the doubling times are similar
for both plastic and ECMs, whilst the doubling times for drug and ECMs are lower than those for
plastic and drugs (Table 4). Immunoblot analysis substantiated these results with Ki67 and PCNA
protein levels mostly upregulated in the presence of decellularised ECMs and drugs compared to
plastic dishes and drugs (Figure 3A-D; Supplemental Table S1). Thus the ECMs reduce the effect of
the chemotherapeutic drugs on WHCOI1 cancer cell proliferation.

Table 4. Average esophageal cancer cells, WHCO1, population doubling times were calculated
as described in Materials and Methods. Doubling times are presented as mean + S.D of three
independent determinations.

Plastic tfd-ECM cd-ECM combi-ECM
No Drug (hours) 33.6 3.3 38.6 £5.7 371 +42 36.8 £4.5
Cisplatin (hours) 55.3+94 39.54+43 369 £+ 3.8 36.7 £ 5.8
5-FU (hours) 56.2 £5.1 395+3.6 32.6 £4.6 319 +38
Epirubicin (hours) 583 +2.5 347 £35 30.7 4.9 32.1£3.8
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Figure 3. Effect of decellularised ECMs on WHCOT1 cancer cell proliferation in response to cisplatin,
5-fluorouracil and epirubicin. WHCOT1 cancer cells were cultured on plastic and on ECMs and treated
with drugs as indicated for 24 h. Cell counting was done using the Countess Cell Counter. Total proteins
(50 ug) were loaded on SDS PAGE gels and immunoblot analysis performed. (A) Effect of decellularised
ECMs on WHCOI cancer cell proliferation in the absence of drugs. (B) Effect of decellularised ECMs
on WHCOIL cancer cell proliferation in response to cisplatin. (C) Effect of decellularised ECMs on
WHCOI cancer cell proliferation in response to 5-fluorouracil (D) Effect of decellularised ECMs on
WHCOIL cancer cell proliferation in response to epirubicin. Data show cell counting (left panel) and
immunoblot analysis (right panel). * p < 0.05.

2.4. Decellularised ECMs Reduce Drug-Induced Cell Cycle Arrest and Apoptosis in WHCO1 Cancer Cells

An assessment of the influence of decellularised ECMs on the effect of chemotherapeutic drugs
on WHCOL1 cell cycle progression and apoptosis by flow cytometry was done. With no drug present,
our data indicate that the cell cycle profiles between cells on the ECMs compared to cells on plastic
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are the same (Figure 4A; Supplemental Table S52). Addition of cisplatin caused a G2 phase cell cycle
arrest in WHCOL1 cells on plastic which was abrogated by the culture of cells on decellularised
ECM, with ¢d-ECM and combi-ECM reducing drug effect more than the tfd-ECM (Figure 4A;
Supplemental Table S2). Addition of 5-flurouracil resulted in G1 phase cell cycle arrest and this effect
is reduced by the presence of decellularised ECMs with WHCOL1 cells cultured on combi-ECM having
similar profiles as cells cultured on plastic with no drug present (Figure 4A; Supplemental Table S2).
Epirubicin induced a G2 phase cell cycle arrest in WHCO1 cells on plastic and this is slightly abrogated
by the presence of combi-ECM (Figure 4A; Supplemental Table S2). Immunoblot analysis of cell
cycle-associated proteins show increased cyclin D1 protein levels in the presence of drugs in WHCO1
cells cultured on ECMs compared to those on plastic (Figure 4B; Supplemental Table S3).
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Figure 4. Decellularised ECMs abrogate drug-induced cell cycle arrest in WHCOI cancer cells.
(A) Effect of decellularised ECMs on WHCO1 cancer cell cycle progression in the presence of cisplatin,
5-fluorouracil and epirubicin. (B) Effect of decellularised ECMs on Cyclin D1 and p21 protein levels in
WHCOL1 cancer cells in response to the presence of cisplatin, 5-fluorouracil and epirubicin.

To determine whether the observed protective effect of the decellularised ECMs on WHCO1
cells was due to inhibition of apoptosis, cellular apoptosis was evaluated by Annexin V/Propidium
Iodide double staining followed by flow cytometry. Culture of WHCO1 cells on decellularised ECMs
reduced the number of apoptotic cells in the presence of drugs compared to cells grown on plastic
(Figure 5A, shown in Q2 + Q3). Immunoblot analysis of anti-apoptotic proteins such as Bcl-2 and
Bcl-xL showed an upregulation of these proteins in the presence of decellularised ECMs (Figure 5B;
Supplemental Table S4). Culture of WHCOT1 cells on decellularised ECMs in the presence of drugs
resulted in more colonies being formed than those cultured on plastic in the presence of drugs
(Figure 6A,B). A key subpopulation of tumor cells that has been found to play important roles in
chemoresistance is the cancer stem cell population. We isolated cancer stem cell-like cells from cancer
cells via the side population technique (Supplemental Figure S4A). We found that isolated CSC-like
cells formed more colonies on ECMs and when challenged with drugs than normal cancer cells.
(Supplemental Figure S4A-D). Thus, decellularised ECMs appear pro-tumorigenic.
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Figure 5. Decellularised ECMs reduce drug-induced apoptosis in WHCO1 cancer cells. (A) Effect of
decellularised ECMs on drug-induced apoptosis in WHCO1 cancer cells (% apoptotic cells shown in
quadrant Q2 and Q3). (B) Effect of decellularised ECMs on Bcl-2 and Bcl-xL protein levels in WHCO1
cancer cells in response to the presence of cisplatin, 5-fluorouracil and epirubicin.
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Figure 6. Decellularised ECMs reduce the effect of drugs on WHCOI cancer cell colony formation.
(A) Representative images of colony formation assay that was performed using WHCOL1 cells cultured
on either plastic or ECMs in the presence of cisplatin, 5-fluorouracil or epirubicin. (B) Quantification of
colonies formed when WHCOIL cells were cultured either on plastic or ECMs in the presence of cisplatin,
5-flurouracil or epirubicin. * p < 0.05.
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2.5. Decellularised ECMs Upregulates Several Survival Pathways in WHCO1 Cancer Cells

Cell surface adhesion receptors mediate most cancer cell-ECM interactions. These adhesion
molecules are also responsible for transmitting extracellular initiated signaling to the cell. The levels
of integrin 2, 3, ®11 and 31 were assessed using immunoblot analysis. Decellularised ECMs and
chemotherapeutic drugs caused differential integrin gene expression in WHCOT1 cells (Figure 7A-D;
Supplemental Table S5) with integrin «2 and «3 mostly upregulated compared to those on plastic
and treated with drugs. These integrins are known to bind to several ECM proteins such as laminin,
fibronectin, type I collagen, vitronectin and tenascin. The ECM is known to influence cellular behaviour
through adhesion signaling. In addition, signal transduction pathways can be triggered by integrins
resulting in the activation of several pathways affecting cancer cell proliferation, gene expression and
invasion. To unravel the signaling pathways activated in cancer cells cultured on the ECMs and in
response to the presence of drugs, we analysed the MEK-ERK and PI3K signaling pathways. Our data
showed decellularised ECM-mediated upregulation of the MEK-ERK signaling pathway irrespective of
the presence of drugs (Figure 8A-D; Supplemental Table S6). The PI3K-Akt pathway appears activated
only in the presence of drugs. This is expected as PI3K-Akt signaling is one of the major survival
pathways, likely activated as cancer cells respond to the presence of drugs.
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Figure 7. Increased integrin expression in WHCO1 cancer cells cultured on ECMs in comparison with
those cultured on plastic. (A) Effect of decellularised ECMs on integrin «2, a3, «11 and 31 protein
expression in the absence of drugs. (B) Effect of decellularised ECMs on integrin o2, o3, 11 and (31
protein expression in the presence of cisplatin. (C) Effect of decellularised ECMs on integrin «2, «3,
a1l and P1 protein expression in the presence of 5-fluorouracil. (D) Effect of decellularised ECMs on
integrin «2, 3, 11 and 1 protein expression in the presence of epirubicin GAPDH which was used
as a loading control. Experiments were performed in triplicates and repeated twice.
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Figure 8. Decellularised ECMs increase both MEK-ERK and PI3K-Akt signaling activation
(A) Influence of decellularised ECMs on MEK-ERK and PI3K-Akt signaling activation in the absence
of drugs. (B) Influence of decellularised ECMs on MEK-ERK and PI3K-Akt signaling activation in
the presence of cisplatin. (C) Influence of decellularised ECMs on MEK-ERK and PI3K-Akt signaling
activation in the presence of 5-fluorouracil. (D) Influence of decellularised ECMs on MEK-ERK and
PI3K-Akt signaling activation in the presence of epirubicin.

2.6. Type I Collagen and Fibronectin Play Key Roles in WHCO1 Cancer Cell Survival and Migration In Vitro

Several studies have shown that ECM proteins are involved in the survival, migratory behaviour
and the invasiveness of cancer cells. Chief among these ECM proteins are type I collagen
and fibronectin. This study show that type I collagen and fibronectin are major decellularised ECM
proteins and are upregulated in ESCC patient samples. Our immunohistochemical staining of ESCC
samples, qRT-PCR and mass spectrometric analysis of ECMs unequivocally showed the presence of
high levels of type I collagen and fibronectin. To study the role that ECM proteins play in cancer cell
migration, we performed transient type I collagen and fibronectin knockdowns in transformed CT1
fibroblasts and WHCOL1 cancer cells during ECM synthesis using two siRNA for each ECM protein.
Both type I collagen and fibronectin knockdown through the use of siRNA showed decreased levels of
both collagen and fibronectin in the media and cell lysates compared to control in transformed CT1
fibroblasts and WHCOL1 cells (Supplemental Figure S5A,B).

Type I collagen and fibronectin knockdown did not affect either fibroblasts or WHCO1 cell
proliferation and morphology (data not shown). Beside the use of siRNA, the absence of ascorbic
acid achieved the same knockdown of Type I collagen (data not shown). Drug-induced apoptosis is
higher in cells cultured on collagen- and fibronectin-deficient ECMs than on normal decellularised
ECMs (Figure 9A). Anti-apoptotic proteins such as Bcl-2 and Bcl-xL are downregulated in the absence
of type I collagen and fibronectin (Figure 9B; Supplemental Table S7). Knockdown of type I collagen
and fibronectin combined with challenging the cells with cisplatin resulted in less colony formation
compared to cells on normal ECMs (Supplemental Figure S5C). WHCOL cells plated on normal ECMs
migrated further than those on plastic and those plated on collagen-deficient ECMs migrated slower
than those on normal ECMs (Supplemental Figure S6A,B). The addition of anti-x2 blocking antibody
in combination with type I collagen knockdown synergistically reduced WHCO1 cancer cell migration
on combinatorial-ECM (Supplemental Figure S6C). Knockdown of fibronectin reduced migration of
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WHCOI1 cells by around 30-50% (data not shown). This study suggests that ECM proteins such as
collagen and fibronectin are mediators of cancer cell survival and migration. These results, together
with the observation that WHCO1 cancer cells plated on decellularised ECMs express increased levels
of both fibronectin- and type I collagen-binding integrins (ITGx2, ITG«3, ITG«5 and ITG1), point
to the matrix as a possible therapeutic target for drugs to inhibit cancer cell growth and metastasis.
Collectively our data suggest that knocking down certain ECM proteins may be effective in suppressing
cancer development and enhancing chemotherapeutic effects.
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Figure 9. Collagen and fibronectin knockdown increase cisplatin-induced apoptosis. (A) Effect
of collagen- and fibronectin-deficient ECMs on cisplatin-induced apoptosis in WHCO1 cancer
cells (percentage of apoptotic cells shown in quadrant Q2 and Q3). (B) Effect of collagen- and
fibronectin-deficient ECMs on Bcl-2 and Bcl-xL protein levels in the presence of cisplatin.

3. Discussion

It has now been established that the tumor microenvironment plays a huge role in
determining the initiation and progression of cancer [9,11,14,38,72,75-77,88,92,93]. The tumor
microenvironment is a dynamic and ever-changing environment comprised of many components
including cancer cells, fibroblasts, immune cells, endothelial cells and the ECM [38,46,47,94-98].
Cancer-associated fibroblasts or tumor-associated fibroblasts (CAFs or TAFs) are the major cellular
component of this environment and they play a role in modulating cancer progression [99-102].
Accumulating evidence suggests that CAFs play a crucial role in tumor development and metastasis
by synthesising ECM proteins. Targeting CAFs is hindered by the fact that CAFs are heterogeneous,
with different subpopulations having specific phenotypes and roles during tumor development and
metastasis [103,104]. Thus, targeting CAFs is challenging. Targeting the ECM proteins synthesised
by resident cells within the tumor microenvironment might be an effective method to control cancer
development, chemoresistance and metastasis. However, to date, few studies have included important
components of the tumor microenvironment such as the ECM in their experimental setup to evaluate
the interactions between cancer cells and the tumor microenvironment ECM.

In our bid to identify potential therapeutic targets within the ESCC tumor microenvironment,
we evaluated how ECM components would affect the response of WHCO1 esophageal cancer cells
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to drugs. The first key finding of this study is that ECM proteins such as collagen and fibronectin play
important roles in esophageal cancer cell survival, migration and chemoresistance. Importantly, these
two ECM proteins are upregulated in esophageal tumor compared to normal tissue. The increased
expression of ECM proteins including collagens, fibronectin and laminins in tumor biopsies is
in contrast to the decreased expression of these ECM proteins by esophageal cancer cell lines.
Thus, the increased expression of ECM proteins in tumor biopsies could be from both cancer cells
and stromal cells known to be present in tumors. Several studies have shown that cancer-associated
fibroblasts and macrophages synthesise increased levels of ECM proteins and these ECM proteins
are associated with poor prognosis and chemoresistance in several cancer types [18,79,105-112].
Our data is in agreement with these recent studies illustrating the important role the ECM plays
in the tumor microenvironment and in chemoresistance. Indeed, ECM proteins such as collagen
and fibronectin have been associated with cancer cell migration before [79,113-122]. Our data show
that knockdown of both collagen and fibronectin reduces esophageal cancer cell survival, migration
and chemoresistance. Our data also show that MMP2 and MMP?9 play a huge role in the migration
of cancer cells. Several integrins were also found to be upregulated in tumor samples compared to
normal samples. These ECM proteins, among other proteins, are potential chemotherapeutic targets.
Several of these ECM proteins have been associated with survival pathways such as the MEK-ERK
and Akt [79,123-126]. We have to appreciate that tumors are real ecosystems harbouring several cell
types and non-cellular components such as the ECM. Our data suggest that the microenvironment is
a shelter for cancer cells and aid their resistance to chemotherapy. Thus, the microenvironment plays
a huge role in the development of chemoresistance.

Our analysis of the ECM proteins and integrins present in the stroma of the ESCC advance
our understanding of the ESCC stroma and will allow future studies to focus on these proteins.
The development of ESCC involves changes in the type and origin of the ECM present. Through the
use of these cell-derived 3D ECMs we show that differences in the composition of different cell-derived
ECMs and how this affects cancer cell response to chemotherapeutic drugs. Many features of the in vivo
tumor microenvironments have been studied with many 3D tumor models having been made [127-133].
These models have attempted to include ECM proteins, cancer and stromal cells with the relevant
biochemical and biophysical cues, into one system [2,3,90,93,134,135]. Many studies have been undertaken
and have decisively shown that cells such as fibroblasts and mesenchymal stem cells are important
contributors to cancer cell growth and possibly chemotherapeutic resistance [1,7,13,20,88,136,137]. Very few
studies however have focused on the role the extracellular matrix play in chemotherapeutic resistance.
The development of anti-stromal treatment, especially those targeting the stable ECM, which can be used
together with chemotherapy;, is a major advance in the treatment of several cancers.

3D ECM models have advanced our understanding of how cells interact with each other
and with the ECM during tumor growth and invasion. These models have shown that cells in
3D environments show different cellular morphology and gene expression compared to those in
2D environments [9,20,88,90,93,134]. Cancer cells on 2D surfaces are normally exposed to uniform
environments and concentrations of chemotherapeutic drugs whereas cells in 3D environments
are exposed to gradients of biological signals and drug concentrations. Anti-cancer drugs added
to cancer cells on 2D surfaces reach cancer cells without encountering physical barriers whereas
cancer cells in vivo are surrounded by many tumor components and this restricts the movement of
cancer drugs throughout the tumor. Earlier studies have shown that MDA MB 231 cells in 3D silk
fibroin scaffolds require a higher drug dosage compared with the same cells on 2D cultures [138].
Ovarian cancer cells also show increased chemoresistance when grown as 3D spheroids compared
to 2D culture [139-142]. It has now been established that 3D scaffolds generally better imitate the
in vivo tumor microenvironment necessary for modelling cancer cell-ECM interactions and also
for cancer cell-drug screening assays [136,143-147]. The interaction between cancer cells and their
surrounding microenvironment plays a significant role in the acquisition of drug resistance in
many cancers. The present study shows that besides physically inhibiting drugs from accessing
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cancer cells, the decellularised ECMs can upregulate anti-apoptotic genes such as Bcl-2 and Bcl-xL.
The upregulation of these genes could be an adaptation mechanism employed by cancer cells in
new environments. Thus, the decellularised ECMs influence cellular biological processes.

Our study utilised natural decellularised ECMs instead of purified ECM proteins in a bid to better
mimic the in vivo tumor microenvironment [148]. In drug discovery, decellularization of cell-derived
ECMs and tissues has been used as an important tool to study the interactions between the ECM and
cells [18,149,150]. Done properly, decellularization can be used to successfully preserve the biochemical
composition of the ECM and native tissues. By combining both cancer cells and fibroblasts we hope
this will best represent the ECM milieu present in the tumor microenvironment. In addition, we also
evaluated how the different ECMs affect the WHCO1 esophageal cancer cells response to commonly
used drugs cisplatin, 5-fluorouracil and epirubicin. To profile early transcriptional gene expression
changes, less than half of the reported ICsy concentrations of the drugs were used. Cisplatin is
known to interfere with DNA replication, which kills mostly cancer cells as they are fast growing cells.
Cisplatin-induced DNA damage activates several cellular processes culminating in the activation of
cell cycle checkpoints. This results in the induction of G2/M cell cycle arrest. Our data is in agreement
with literature in showing that cisplatin induces G2/M cell cycle arrest. 5-Fluorouracil is known to
mediate apoptosis and induce G1/S cell cycle phase arrest. Again, our data is in agreement with this.
Epirubicin acts by intercalating DNA strands and has been reported to cause both G1 and G2/M cell
cycle arrest. Several reports including those using the same concentration of epirubicin as we did in
this study, have shown that epirubicin induces G1 and G2/M cell cycle arrest. Our data show that
epirubicin induces G2/M cell cycle arrest in WHCOL1 cells. That the tumor microenvironment and
the ECM are as important as the genotype of cells is becoming clearer with recent data showing the
importance of the ECM in breast cancers [151-157]. The three ECMs used in this study were observed
to be able to promote or induce resistance to chemotherapeutic drugs in esophageal cancer cell lines.
It is possible that in vivo many components of the tumor microenvironment act synergistically to
induce resistance to drugs and enable cancer cells to growth. That the microenvironment plays
a huge role in the development of cancer might explain why certain individuals are cancer-free
yet harbour oncogenic mutations. The dynamics of the relationship between cancer cells and their
microenvironment will determine whether oncogenic genes and mutations will exert their function.

It has also been shown that integrin signaling driven by cell-matrix adhesion play a huge role in the
development of resistance against chemotherapy-induced apoptosis and that a combination of integrin
signaling inhibition and chemotherapy can lead to an improvement in cytotoxic response [158-169].
It has been shown that the interaction between ECM proteins and integrins can enhance the resistance
of multiple myeloma and small cell lung cancer cells to chemotherapy [170,171]. Blocking of integrins
such as 31 has been shown to sensitise breast cancer cells to treatment [172-179]. Binding of integrins
to the ECM has been show to influence cell cycle progression. Several studies have shown that the
binding of integrins to the ECM influence DNA repair mechanisms, with binding causing increased
DNA damage repair, leading to a stable genome and cellular survival [180-182]. Previous studies have
shown that fibroblasts-secreted type I collagen, often upregulated in tumor microenvironments, can
decrease chemotherapeutic drug uptake in cancer cells thus affecting the response of the cancer
cells to the drugs [183,184]. Upregulation of fibronectin was found to increase human ovarian
cancer cell migration and invasion [185-187]. Several studies have shown that the presence of
fibronectin promotes therapeutic reagents resistance in vitro [158,159,188,189]. Indeed, these studies
have shown the mechanisms through which fibronectin influence carcinogenesis and chemoresistance.
The source of these ECM proteins could be both tumor cells and stromal cells present within the
tumor microenvironment. Small peptides that directly target the biosynthesis of ECM proteins such as
fibronectin have been developed [190]. When cancer cells adhere to certain ECM proteins it has been
shown they acquire chemoresistance through activation of certain survival pathways [191-194].

Our data show that the MEK-ERK and the PI3K/ Akt pathways were significantly upregulated
when WHCOL1 cells were cultured on the different ECMs. In the presence of cisplatin, however,
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the MEK-ERK signaling pathway remained significantly upregulated in WHCOT1 cells plated on
all ECMs compared to plastic. In the presence of 5-flurouracil and epirubicin, both MEK-ERK
and PI3K/Akt remained upregulated in the WHCOL1 plated on the ECMs compared to plastic.
Many signaling pathways such as PI3K/Akt, MEK-ERK, and the Rho/ROCK pathways have been
shown to be activated when cancer cells bind to the ECM [191,195-198]. The activation of these
signaling pathways could be a result of growth factors tethered on the ECMs. In breast cancer it has
been shown that resistance to 5-flurouracil, epirubicin and cyclophosphamide is largely dependent on
the protein composition of the stromal ECM [199]. Several cell cycle-associated proteins such as cyclin
D1 are known to be induced through the activation of the MEK-ERK and PI3K-Raf signaling pathways.
The activation of these Ras-mediated pathways induce the transcription of proteins such as cyclin
D1 and protect it from proteolytic degradation and also export from the nucleus. Our data show the
activation of the MEK-ERK and PI3K-Raf signaling pathways in the presence of ECMs. Thus, cyclin
D1 might be protected from degradation by the same pathways, resulting in its presence through
the G1/5/G2 cell cycle phases. The consequential effect being the protection of WHCO1 cancer cells
plated on ECMs from drug-induced apoptosis as opposed to those on plastic.

Therapies that target the ECM provide a promising approach to overcome chemoresistance
either by preventing ECM-conferred chemoresistance or by altering the ECM such that current
therapies can overcome physical treatment limits [200-204]. It has been shown that the dense ECM can
inhibit therapeutic drug penetration, diffusion and transport, thus the ECM acts as a barrier to drug
delivery [205-211]. A key finding of this study is that treatments that inhibit some ECM components
production such as fibronectin and type I collagen can help to achieve better drug delivery. In our
study, the ECM is clearly acting as a limiting factor on drug effectiveness and we suggest combination
therapy for cancer patients with one drug targeting the ECM components to aid in the diffusion of
cancer drugs. Future studies should use larger patient cohorts to strengthen the results. In conclusion,
we have advanced our understanding of cancer cell-ECM interaction through identifying that both
type I collagen and fibronectin are involved in the proliferation and migration of esophageal cancer
cells and that knocking down these two proteins can act in synergy with chemotherapeutic drugs in
reducing the growth and migration of cancer cells.

4. Materials and Methods

4.1. Clinical Tissue Collection

Twenty-one ESCC biopsy samples were collected over a period of 3 years at Groote Schuur
Hospital, Cape Town, South Africa. All patients attended the oncology clinic of Groote Schuur Hospital.
The biopsy samples were confirmed to be squamous cell carcinomas by a pathologist. Histological
parameters were determined according to the World Health Organisation criteria. Each ESCC biopsy
sample was taken together with corresponding adjacent normal tissue sample. Ethical approval
was obtained from the University of Cape Town/Groote Schuur Hospital Human Research Ethics
Committee (University of Cape Town, South Africa) and informed consent was obtained from all
patients according to institutional guidelines. All procedures were done according to the Declaration
of Helsinki guidelines. Patient biopsy samples in RNAlater solution (Qiagen, Hilden, Germany)
were stored at —80 °C. RNA extraction was done as described elsewhere in the manuscript.
Clinicopathological characteristics of the ESCC patients are shown in Table 1. The inclusion criteria
used for tumor samples required tumor samples to contain at least 50% tumor cells.

4.2. Esophageal Cancer Cell Lines and Treatments

WHCO1, WHCOS5 and WHCOE cell lines were derived from biopsies of ESCC from South African
patients [212]. KYSE180, KYSE450 and KYSES520 cell lines were derived from biopsies of ESCC from
Japanese patients [213]. CT-1 fibroblasts are transformed fibroblasts obtained after WI38 fibroblasts
are y-radiated [91]. WI38 fibroblasts were obtained from American Type Culture Collection (USA).
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FGo, a normal skin fibroblasts were from the University of Cape Town. Cells were cultured in vitro at
37 °C in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% (v/v) fetal bovine
serum (FBS), 100 U/mL penicillin and 100 ug/mL streptomycin (complete media). All cells were
routinely tested for mycoplasma contamination. Preliminary data showed that the use of drug ICs:
5-fluorouracil (14.1 £ 3.8 uM), cisplatin (18.5 £ 6.4 uM) and epirubicin (12.8 £ 2.3 uM) would kill
a considerable amount of the cells. The ICsy was determined as the concentration of drug needed to kill
50% of cells over 24 h. Since we were interested in investigating early transcriptional gene expression
leading up to apoptosis and the response of cancer cells to chemotherapeutic drugs, we treated the
cells with less than half of the reported IC59. WHCO1, WHCO5, WHCO6, KYSE180, KYSE 450 and
KYSE 520 cells were grown overnight on plastic and on ECMs at the specified density and treated with
the following concentrations of drugs: 3.5 uM 5-fluorouracil; 4.2 uM cisplatin, 2.5 uM Epirubicin and
0.1% DMSO (control) [214].

4.3. Preparation of Decellularised ECMs and ECM Coatings

Decellularised ECMs were prepared from transformed CT-1 fibroblasts and WHCO1 esophageal
cancer cells as previously described [20,87,90,215]. All cells were cultured at 37 °C in complete medjia.
Ascorbic acid was added at a final concentration of 50 ug/mL every alternate day. Cells were
maintained up to 4 days post confluence. Decellularization was achieved by the addition of 20 mM
ammonium hydroxide for 1 min. The ECMs were incubated for an hour with DNAse I (10 U/mL).
The resulting ECMs were washed three times with sterile PBS. Sterilisation was achieved by exposing
the dishes to UV light. Dishes coated with decellularised ECMs were used immediately or stored
at 4 °C. Transformed CT1 fibroblasts produced transformed fibroblast-derived ECM (tfd-ECM),
WHCOI1 cancer cells produced cancer-derived ECM (cd-ECM) and co-cultured transformed CT1
fibroblasts and WHCO1 cancer cells produced combinatorial ECM (combi-ECM). Decellularised ECMs
without fibronectin (ECM™N) and without Type I collagen (ECM-“CL) were produced by transfecting
transformed CT-1 fibroblasts and WHCO1 cells with either fibronectin siRNA or COL1A1 siRNA
during ECM synthesis. To maintain the knockdown of type I collagen and fibronectin during ECM
synthesis, subsequent transfection of cells with fibronectin siRNA and COL1A1 siRNA was done after
3 days. To characterise the ECMs, 5 M Guanidine-HCL in buffer was added to the ECM solution and
the resulting protein was run on a SDS-PAGE for an hour. Total protein was stained with Ponceau stain
and Coomassie stain. Human fibronectin and type I collagen were also loaded to serve as markers.

4.4. Cell Cytotoxicity Assay

Cell growth curves or proliferation rates after plating WHCO1 on decellularised ECMs and/or
treatment with cisplatin, 5-fluro-uracil and epirubicin drugs were determined using the Countess
Counter (Thermo Fisher Scientific, Waltham, MA, USA). WHCOI1 cells (5 x 10°) were plated on
the decellularised ECMs and/or treated with the drugs for the indicated time periods. Cells were
trypsinised and centrifuged at 1800 rpm for 5 min. Cells were suspended in 2 mL complete media
and 10 pL was mixed with Trypan Blue. In addition, WHCOL1 cells were plated in 96-well plates with
or without the ECMs and allowed to grow for about 48-72 h in either drug-free medium or under
treatment with increasing concentrations of cisplatin, 5-fluro-uracil and epirubicin drugs. The ICsg
for each cell population was measured using the MTT assay. Briefly, WHCO1 cells were plated
in 96-well plates with or without ECMs overnight. Drugs were added and incubation continued
for 24 h. The MTT reagent was added and the cells were shaken. Colour changes were read on
a microplate reader.

WHCOIL cancer cell doubling time (PD) is the time it takes the population of WHCOL cells to
double and was calculated based on the following formula:

PD =t x In2/In (FCC/SCC)
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where t equals time in hours, In represents the natural logarithm, FCC represents the final WHCO1
cancer cell number, and SCC represents the starting WHCOI1 cancer cell number.

4.5. Quantitative Real Time RT-PCR

Fresh ESCC biopsy specimens were cut into pieces for RNA extraction using the Qiazol reagent
(BioRad, Munich, Germany) and the quality of the RNA was checked by electrophoresis on a 2%
agarose gel. For in vitro experiments, WHCOL cells were treated as described above and RNA
was extracted using Qiazol reagent based on the procedure of Chomczynski and Sacchi [216].
Total RNA (100-500 ng) was used to synthesise complementary DNA (cDNA) using Improm II
reverse transcriptase (Promega, Madison, WI, USA). cDNA from triplicate samples were analyzed
using qRT-PCR reactions and monitored using a Light Cycler 480 II machine. Thermocycling was
performed under standard conditions with an initial denaturation step of 5 min at 95 °C, 30-40
cycles of denaturation, annealing and extension at 72 °C. Primers used in the study are listed in
Supplemental Table S8. The 224t method was used to compute the relative gene expression for each
sample by comparing to control cells [217]. Differences in gene expression for biopsy samples are
shown as fold changes in tumor tissues (T) compared to the corresponding normal tissues (N) (given
as 1, red line) from the same patient. GAPDH was used as a normaliser for both biopsy specimens
and in vitro experiments. The Mann-Whitney test (2-tailed, non-parametric) was used to compare
significance differences in gene expression between tumor and normal tissues. p value was set at
p < 0.05 to be considered statistically significant.

4.6. Immunoblot Analysis

Immunoblot analysis was done according to standard protocols. Cell lysates were obtained
by lysing cells with RIPA buffer in the presence of protease inhibitor cocktail. Total protein
concentration was determined using the BCA kit and BSA as a standard. Cell lysates (50 pg)
were separated by electrophoresis on a 10% polyacrylamide/SDS gels under reducing conditions
(50 mM B-mercaptoethanol). Proteins were transferred to a nitrocellulose membranes for 1 h
at4 °C. Membranes were blocked with 5% fat-free milk in Tris Buffered Saline (TBS) containing
Tween-20. The membranes were incubated overnight at 4 °C with the following primary antibodies:
anti-Ki67 antibody, anti-PCNA antibody, anti-Cyclin D1 antibody, anti-p-ERK1/2 (Thr202/Tyr204),
anti-ERK2, anti-Akt, anti-p-Akt, anti-p21, anti-p53, anti-Bcl-2, anti-Bcl-xL antibody, anti-MMP-2
antibody, anti-MMP-9 antibody, anti-ITG«2 antibody, anti-type I collagen antibody, anti-fibronectin
antibody, anti- ITGx3 antibody, anti- ITGx11 antibody, anti-ITG1 and anti-GAPDH antibody.
Three washes were done using TBS-Tween buffer and then the membranes were incubated with
secondary antibodies conjugated to horse radish peroxidase (HRP). Detection was done using Lumiglo
substrate (KPL, Gaithersburg, MD, USA). All experiments were done in triplicates and repeated at
least twice.

4.7. Cell Cycle and Colony Formation Assay

WHCOTL cancer cells (5 x 10°) were cultured on plastic and on decellularised ECMs and treated
with drugs for the indicated incubation times. Cells were then dissociated from culture plates using
trypsin-EDTA and processed for flow cytometry analysis. Cells were washed twice with cold PBS and
fixed with 70% ethanol for 30 min at 4 °C. Washing was done twice with PBS and RNase A (10 pg/mL)
was also added for 3 h at 4 °C. Cells were stained with propidium iodide solution (1 mg/mL) and
analyzed with a FACScan cell sorter (BD Biosciences, Franklin Lakes, NJ, USA). Ten-thousand cells
were collected and the cell cycle profiles were calculated using the Cellquest Software. For colony
formation, WHCOI cells were plated on plastic and on decellularised ECMs in 6-well plates at 500 cells
per well and incubated for 10 days. Methanol (100%) was used to fix the cells and cells were stained
with 0.5% crystal violet. Colonies were counted using UVP software (Upland, CA, USA) and the
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numbers were plotted on a graph. Images were taken using a camera. The experiments were performed
at least three times.

4.8. Annexin V/Propidium lodide Assay for Apoptosis

WHCOIL1 cell apoptosis was evaluated using double staining with Annexin V conjugated
to Fluorescein isothiocyanate (FITC) and Propidium Iodide (PI). After incubation, cells were
washed in PBS from each treatment setup and the Annexin binding buffer was used
for re-suspension. Cells were stained with Annexin V conjugated to FITC and PI following the
manufacturer’s instructions. Annexin binding buffer was used to wash cells and resuspension
was done in 4% paraformaldehyde (PFA). Cells were incubated for 15 min at 25 °C in the dark.
Flow cytometric analysis was done using a Beckman Coulter Flow Cytometer (Beckman Coulter,
Life Sciences, Indianapolis, IN, USA). Data acquisition (2 x 10* events per treatment condition) was
performed using the Cellquest software (Version 5.1, Becton Dickinson, Franklin Lakes, NJ, USA).

4.9. siRNA Transfection Assay

Short interfering RNAs (siRNAs) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). siRNAs were dissolved in transfection diluent according to the
manufacturer’s protocols. Transformed CT1 fibroblasts and WHCO1 cancer cells were transfected
with COL1A1 and Fibronectin siRNAs using Transfectin reagent (BioRad, Hercules, CA, USA) and
ECM synthesis continued for the indicated period. To maintain knockdown efficiency, subsequent
transfections were carried out every 3 days for the duration of the ECM synthesis. In a separate
experiment, type I collagen knockdown was achieved by removing ascorbic acid during ECM synthesis
with a similar result compared to the use of COL1A1 siRNA. Cells were cultured in 6-well plates with
or without the addition of ascorbic acid and ECM synthesis was continued for the duration indicated
above [218]. Confirmation of type I collagen and fibronectin knockdowns was done using immunoblot
and SDS PAGE analysis.

4.10. Immunofluorescence

ECMs were synthesised on glass coverslips as described before. Cells were then plated
on the ECM for the duration indicated elsewhere. Fixing of the cells was achieved using 3%
paraformaldehyde solution. Permeabilisation of the cells was done using 0.1% Triton X-100
(Sigma Aldrich Chemie, Steinheim, Germany) in PBS. Blocking of cells was done using 1% BSA
for 1 h at room temperature and then incubated with various primary antibodies overnight at 4 °C.
Cells were then washed three times with PBS. Secondary antibodies were conjugated to FITC and
Fluor 488. DAPI was added in order to visualise the nucleus. Fluorescence was observed using a Zeiss
Inverted Microscope with a 20x objective. Acquisition of images was achieved using the CellSens
Imaging System (Olympus, Tokyo, Japan). Proteoglycan composition within the ECMs was detected
by staining the ECMs with 1% Alcian blue after preparation using a standard protocol. Briefly ECM
synthesis and preparation was done on coverslips. ECMs were incubated with 1% Alcian Blue solution
for 20 min and washed three times. Images were observed and photographed using a light microscope
(Olympus CKX41 with SC30 camera). Images were taken at 100 x magnification.

4.11. Migration Assay

Confluent cells were trypsinised and neutralised by adding DMEM supplemented with 10% FCS
and Penicillin and streptomycin. Centrifugation was done at 1800 rpm for 5 min at 25 °C and cells
were resuspended in DMEM. The Countess Cell Counter was used for cell counting to give a final cell
density of 5000 cells per microliter. Cellular foci of 4 uL containing a total of 20,000 cells were added
to plastic dishes or to the ECMs. To prevent cell death due to evaporation of media, an extra 100 pL
of DMEM media was added to the cellular foci and incubation continued for 2 h. A further 3 mL of
DMEM with 10% FCS was then added and incubation continued for 24 h. In a separate experiment,
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cells were incubated with anti-a?2 integrin blocking antibody for 30 min before plating. Images were
taken at O h and at 24 h with a microscope. Image ] (version 1.52g, National Institutes of Health;
Bethesda, MD, USA) was then used to measure the area of migrating mass of cells. Migration on ECMs
was normalised to that on plastic dishes.

4.12. Immunohistochemistry

Formalin-fixed, paraffin-embedded whole sections of esophageal tumor and normal samples were
used to quantify type I collagen. Sections were of 4 pm thickness and standard histological analysis
was carried out. Paraffin slides were deparaffinised in xylene and rehydration was achieved through
the use of graded alcohols. Slides were heated in 0.01 M citrate buffer (pH 6.0) in a bath for 20 min
at 97 °C for antigen retrieval. Slides were allowed to cool and were rinsed in TBS; the endogenous
peroxidase was inactivated with 3% hydrogen peroxide. After protein block, incubation of slides
with a primary antibody against human type I collagen was done for 1 h. TBS was used to rinse
sections and incubation was done for 20 min with biotinylated secondary antibodies. Sections were
rinsed with TBS and incubated with streptavidin-HRP. Peroxidase reactivity was visualised using
a 3,3-diaminobenzidine (DAB). Counterstaining of sections was done with haematoxylin. Sections were
mounted and images were obtained using a light microscope. Whole tissue sections from tumor and
normal blocks were stained and compared by visual inspection. Results were evaluated independently
by two observers.

4.13. Mass Spectrometry

The proteomic profiles of the 3D ECMs were assessed using mass spectrometry. Mass spectrometry
analysis was performed on duplicate ECM samples. The samples were prepared by filter aided
sample preparation (FASP) according to Wisniewski et al. [219]. Reduced and alkylated protein
samples were tryptically digested at a 1:50 enzyme to sample ratio overnight for 16 h in a wet
chamber at 37 °C. For each sample, 10 pg aliquots of the resulting tryptic peptides were acidified
in 0.1% formic acid and desalted using in-house produced C18 stage tips. The samples were
dried in a vacuum concentrator, and reconstituted in 2% acetonitrile with 0.1% formic acid prior
to LC-MS/MS analysis. Samples were analysed on a Thermo Scientific Dionex Ultimate 3000 UHPLC
(Thermo Fisher Scientific, Waltham, MA, USA) coupled to a Thermo Scientific Q Exactive hybrid
quadrupole Orbitrap mass spectrometer. The samples were loaded onto a 2 cm Luna C18 100 uM
internal diameter fused silica pre-column, packed in-house, and then separated on a 40 cm Aeris
peptide C18 75 pM internal diameter analytical column, packed in-house. A total of 400 ng of each
sample was analysed on a 70 min gradient from 6-40% acetonitrile with a flow rate of 400 nL/min
at 40 °C. The nanoelectrospray voltage was set to 2.2 kV, and the capillary temperature was 320 °C.
The Q Exactive was operated in data-dependent mode, with full scan MS spectra (i/z 300-1750)
acquired in the Orbitrap analyser after accumulation to an AGC target of 3e6 or an injection time
of 250 ms at a resolution of 70,000. The 10 most intense peptide ions were sequentially isolated and
fragmented by HCD and acquired at a resolution of 17,500. Dynamic exclusion was enabled after
30s and for a repeat count of one. The raw files were processed using MaxQuant version 1.2.7.429
(Computational Systems Biochemistry, Martinsried, Germany) and the MS/MS spectra were searched
using the Andromeda search engine against the Uniprot human protein database. The initial maximal
allowed mass tolerance was set to 20 ppm for the first search and then to 4.5 ppm in the main search,
and 20 ppm for fragment ions. Enzyme specificity was set to trypsin with a maximum of two missed
cleavages. Carbamidomethylation of cysteine was set as a fixed modification, and oxidation of
methionine and protein N-terminal acetylation were selected as variable modifications. The minimum
peptide length was set to seven amino acids. Label-free protein quantification was performed using
the label-free quantification (LFQ) algorithm implemented in the MaxQuant software (version 1.1.1.25,
Computational Systems Biochemistry, Martinsried, Germany) with a 2 min window for matching
between runs and, a maximum 1% peptide and 1% protein false discovery rate. Protein intensity values
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were normalized automatically using the LFQ algorithm to identify differentially expressed proteins.
Bioinformation analyses of the data were performed using Perseus v.1.2.7.4 software. Reverse and
“only identified by site” entries were excluded. LFQ intensity values were log?2 transformed, and the
dataset was filtered to contain only entries with two minimum valid values in at least one group.
Statistical significance was assessed using Student’s -test to identify differentially expressed proteins
between the groups.

4.14. Statistical Analysis

Statistical analysis was performed using GraphPad Prism software. The Mann-Whitney test
(2-tailed, non-parametric) was used to compare significance differences in gene expression between
tumor and normal tissues. p value was set at p < 0.05 to be considered statistically significant.
Evaluation of statistical significance between control cells and cells plated on plastic or ECM/treated
with chemotherapeutic drugs was done using the paired Student’s f test. p value was set at p < 0.05
to be considered statistically significant. Correlation coefficients were determined using Pearson’s
correlation coefficient in Microsoft Excel. Pearson’s correlation coefficients were calculated to determine
a point estimate of the strength of the association between the different ECM preparations.

Supplementary Materials: Supplementary Materials can be found at http:/ /www.mdpi.com/1422-0067/19/10/
2861/s1.
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3D Three dimensional

BSA Bovine serum albumin

DNA Deoxyribonucleic acid

DMSO Dimethyl sulfoxide

EDTA Ethylenediaminetetraacetate

ECM Extracellular matrix

ESCC Esophageal squamous cell carcinoma
FN Fibronectin

5-FU 5-fluorouracil

ITG Integrin

Tfd-ECM Transformed fibroblast-derived ECM
cd-ECM Cancer cell-derived ECM
combi-ECM Combinatorial-ECM

MS Mass spectrometry.

MMP Matrix metalloprotease

PAGE Polyacrylamide gel electrophoresis
SDS Sodium dodecyl sulphate
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Abstract: Chemoresistance is a leading cause of morbidity and mortality in cancer and it continues
to be a challenge in cancer treatment. Chemoresistance is influenced by genetic and epigenetic
alterations which affect drug uptake, metabolism and export of drugs at the cellular levels. While
most research has focused on tumor cell autonomous mechanisms of chemoresistance, the tumor
microenvironment has emerged as a key player in the development of chemoresistance and in
malignant progression, thereby influencing the development of novel therapies in clinical oncology.
It is not surprising that the study of the tumor microenvironment is now considered to be as important
as the study of tumor cells. Recent advances in technological and analytical methods, especially
‘omics’ technologies, has made it possible to identify specific targets in tumor cells and within
the tumor microenvironment to eradicate cancer. Tumors need constant support from previously
‘unsupportive’ microenvironments. Novel therapeutic strategies that inhibit such microenvironmental
support to tumor cells would reduce chemoresistance and tumor relapse. Such strategies can target
stromal cells, proteins released by stromal cells and non-cellular components such as the extracellular
matrix (ECM) within the tumor microenvironment. Novel in vitro tumor biology models that
recapitulate the in vivo tumor microenvironment such as multicellular tumor spheroids, biomimetic
scaffolds and tumor organoids are being developed and are increasing our understanding of cancer
cell-microenvironment interactions. This review offers an analysis of recent developments on the
role of the tumor microenvironment in the development of chemoresistance and the strategies to
overcome microenvironment-mediated chemoresistance. We propose a systematic analysis of the
relationship between tumor cells and their respective tumor microenvironments and our data show
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that, to survive, cancer cells interact closely with tumor microenvironment components such as
mesenchymal stem cells and the extracellular matrix.

Keywords: chemoresistance; tumor microenvironment; tumor heterogeneity; mesenchymal stem
cells; angiogenesis; extracellular matrix; clinical oncology

1. Introduction

Cancer is a multifactorial disease and is one of the leading causes of death worldwide. It results
from both genetic and epigenetic transformation of normal cells leading to abnormal proliferation.
Cancer deaths outnumber the combined deaths from diseases such as HIV/AIDS, malaria and
tuberculosis worldwide [1,2]. Despite the development of potent chemotherapeutics against many
cancer types in recent years, durable or long lasting cure is still out of reach for many patients [3,4].
This is partly due to the development of drug/therapeutic resistance which stems from the remarkable
adaptive behavior of cancer cells and is driven by both genetic and epigenetic factors. There are many
distinct cancer types and these differ significantly in their genetic makeup, behavior and treatment
responses [5]. Differences in cancer cells behavior stem from the dysregulation of a number of growth
signals that are involved in the direct entry into and progression through the cell cycle. Due to the
diverse nature of cancer, many treatment strategies have been developed and each takes advantage of
a different aspect of the disease. However, most cancer drugs still target DNA replication and DNA
repair mechanisms.

Cancer cells proliferate at a much higher rate than normal cells and invade nearby tissues or
spread to distance organs. A number of oncogenes and tumor suppressor genes such as p53, c-Myc
and transforming growth factor-p (TGF-f3) are mutated in cancer cells and have been observed to play
key roles in cancer cell proliferation, invasion and metastasis. Most of these oncogenes and tumor
suppressor genes are considered as major contributors to drug resistance [6]. Resistance is usually
accompanied by recurrence of the disease. Different cancer types respond to treatment in different ways
and therefore some are better treated than others. The most common treatments for cancer are surgery,
radiotherapy and chemotherapy. Surgery can successfully remove the cancerous tissue from the
body and combined with chemotherapy and radiotherapy can be successful in treating any cancer [7].
Radiotherapy uses radiation to kill cancer cells. Chemotherapy remains the preferred method due in
part to its effectiveness and low cost. Its lack of selectivity however hampers its success as normal cells
are also killed in the process. Patients undergoing chemotherapy suffer many side-effects such as loss
of hair, bleeding, nausea and death. Due to its genotoxic effects, chemotherapy induces changes in
both normal and cancer cells creating further cancer cell heterogeneity and ultimately affecting the
efficiency of chemotherapy [8].

A huge challenge in cancer treatment is the development of chemoresistance resulting in
cancer cells that are more aggressive and able to metastasize [9]. Mechanisms that contribute
to chemoresistance include tumor heterogeneity, drug inactivation, apoptosis evasion, enhanced
deoxyribonucleic acid (DNA) repair, increased drug efflux, epithelial-to-mesenchymal transition
and the involvement of the tumor microenvironment (TM) [8]. Though cancer cell chemoresistance
is usually attributed to heterogeneity within the cancer cell population, mutations and epigenetic
alterations influencing the metabolism and retention of drugs by cancer cells [10-17], additional causes
could play important roles in the development of this phenomenon. Most important is the diversity
within the tumor microenvironment (TM) in terms of the stromal cells present, the amount of oxygen
available and the acidity of the environment [18-24]. Another important difference is the amount
of the extracellular matrix (ECM) proteins around the cancer cells [25-27]. ECM proteins can create
a barrier through which the drugs must pass in order to reach the cancer cells while their presence
promote tumor metastasis [28-34]. As the tumor grows, it becomes difficult for chemotherapeutic
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agents to reach cancer cells near the center of the tumor. All these factors can have a huge influence on
how cancer cells respond to drugs.

The genetic makeup of cancer cells and cellular processes occurring within cancer cells contribute
immensely to the inability of most chemotherapeutic drugs used in clinical oncology to effectively
clear these cells from the body [12,14-17,35-37]. Several mutations to key genes encoding important
proteins responsible for xenobiotic metabolism, as well as import and export of drugs from cells such
as the ABC transporters have been identified and shown to influence how tumor cells respond to
several drugs [12,14-17,35-37]. However, with remarkable advancement in technology and analytical
methods seen in the last decade, attention has shifted to the TM contribution towards the development
of chemoresistance [38—46]. Chemotherapeutic drugs need to access all cancer cells in a solid tumor
to be effective, thus components of the tumor microenvironment become important players in the
response of these cells to drugs [33,47-53]. The TM is a dynamic entity and is characterized by cellular
heterogeneous, the amounts of oxygen, nutrients and ECM proteins [41,54-59]. The heterogeneous
nature of cancer and stromal cells within the TM is reflected in the ECM produced by these cells.
The variability of the ECM within the TM also makes targeting the ECM difficulty and might explain
why therapeutic targeting of the ECM has not had much success in several clinical trials. Both cancer
cells and stromal cells do deposit the ECM in a tumor [60,61]. Novel strategies need to be developed
to specifically target the ECM from different cells within the tumor. In addition, understanding the
response of cancer cells to the ECM at different stages of tumor development would allow for the
understanding of the contribution of each ECM protein during tumor progression. Determining the
most effective time point when cancer cells respond to the ECM is also necessary in the intervention
to stop cancer growth. In addition several studies have shown that matrix metalloproteinases play a
huge role in inducing processes such as epithelial-mesenchymal transition with the end result being
malignant transformation [60-62].

This review focusses on the contribution of the TM constituents in the development of
chemotherapeutic resistance especially the role played by mesenchymal stem cells and the ECM.
To overcome chemoresistance, it is imperative that the TM contribution be studied and specified as
only then can we attain long lasting treatment in clinical oncology.

2. Cancer Cell Chemoresistance

The accumulation of genetic aberrations over time has been recognized as the main cause of
cancer [63-70]. A combination of genetic mutations and epigenetic alterations results in tumor
heterogeneity [67,71-77]. Tumor heterogeneity can contribute towards chemoresistance in many ways.
Tumor heterogeneity is one of the recent addition to the list of drivers of chemoresistance [78,79].
Tumors are made up of cancer cells that differ in their phenotype and therefore chemotherapeutic
responses. Differences in phenotypes may also arise due to cancer cell-microenvironment interactions
besides the obvious genetic differences [78,79].

The implication of intratumor heterogeneity is that cancer cells within a tumor have different
responses to the same chemotherapeutic drug. Variants of cancer cells that do not respond to a drug
can result in relapse. Epigenetic modifications can take the form of DNA methylation and histone
modification. Hypermethylation of the multi-drug resistance protein 1 (MDR1) gene promoter has
been reported to cause downregulation of certain genes involved in apoptosis. Methylation of the
O(6)-methylguanine DNA methyltransferase (MGMT) gene is known to cause silencing of several
genes. A small fraction of undifferentiated cancer cells have anti-drug properties. These drug-resistant
cancer cells are known to be present in circulation as well as in solid tumors. In addition, solid tumors
have been shown to be a complex mixture of tumor cells, stromal cells and the ECM [80-85].

Chemotherapy destroys cancer cells mostly through induction of apoptosis by damaging DNA
and inhibiting cell cycle progression [5,86,87]. Over time, cancer cells can acquire diverse strategies that
decrease the efficacy of many therapeutic agents leading to chemoresistance [88]. Resistance to therapy
occurs either as de novo or acquired. Acquired resistance occur when changes in the genetic makeup
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of cells over time result in therapy-resistant cells. De novo drug resistance can either be soluble-factor
mediated drug resistance or cell-adhesion mediated drug resistance. Chemokines, growth factors and
cytokines are known to induce the soluble factor mediated drug resistance. The interaction of cancer
cells and stromal components such as fibroblasts and the ECM via surface receptors such as integrins
induce cell-adhesion mediated drug resistance.

The bi-directional communication between cancer and stromal cells is much more complex
than initially perceived. Our data and that from others have shown that the cancer cell-stromal cell
relationship is transient and ever changing [27,55,89,90]. Both tumor cells and stromal cells within
the TM are exposed to different conditions over time including different concentrations of drugs.
Eventually cancer and stromal cells develop a cooperative relationship that appear to benefit cancer
cells. Through the release of soluble factors and the ECM, stromal cells determine the conditions
within the TM. Stromal cells such as fibroblasts and mesenchymal stem cells have been the subject of
many drug resistance studies to date. A summary of the various mechanisms known to be involved
in cancer cell chemoresistance is shown in Figure 1. These mechanisms include enhanced survival
signaling, enhanced drug inactivation, reduced drug uptake, enhanced DNA repair processes and
inhibition of apoptosis [91].
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Figure 1. Schematic representation of processes that have been implicated in the development of

chemoresistance. Some of these processes include enhanced survival signaling, enhanced drug
inactivation, enhanced drug export, reduced drug uptake, inhibition of apoptosis, and increased
production of extracellular matrix (ECM) proteins and inhibition of cytoskeleton organization (adapted
from [92]).

3. Tumor Microenvironment

The dynamic nature of the TM during malignant progression underscores the need to study
its role in disease progression. Importantly, the role of the cellular and non-cellular components in
tumor initiation and progression needs to be investigated. Solid tumors are more than just a lump of
cancer cells. Beside stromal cells, non-cellular components of the TM include the ECM and soluble
growth factors [93-98]. The interaction between cells and their respective microenvironment is key
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for cellular growth and the maintenance of homeostasis. So it is for tumor growth. Though the
gradual accumulation of genetic lesions creates the initial ‘spark’ necessary for disease initiation it
is widely acknowledged that the TM play a critical role at every stage of malignant progression.
Cancer cell-microenvironment interactions impacts on disease initiation, development and ultimately
metastasis. Understanding the role of the TM in disease progression and chemotherapy is now
considered central to cancer eradication. Initially thought to be only due to genetic lesions in cancer
cells, the heterogeneous nature of tumors is now understood to be of microenvironmental origin as
well. Both cellular and non-cellular components of the TM contribute towards the tumor heterogeneity
observed in solid tumors. By contributing towards the tumor heterogeneity the TM components
ultimately play a part in the development of chemoresistance. The crosstalk between tumor cells
and their microenvironment makes this relationship very complex. However, the plasticity of the
tumor stroma affords scientists an opportunity to devise therapeutic strategies that can allow most TM
members to acquire anti-tumorigenic properties. It is also possible to convert pro-tumorigenic TM
constituent members to become anti-tumorigenic.

In normal tissues a homeostatic environment is maintained with most cells maintaining their
differentiated states and well defined boundaries between tissue compartments. Tumor initiation
and progression is associated with disruption of tissue architecture and organization [99-101].
An environment that was tumor inhibiting becomes permissive and supportive to tumor growth and
metastasis [80,83,90,102-104]. The TM (Figure 2) is now identified as a leading factor that influences
cancer cell proliferation, metastasis and anticancer drug efficacy [105-107]. Normal cellular processes
and tissue homeostasis are reversed in tumors, as tumor cells bypass or override necessary homeostatic
control measures. Cellular mechanisms of surrounding cells and the effect of non-cellular components
is basically hijacked by cancer cells with the ultimate goal of ensuring cancer cells survival. Several
anti-tumorigenic cells such as fibroblasts and macrophages are converted into tumor-promoting
cells, releasing soluble factors such as growth factors and proteases needed by tumor cells to burrow
through the ECM and support accelerated tumor cell growth [60,108]. Fibroblasts and macrophages
are converted to cancer associated fibroblasts (CAFs) and tumor associated macrophages (TAMs)
via the action of tumor-released factors such as TGF-f3 and platelet derived growth factor (PDGF).
Both tumor-associated fibroblasts and macrophages are known to participate in this pro-tumorigenic
process. Importantly CAFs are known to synthesize and deposit large quantities of thick ECM fibers,
thus contributing to deregulated homeostasis. CAFs also contribute towards cancer cell invasion and
metastasis through synthesis of metastasis-promoting ECM proteins such as fibronectin and periostin
and the release of matrix metalloproteases. This allows tumor cells to lose their attachment to the ECM
and acquire mesenchymal behavior. The origin of CAFs in solid tumor is controversial. The most
straight forward suggestion is that they are of fibroblast origin. Through the action of tumor-derived
factors normal fibroblasts are converted into ‘activated fibroblasts” also termed CAFs with the function
of bidding for tumor cell survival. Several studies have suggested that they are of endothelial origin.
Yet other studies appear to show that mesenchymal stem cells can be converted to CAFs. Our studies
support this suggestion. Tumor-released TGF-$3 appears to contribute to mesenchymal stem cells
conversion to a-smooth muscle producing CAFs.

TAMs are known to locate to the leading edge of tumors where they release matrix
metalloproteases needed to degrade the ECM. TAMs also contribute to the increased levels of growth
factors such as EGF leading to tumor cell migration. The plasticity of macrophages allows them to
act both as pro-tumorigenic and anti-tumorigenic depending on the surrounding environments and
existing conditions. Through the release of pro-inflammatory cytokines, macrophages present antigens
and play an anti-tumorigenic role in the TM. However, activated macrophages can be pro-tumorigenic
through production of type II cytokines. Macrophages also help tumor cells intravasate into blood
vessels. TM conditions such as hypoxia and acidity play significant roles in the activation of
macrophages, with macrophages appearing to be attracted to regions of low oxygen tension. Localized
selective pressures such as hypoxia and acidity select for stromal cells that ensure the survival of cancer
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cells. Several reports have also shown that the presence of growth factors and micro RNAs can drive
activated macrophages back to normal leading to tumor regression. Thus resident macrophages can be
targeted in the TM to have anti-tumorigenic properties. Due to the presence of several components
within the TM, tumor cells are exposed to chemotherapeutic drugs in a gradient fashion. The ECM
by forming thick fibers within the tumor present a physical barrier to diffusion of chemotherapeutic
drugs [109-114].

Vasculature X

Extracellular Matrix

Granulocytes Y
Lymphocytes

X\ Dendritic cells

Figure 2. Tumor Microenvironment. The tumor microenvironment consists of several cells including
cancer cells, mesenchymal stem cells (MSCs), endothelial cells, fibroblasts, cancer stem cells (CSC),
bone marrow-derived cells (BMDC) as well as Extracellular matrix (ECM). All the cells in the tumor

Fibroblasts/'

microenvironment (TM) contribute to tumor progression.

The invasive nature of cancer cells cannot be exhibited without the interplay between tumor cells
and their microenvironment. With an increase in our knowledge of molecular targets and medicine,
clinical therapeutic targets have increased to include components of the TM [28,54,89]. The crosstalk
between stromal and tumor cells involves growth factors, chemokines and cytokines as well as ECM
and can affect the sensitivity of anticancer drugs and pathways involved in apoptosis [115,116]. Tumors
depend on the formation of new blood vessels, through a process called angiogenesis, in order to
increase in size as tumor cells need a constant supply of oxygen and nutrients [117-119]. Due to tissue
disorganization associated with tumors, they tend to have lower blood flow and therefore less drugs
reaches the tumor cells than is administered.

For chemotherapeutic drugs to reach tumor cells in vivo, they have to travel through the blood
vessels [120-123]. Blood flow through a solid tumor is varied and disorganized [124,125]. Most blood
vessels in tumors are dilated and “leaky” compared to those in normal tissues. Thus the vasculature
also influences the response of tumor cells to drugs. The compactness of a solid tumor increases blood
flow resistance and this causes gradients of nutrients and oxygen, meaning that there are different
proliferation rates in different regions of the tumor [126-131]. Nutrient deprivation is also a result of
blood flow resistance. Most chemotherapeutic drugs are designed against highly proliferating cells
and not quiescent cells [132-135]. Thus having tumor cells proliferating at different rates has a major
impact on the effectiveness of chemotherapy. Due to impaired blood flow the clearance of breakdown
products within the tumor can lead to a toxic microenvironment [136-138].
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The compactness of a solid tumor and the reduced blood flow leads to either temporary or chronic
hypoxia [139-145]. Cells in hypoxic conditions tends to divide slowly, making them unresponsive to
chemotherapeutic reagents. Hypoxia can result in the activation of genes associated with angiogenesis
and cell survival [146-148]. Many chemotherapeutic drugs cause DNA damage through generating
free radicals [149-151]. Without oxygen however, the cytotoxicity of several chemotherapeutic drugs
whose activity depends on generating free radicals is reduced. In addition, it has been shown that
cancer stem cells (CSCs) tend to be located at the center of a solid tumor [152-157]. These CSCs are
able to withstand lower oxygen levels than the general population of cancer cells [18,80]. Thus the
inability of drugs to reach the center of the solid tumor can result in recurrence of the tumor even
after an apparent successful treatment. It has also been observed that hypoxia can lead to increased
expression of P glycoprotein, which is involved in drug inactivation, resulting in drug resistance [158].
Hypoxia inducible factor (HIF)-1 is stimulated under low oxygen conditions and this transcription
factor controls many genes involved in survival mechanisms such as angiogenesis and apoptosis.
Several pro-drugs have been developed to be activated under complete or partial hypoxic conditions.
For example, Tirapazamine (IPZ) is activated over a range of oxygen levels. Due to the varying
amounts of oxygen in solid tumors, TPZ activation over time. Thus at some point tumor cells are
exposed to sub-lethal levels of TPZ with the consequent development of chemoresistance. The pH in
the TM can affect the cytotoxicity of anticancer drugs. An acidic microenvironment can inhibit the
activation of many chemotherapeutic drugs [159,160]. Changes in pH inside and outside of cancer
cells can have a lasting effect on chemotherapeutic drugs. The pressure gradient that exists within the
microenvironment also influences the distribution of many anticancer drugs. The ability of cancer cells
to manipulate their microenvironment enables them to acquire important hallmark properties that are
necessary for tumor growth and development.

3.1. Cancer-Associated Fibroblasts (CAFs)

Cancer-associated fibroblasts (CAFs) are activated fibroblasts found in association with cancer
cells. CAFs are the most abundant cells within the TM and are involved in tumor initiation, by
activating signals involve in growth and differentiation, and evade cancer therapy [161,162]. CAFs
secrete growth factors, such as hepatocyte growth factor (HGF), epidermal growth factor (EGF), and
cytokines such as stromal cell-derived factor 1 (SDF-1) and IL-6. Wang et al. showed that secretion
of HGF by CAFs induced resistance to EGF-tyrosine kinase inhibitors in lung cancer cells [163].
Secretion of chemokines and cytokine by CAFs can lead to immune cells infiltration which contribute
to angiogenesis and metastasis [164]. CAFs are known to stimulate the growth of new blood vessels
through the release of growth factors such as vascular endothelial growth factor. Enhanced invasion
of pancreatic cancer cells was observed in the presence of fibroblast-derived SDF-1 and IL-8 was
also found to induce angiogenesis in vitro [165]. CAFs can regulate ECM composition via expression
of matrix metalloproteinases (MMPs), which allows cancer cell adhesion and migration as well as
inhibition of apoptosis by activating PI3K-Akt/PKB as seen in breast cancer models [158]. The presence
of CAFs or transformed fibroblasts is known to activate migratory behavior in cancer cells through
upregulation of integrin expression and cell survival signaling pathways such as the MEK-ERK and
the PI3K-Akt pathways. In prostate cancer, increased secretion of MMP-2 and MMP-9 by CAFs was
associated with the induction of epithelial-mesenchymal transition (EMT), known to be involve in
cancer cell invasion and metastasis [166]. CAFs also secrete IL-6, which promotes cancer metastasis and
chemoresistance through induction of EMT [167]. A study by Conze and colleagues showed that IL-6 is
overexpressed in multidrug resistant breast cancer [168]. In vitro and in vivo studies have shown that
CAFs derived from breast cancer induced tamoxifen resistance through decreasing estrogen receptor-o«
(ER-) levels and IL-6 secretion [169].
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3.2. Mesenchymal Stromal/Stem Cells (MSCs)

MSCs have received a lot of attention in cancer biology partly because of their primitive nature
and their ability to generate several other cells types. Through the action of tumor cell-derived factors,
MSCs are recruited to the tumor site where they produce factors needed by cancer cells. MSCs are
found in many adult tissues including bone marrow and adipose tissues [170]. MSCs can self-renew
and differentiate into specialized tissue-specific cell types such as adipocytes, chondrocytes, fibroblasts
and osteoblast [167,170-172]. MSCs are also found in the TM and are known to play an important role
in tumor progression and chemoresistance [172]. MSCs promote tumor growth either by the secretion
of growth factors, or by differentiating into tumor associated fibroblasts (TAFs) [55,170,173,174].
The origin of TAFs or CAFs in the TM is still debatable. TAFs are a heterogeneous cell population
and are commonly identified by x-smooth muscle actin (x-SMA) and vimentin expression which
is indicative of an ‘activated” myofibroblast-like phenotype [175,176]. One source of TAFs that has
been touted is MSCs present in the tumor stroma [175,176]. We present data from an extension of our
previous publication [90], showing that long term co-culture of esophageal WHCO1 and breast cancer
MDA MB 231 cells with human MSCs trigger hMSCs differentiation into ‘tumor associated fibroblasts’
via the TGF-3 /Smad signaling pathway.

In our study, we evaluated the effect of esophageal WHCO1 and breast MDA MB 231 cancer cells
on Wharton's Jelly-derived mesenchymal stromal/stem cells (W]-MSCs) gene expression over 24 days
of co-culture. The expression of x-SMA, the most reliable marker of tumor associated fibroblasts
(TAFs) and vimentin showed a clear and gradual increase in WJ-MSCs up to a maximum at day
16 in our co-culture system (Figure 3A,B). TGF-3 is one of the growth factors released by cancer
cells in order to evade immune detection in vivo and can increase expression of proteins such as
«-SMA and vimentin. Treatment of W]-MSCs with 1 uM 5-azacytidine resulted in their differentiation
into myofibroblastic lineages expressing increased levels of x-SMA and type I collagen. Addition
of exogenous TGF- (10 uM) and treatment of naive MSCs with 5-azacytidine (1 uM) up to 48 h
resulted in increased levels of x-SMA and type I collagen similar to MSCs co-cultured for 16 days
(Figure 3C-F). Our observations show that over time MSCs exposed to esophageal and breast cancer
cells differentiate and express markers of the myofibroblastic lineage. Many studies have shown that
ACTA2 (a-SMA) gene transcription is regulated through the interactions of several signaling pathways.
To substantiate these results, the TGF-f3 inhibitor SB 431542 (10 nM) was added to the co-culture media.
Addition of SB 431542 decreased the x-SMA protein levels in MSCs exposed to WHCO1 and MDA MB
231 cells (Figure 4A,B). As an orthogonal approach, suppression of TGF-3 expression in co-cultured
MSCs through the use of TGF-f3 siRNA resulted in decreased «-SMA protein levels (Figure 4C,D).
In addition, TGF- knockdown in both WHCO1 and MDA MB 231 cells during co-culture decreased
a-SMA protein levels in MSCs (Figure 4E,F). We also observed that Smad2 increased in WJ-MSCs
cocultured with WHCO1 and MDA MB 231 cells (data not shown). These results demonstrate that the
TGF- /Smad signaling pathway is involved in the differentiation of MSCs into TAFs and that TGF-f3
probably is probably produced by both MSCs and cancer cells.

Thus it is possible that cancer cells can attract MSCs to the tumor site and the MSCs can become
part of the TM as TAFs. However other cells can also be a source of TAFs. TAFs are known
as accomplices in increased tumor growth, metastasis and chemoresistance [177,178]. MSCs can
also promote drug resistance both by secreting protective cytokines, and by preventing cancer cell
apoptosis [177]. Our data show that MSCs can be transformed to CAFs by cancer cells through
release of growth factors such as TGF-f3 (Figure 5). Importantly, both WHCO1 and MDA MB 231 cells
co-cultured with “cancer cell activated” WJ-MSCs survive treatment with paclitaxel and cisplatin
better than WHCO1 and MDA MB 231 cancer cells alone (Figure 6).
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Figure 3. Cancer cells trigger MSCs differentiation into tumor associated fibroblasts via the

transforming growth factor-f (TGF-f) /Smad signaling pathway. For the co-culture experiments cells
were co-cultured in 6-transwell plates (size of pore: 0.4 um, Polycarbonate membrane, Costar, Corning,
Cambridge, MA, USA). Mesenchymal stem cells (5 x 105 cells) were cultured in the upper insert and
cancer cells (WHCO1 and MDA MB 231) (5 x 10° cells) were cultured in the lower compartment.
Empty inserts were used for the control group (no cells) and a mixture of MSCs medium and cancer
cell medium (1:1) was used. Medium was changed every 3 days for longer incubation periods and
fresh TGF-f and reagents were added. TGF-f3 and all reagents were added to the media to the final
concentrations as shown. At specific time points or at the end of the experiment, cells (cancer cells and
MSCs) were harvested and used in various analyses. (A) Western blot analysis of lysates from MSCs
co-cultured with WHCOIL cells for 24 days showing x-smooth muscle actin (x-SMA) and vimentin
protein levels. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a loading control.
(B) Real time quantitative reverse transcription polymerase chain reaction (RT-qPCR) analysis was
performed to assess the expression of Actin, alpha2, smooth muscle, aorta (ACTA2) (x-SMA gene) in
MSCs co-cultured with WHCO1 and MDA MB 231 cancer cells over a 24 day period; (C,D) western blot
analysis of lysates from MSCs co-cultured with WHCOI1 cells for 16 days or after the addition of 10 nM
TGF-p (C) or 1 uM 5-azacytidine (D) for 48 h showing the expression of type I collagen and x-SMA;
(E,F) western blot analysis of lysates from MSCs co-cultured with MDA MB 231 cells for 16 days or
after the addition of 10 nM TGF-§3 (E) or the addition of 1 uM 5-azacytidine (F) for 48 h showing the
expression of type I collagen and «-SMA.

Both WHCO1 and MDA MB 231 cancer cells co-cultured with the above WJ-MSCs for 16 days
survived treatment with cisplatin and paclitaxel better than WHCO1 and MBA MB 231 cell alone
(Figure 6). It is evident that the presence of W]-MSCs, possibly through the release of protein factors,
protected the cancer cells from the effect of the drugs used.
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Figure 4. WHCO1, MDA MB 231 cells and MSCs secrete TGF-3. Mesenchymal stem cells (5 x 10° cells)
were cultured in the upper insert and cancer cells (WHCO1 and MDA MB 231) (5 x 10° cells) were
cultured in the lower compartment as described in Figure 3. At specific time points or at the end of the
experiment, cells (cancer cells and MSCs) were harvested and used in various analyses. (A,B) TGF-3
inhibitor SB431542 was added to the co-culture media to a final concentration of 10 uM. Co-culture
was continued for 16 days after which x-SMA protein levels was determined by western blot analysis.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a loading control. (C,D) MSCs
were treated with TGF-f3 siRNA to a final concentration of 100 nM and co-culture was continued for
16 days. To maintain knockdown of TGF-f3, subsequent transfections were done every other three days
till the end of the experiment. Western blot analysis was performed to evaluate the x-SMA protein
levels in MSCs lysates; (E,F) WHCO1 and MDA MB 231 cells were treated with TGF-3 siRNA to a final
concentration of 100 nM and co-culture was continued for 16 days. To maintain knockdown of TGF-f3,
subsequent transfections were done every other three days till the end of the experiment. Western blot
analysis was performed to evaluate the x-SMA protein levels in MSCs lysates.
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Figure 5. Our co-culture experiments have shown that TGF-$3 plays an important role in the interaction
between cancer cells and MSCs. Our data show that in the long term, WHCO1 and MDA MB 231
cancer cell exposed-Wharton’s Jelly derived-MSCs differentiate into tumor associated fibroblasts (TAFs)
through a TGF-3 /Smad-mediated process.
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Figure 6. Co-cultured cancer cells survive treatment with cisplatin and paclitaxel better than WHCO1
and MDA MB 231 cells alone. WHCO1 and MDA MB 231 cancer cells (5 x 10°) were cultured alone or
co-cultured with WJ-MSCs for 16 days as described in Figure 3. Empty inserts were used for the control
group (no MSCs) and a mixture of MSCs medium and cancer cell medium (1:1) was used. Medium was
changed every 3 days for longer incubation periods. At the end of the incubation, the same number of
WHCO1 and MDA MB 231 cancer cells were treated with increasing concentrations of paclitaxel and
cisplatin for 48 h as shown above. After 48 h, cells were counted with a Countess Cell counter using the
Trypan Blue exclusion method. Cells were expressed as a percentage of cells treated with 0.1% DMSO
(control). Experiments were repeated three times. * p < 0.05.

3.3. The Role of the Extracellular Matrix in Chemotherapeutic Resistance

The ECM is the crucial non-cellular component of the TM and consists of mainly glycoproteins,
proteins and proteoglycans [179]. The ECM plays key roles in tissue maintenance and function.
The ECM regulates cellular behavior directly and indirectly [179]. Due to the crucial roles the ECM
plays in vivo, a number of mechanisms are involved in the regulation of ECM production, degradation
and remodeling [180]. Perturbation of these mechanisms can promote pathological conditions such as
fibrosis and cancer [179,181]. The physical properties of the ECM determines its role as a scaffolding to
maintain tissue structure and function [179]. It also controls the behavior of cells through proliferation,
differentiation and signaling pathways [182,183]. The signaling abilities of the ECM’s biochemical
properties permits interactions between cells and their environment [179]. The composition and
structure of the ECM is precisely tuned according to the needs of the surrounding cells. This is
achieved through the release of soluble factors such as growth factors and chemokines. Besides serving
as a physical scaffold onto which cells are anchored, the ECM provides signals necessary for cellular
growth, migration and differentiation. Both physical and chemical properties of the ECM can influence
cellular behaviors and these properties can be altered in cancer. ECM remodeling involves many
enzymes, including matrix degrading enzymes including MMPs, lysyl oxidase (LOX), tissue inhibitors
of metalloproteinases (TIMPs) and cathepsins [60]. Thus the composition of the ECM in cancer is a
very important factor in deciding the efficacy of many drugs. Most cancer cell behavior is affected by
the surrounding ECM. Effective cancer treatment requires knowledge of the cancer-ECM interactions
in addition to the interactions with other TM components.
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Due to its plasticity, the ECM has been ascribed both pro-tumorigenic and anti-tumorigenic
properties. Initially thought to be a passive bystander, the ECM is emerging as a key player in
malignant initiation, progression and chemoresistance. It is likely that the ECM inhibits early tumor
growth and at later stages becomes pro-tumorigenic. Several studies have shown that the ECM
present in the TM influence disease progression and is a major indicator of clinical prognosis. High
levels of protease inhibitors within the ECM is associated with a good clinical outcome whilst
high levels of surface receptors such as integrins and MMPs are associated with a poor outcome
and relapse of disease. The ECM and its associated proteins, now referred to as the ‘matrisome’,
is synthesized by different types of cells within the TM. The manipulation of the ECM and its
ligands offers an attractive therapeutic avenue to eradicate cancer. Many studies have shown
that matrix stiffness can influence cellular adhesion to surfaces, migration, differentiation and even
proliferation [27,89,184-186]. Cells migrating to other regions have been shown to be softer and more
pliable than benign cells. In general the tumor surrounding-ECM has been found to be stiffer than
the ECM surrounding healthy tissues [23,51,186-191]. The stiffening observed in cancer is thought to
be linked to fibrosis and deposition of collagen as shown in breast cancer [139,192-195]. Studies have
showed that a stiff microenvironment induces tumor progression and malignancy through integrin
signaling as a result of ECM tumor-associated remodeling [106,107,179,196]. Several studies have
reported that tumor metastasis is promoted by ECM stiffening through the action of lysyl oxidase and
the increased deposition of collagens and fibronectin. Stiffened ECM downregulates the expression of
genes associated with cell cycle inhibition. MicroRNAs are reportedly induced by matrix stiffening and
these microRNAs downregulates the expression of PTEN, a tumor suppressor protein. This has the
effect of increasing PI3K-Akt activity, a survival pathway implicated in tumor growth and metastasis.
Inhibition of lysyl oxidase (LOX) softens the ECM [197]. ECM abnormality is known to result in
cancer cell growth, survival, migration and anticancer drug resistance [179]. However, the ECM is
composed of many constituents and as such it is difficult to pinpoint the role of each component on
tumor progression. It is likewise difficult to recapitulate the in vivo situation in an in vitro setting in
order to study the effect of each individual TM component on tumor progression and chemoresistance.

Several ECM proteins have been associated with resistance to chemotherapy. Fibronectin has
been associated with increased migration of several cancer cells [198-201]. Changes in ECM elasticity
and stiffness are some of the factors known to affect drug delivery to cancer cells. ECM stiffness has
been associated with tumor initiation in many cancer types. Dysregulation of ECM remodeling can
result in the evasion of apoptosis by mutant cells, enlargement of CSC pool and disruption of tissue
polarity [179]. Like normal cells, tumor cells need nutrients, oxygen and waste exchange [179]. These
needs are met by angiogenesis, which results in increase in tumor size, and by lymphangiogenesis, the
growth of lymphatic blood vessels [179]. Diffusion and pressure are associated with drug delivery
in the interstitial spaces. ECM remodeling promotes drug resistance in the form of physical barrier
that dissolve or delay drug delivery [202]. Interaction of the ECM with other cells has been considered
to be involved in the promotion of chemoresistance through the activation of survival proteins [203].
These survival pathways include PI3K/AKT, p53 and MAPK which have been demonstrated to be
activated upon the binding to ECM. Cancer should no longer be viewed as a disease of mis-regulated or
mutated genomes. That tumors are like organs is illustrated more by their dependent on angiogenesis.
The tumor’s need for nutrients and oxygen, supplied via the bloodstream, makes angiogenesis a
necessity for tumor growth. Several factors are released by stromal cells within the TM to initiate and
to allow tumor vascularization to occur.

3.3.1. Collagen

Collagen is the main ECM protein synthesized in several tissues. Collagen is known to promote
cancer cell clustering and invasiveness. Collagen is an ECM protein for scaffolding and provides tissue
strength and support. The structural organization and level of collagens within tissues can indirectly
influence drug efficacy. Type [ and IV collagen can promote drug resistance through the interaction
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with integrins on cancer cells [204,205]. An environment rich in collagen is known to activate several
signaling pathways such as MEK-ERK and the Wnt/B-catenin pathways. Increased expression
of ECM proteins such as collagen by cancer cells further limits the diffusion of chemotherapeutic
drugs into cancer tissues [206-208]. Drug delivery is significantly limited by tortuous and dense
tumor ECM [207,208]. The expression of collagen play a crucial role in both drug resistance at
the cellular level and tissue mediated drug resistance [206]. Interaction of ECM proteins including
collagens with cancer cells can alter the cancer cell response to the presence of chemotherapeutic
reagents [206,209]. Several studies have shown that high levels of expression of collagen genes was
associated with drug resistance in ovarian and breast cancer cell lines [206,210]. The time needed for
drugs to penetrate through collagen fibers before reaching cancer cells is lengthened, which can result
in drug resistance [211].

ECM that contains large amount of collagen enhances tumor progression and invasiveness [204,210,212].
Pancreatic ductal adenocarcinoma (PDA) is one of the most aggressive human malignancies and a
leading cause of cancer mortality. A unique molecular hallmark associated with PDA is the presence
of dense collagen-rich fibrosis [213]. Increased expression of type I collagen has been associated with
increased risk of metastasis in several cancer types [213-215]. Pancreatic cancer cells cultured in 3D
collagen showed decreased sensitivity to gemcitabine therapy and increased proliferation despite
drug treatment [213,216]. Collagen type XI ol (COL11A1) is a member of collagen family, which is
the important component of the interstitial ECM. Overexpression of COL11A1 is associated with
progression of several cancers and poor survival [177,178,217]. COL11A1 expression has been
demonstrated to be high in cisplatin-resistance ovarian cancer cells [218,219]. In addition, COL11A1
promotes ovarian cancer cell chemoresistance through the activation of signaling pathways such Akt
and PDK1 pathways [219]. The deposition of collagens, expression of LOX and increased ECM stiffness
in breast cancer resulted in increased adhesion and PIK3 activity [197]. These findings suggest that the
TM induces chemo-protection and increases cancer cell survival through remodeling of components in
the ECM.

3.3.2. Laminin

Laminin constitutes a major family of the ECM proteins in the basal lamina and is known to
affect cellular processes such as differentiation, adhesion and migration [220,221]. This family of ECM
proteins plays a key role in the invasive behavior of several cancer cells. Laminin-332 (LN-332) is
a heterotrimer made of 33, a3 and y2 chains that has been shown to be key in cell adhesion and
cancer metastasis [220-223]. Laminin-332 is involved in maintaining the self-renewal abilities of
CSCs and has been implicated in resistance to sorafenib and doxorubicin [223]. Laminin (33 chain
expression is associated with poor outcome in colorectal cancer and is related to chemoresistance to
5-FU-based chemotherapy regimens [222]. Another family member, Laminin 31 (LAMB1), is increased
in paclitaxel-resistance cell lines [220].

LN-332 can bind the integrin a3p1 receptor which is reported to be enhanced in gefitinib
resistance in hepatocellular carcinomas (HCCs) [224]. LN-integrin interactions increase cell survival
and chemoresistance through the activation of mTOR [223,225]. It was demonstrated that LN-332
does not only protect hepatic cancer cells against therapeutic drugs but it promotes cell proliferation
upon sorafenib exposure [223]. LN-332 and its y2-chain play a key role in CSC self-renewal and
differentiation and in maintaining and supporting quiescence as part of the human hepatic cancer stem
cell niche [223]. LN protects pancreatic cells from gemcitabine induced apoptosis and cytotoxicity [226].
The protection of pancreatic cells by LN is a result of the activation of focal adhesion kinase (FAK),
itself a result gemcitabine resistance induced apoptosis [226].

3.3.3. Fibronectin

Fibronectin (FN) plays a crucial role in growth, differentiation, adhesion and migration [227].
Fibronectins are glycoproteins that attach cells to collagen fibers in the ECM, facilitating movement
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of cells through the ECM [227]. Fibronectin binds to cell surface integrins and collagen resulting in
reorganization of the cell’s cytoskeleton allowing movement of cells. Fibronectin has been found to be
key in wound healing and in cancer initiation and progression [200]. Increased tumorigenicity and
resistance to apoptosis-inducing therapeutic drugs in lung cancer is achieved when lung carcinoma
cells adhere to FN [228]. Overexpression of EN at the invasion front and in tumor stroma is observed
in head and neck squamous cell carcinomas (HNSCCs) [229]. Increased expression of FN in HSCC is
associated with decreased survival of patients [200]. FN induced migration of carcinoma collectives
through av36 and a931 integrins [200]. Small-cell lung cancer cells (SCLC) that adhered to laminin,
collagen and fibronectin were found to be protected from apoptosis induced by chemotherapeutic
drugs compared to those that were grown on plastic [228]. FN facilitated non-small cell lung carcinoma
cell (NSCLC) growth and reduced apoptosis through induction of cyclooxygenase-2 (COX-2) and
activation of integrin «5p31 [230]. These effects were correlated with activation of many kinase signaling
pathways such as MEK-ERK and Rho kinase signaling pathways [231]. FN adhesion led to protection
of tumor cells against docetaxel-induced apoptosis [223,231,232].

3.3.4. Periostin

Periostin, a secretory protein also known as osteoblast-specific factor 2, is expressed as an
extracellular matrix protein [233,234]. It is a cell adhesion protein that plays important roles in
tooth and bone tissue homeostasis and development. It has also been found to be key in cardiac
development and healing [220,233,234]. Overexpression of periostin has been implicated in many
types of cancer such as gastric, colon, esophageal, ovarian, thyroid, lung, breast and head and neck
carcinomas [233,234]. It regulates cell-matrix interactions through binding to fibronectin, type I/V
collagen and tenascin C [234]. Periostin is a ligand for integrins such as av33, av35 and «634 [235].
It interacts with several signaling pathways such as Notch 1 and B-catenin signaling. It has been
demonstrated that periostin in normal esophagus is significantly lower than in esophageal squamous
cell carcinoma (ESCC) [234,235]. Periostin induces the PI3K-Akt signaling pathway by binding as
a ligand to av33 and avf35 integrins in esophageal cancer [176]. Periostin also increases cancer cell
proliferation and EMT in nicotine-induced gastric cancer [176]. Periostin is overexpressed in gastric
cancer cells that are resistance to cisplatin and 5-fluorouracil (5-FU) [234]. It was shown that periostin
levels correlated with tumor angiogenesis and tumor recurrence [236]. In epithelial ovarian carcinoma,
periostin induced Akt phosphorylation to increase resistance to paclitaxel [237]. Periostin not only
serves as a prognostic factor for clinical outcome but also plays a role in resistance in several tumor
cell types [238].

4. Strategies to Overcome Chemoresistance

To date most remedies for cancer have tended to focus directly on intrinsic characteristics of cancer
cells. This is despite the fact that a tumor is a heterogeneous mixture of cancer cells, stromal cells and
the extracellular matrix. Indeed, heterogeneity occurs at every level in cancer cells. Targeting stable
stromal cells, with less or no genetic mutations, therefore is appealing. Stromal cells, due to their stable
genetic makeup, are less likely to develop resistance to therapeutic agents. Perturbing or removing all
the supporting cells and non-cellular components in the TM should ultimately lead to tumor regression
or tumor cell reversion. Most stromal components can be engineered to be anti-tumorigenic due to
their pliable behaviors. Given the heterogeneity evident in all cancers, it is imperative to study the TM
as a possible avenue for cancer treatment. Indeed, several reports on combination therapies against
both cancer and stromal cells appear to show promising outcomes in animal studies and in early
phases of clinical trials. Several important aspects of TM-directed therapies need to be researched
further. For example, the use of MSCs in cancer treatment needs to be studied further as several studies
have shown that over time MSCs can be converted to ‘cancer associated fibroblasts’. Thus benefits
derived from MSCs might be negated in the long run if MSCs are converted to CAFs. We advocate for
the inclusion of TM components in in vitro experimental systems in order to delineate the role of TM
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components on cancer cell growth and metastasis. Novel animal models that are able to initiate tumors
within native tissues will advance our understanding of the involvement of the TM in malignant
initiation and development.

The efficacy of chemotherapeutic drugs may be impaired in several ways including limited
delivery of drugs, cell death inhibition, drug inactivation, drug target alteration, EMT, the involvement
of the TM or any combination of these factors. Therefore, combination therapy appear to be a
reasonable solution to prevent drug resistance in many cancer types. Several novel ways have
been suggested to overcome drugs resistance due to microenvironmental factors. Before treatment,
administration of antiangiogenic therapy can help to remove extra capillaries and abnormal blood
vessels leading to a reduction in the pressure of the interstitial fluid [239-242]. Other suggestions
include damaging already existing blood vessels leading to solid tumor vessel permeability and
increased drug delivery [184,243-245]. It should be recalled however that several strategies that target
tumors inadvertently affect normal tissues as well.

Another effective way to improve drug penetration and efficacy is to inhibit sequestrations of
drugs in cellular compartments such as endosomes [246-251]. Yet another strategy involve modifying
the ECM to enable enhanced penetration of drugs into solid tumors [187,252-254]. Caution must
be exercised however as ECM modification can promote cancer metastasis [255-258]. Modifying or
degrading even part of the ECM might create a highway through which cancer cells can migrate to
other tissues or organs [257,259-261].

The ABC transporters are an important mechanism for drug resistance. As mentioned above,
ABC transporters play a role in protecting tissues from toxins but they also play a role in the uptake
of drugs and delivery to their target molecules. As a result, targeting ABC transporters could be
used in the treatment of cancer in future. Great interest has been shown towards the manufacture of
anti-ABC drugs. Inhibitors against P glycoprotein may be considered to be the best treatment of cancer
and prevention of MDR. Additionally, Chen et al. showed that activation protein kinase D isoform
2 (PKD2) is an important modulator of MDR and P-glycoprotein expression in paclitaxel-treated
breast cancer cell lines [262]. The same study also demonstrated that sShRNA knockdown of PDK2 in
breast cancer cell lines resulted in significant decrease in resistance to anticancer agent paclitaxel [262].
These results suggest that inhibition of MDR and P-gp through the inactivation of PKD2 might be
a potential strategy to overcome chemoresistance. However, due to the specificity of the anti-ABC
drugs, each patient’s ABC profile and expression levels will need to be determined before treatment
using these drugs. The use of antibodies has been successful in increasing the efficacy of anticancer
drugs and reducing growth factors which are overexpressed in breast cancer. The use of trastuzumab
against the human epidermal growth factor receptor 2 (HER?2), a protein involved in the development
of breast cancer, was found to increase the efficacy of chemotherapy in metastatic breast cancer that
overexpresses HER2 [263]. Another example is the monoclonal antibody cetuximab, which specifically
blocks EGEFR that is overexpressed in several cancers. Cetuximab is effective in patients who were
resistant to treatment with fluorouracil and irinotecan in colorectal cancer [264].

Epithelial-to-mesenchymal transition (EMT) is one of the factors that contributes to
chemoresistance and therefore future drug discovery targeting EMT should be considered [62]. Drugs
targeting the TM are better potential strategies to overcome chemoresistance. More especially by
targeting the hypoxic regions of tumors to improve drug delivery. Using combinational therapies
targeting different stromal cells (such as MSCs, CAFs, ECM) found in the TM can enhance the
efficacy of many antitumor agents. This can be achieved by understanding the mechanisms of
cell-ECM interactions and using drugs that inhibit components involved in ECM remodeling. How
chemotherapy affects the TM stromal components is only now becoming clear. Several strategies
targeting stroma-initiated signaling are being explored to combat drug resistance. Very few studies,
however, have focused on how stromal components respond to chemotherapy and how this contribute
to chemoresistance. Recent studies have shown that stroma cells develop drug resistance in the
same way as cancer cells, and that stromal cell-drug resistance is vital for cancer cell drug resistance.
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Targeting the TM and stroma-initiated signaling might be effective ways of killing cancer cells if done
in combination with conventional therapy. The protective effect provided by stromal cells to cancer
cells can be blocked through selective inhibition of specific receptors.

Lastly, many in vitro models utilized during drug development do not recapitulate the in vivo
tumor environment. Most drug development assays are done on 2D cancer cell monolayer cultures
where cancer cells are fully exposed to chemotherapeutic reagents do not show drug resistance.
Of late, several 3D models have been developed to study cancer cell behavior in vitro. Multicellular
tumor spheroids are being used as in vitro tumors and novel information is being obtained. While
3D culture of cancer cells recapitulate the in vivo tumor environment better than 2D culture, cancer
cell drug resistance in 3D culture is not only due to cellular changes. Drug distribution in 3D is
affected by many other factors such as the presence of ECM components and soluble factors within
the microenvironment milieu. The involvement of biomedical engineers in the development of 3D
culture models is important since many of these models take into account ECM biophysical properties
and controllability in designing the best model. Finally, to fully recapitulate the 3D setting it will be
important to include a vascular component such as endothelial cells.

5. Conclusions

The future success of cancer therapy is dependent in part on the ability to identify and target
mechanisms and pathways involved in chemotherapy resistance. Several targeted strategies including
the use of monoclonal antibodies still require a proper understanding of chemoresistance before
successful treatment is achieved. Strategies to inhibit processes such as EMT and the removal of
supporting stromal cells and the ECM are some of the ways being envisaged to treat cancer in the
future. Importantly, the role of the TM components in tumor development and metastasis is now under
greater scrutiny. The efficacy of chemotherapy is impaired by reduced delivery of drugs to tumor cells
leading to resistance of many anticancer agents. Drug inactivation, inhibition of apoptosis, EMT and
the TM play an essential role in events leading to drug resistance and relapse. Tumor associated ECM
also plays a role in chemoresistance by providing an environment that stimulates survival pathways.
Unlike tumor cells, the components of the TM do not harbor genetic mutations. TM- or stromal directed
therapies appear to be gaining ground as they can be used in combination with conventional therapies
to control malignant progression. Unfortunately, as many studies have shown, several therapeutic
targets identified in stromal cells are common to tumor cells as well, presenting a huge conundrum to
scientists. Clinical trials targeting a dysregulated TM show some avenues that can be taken to engineer
stromal cells to modulate conventional therapeutic efficacy. Therefore, multiple drugs targeting the TM
and inhibiting tumor-stroma interactions may be important strategies to overcome chemoresistance
and improve cancer treatment.
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