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ABSTRACT

Ovarian Cancer (OvCa) is the deadliest gynecological cancer, with 90% of mortality
being a direct result of metastasis. At this late stage, ovarian cancer is more challenging
to treat, with only approximately 20% of women at an advanced-stage surviving beyond
12 years after treatment. Tumorigenesis is complex, and the heterogeneity of most
tumors further exacerbates attempts for developing therapeutics. Several factors play a
role in the elucidation of processes, one of which is the cellular microenvironment. The
current consensus in cancer research is that 3D microenvironments are needed to better
mimic in vivo response of tumors to drugs. This study will evaluate the feasibility of
using a novel micropatterned substrate that enables 3D microenvironments for in vitro
investigations of OvCa. The substrate was created through technologies used in
integrated circuit fabrication utilizing micropatterns of titanium diboride etched on a
silicon wafer (Si-TiB2). TiB2 micropatterns on the Si background establish stiffness,
roughness, wetness, and charge gradients to induce selective deposition of growth
factors, enabling self-assembly of cells into 3D aggregates. OVCAR3 and SKOV3 cell
lines were used in the absence/presence of pan-genome epigenetic drugs such as
suberoylanilide hydroxamic acid (SAHA). The micropatterned substrate supported cell
proliferation, migration, and aggregate formation while maintaining phenotype and
viability. Treating aggregates with SAHA maintained cell viability but caused
disaggregation of SKOV3 aggregates. The micropatterned substrate allows
investigations of drug therapy for cancer treatment. Furthermore, results suggest that

epigenetic treatments have potential use for OvCa treatment.
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CHAPTER 1 INTRODUCTION
1.1 Motivation

A collective term for distinct diseases of different etiology, biomarker
expression, and prognosis, Ovarian Cancer (OvCa) ranks fifth in the causes of cancer-
related deaths among women. The most common OvCa subtype is epithelial, which
accounts for 90% of all cases, and its invasive and malignant form accounts for 70% of
all OvCa cases (Fig. 1.1) [1,2]. Interestingly, recent research suggests that most OvCa
often originates in other organs, such as the fallopian tube, endometrium,
gastrointestinal tract, endocervix, or urinary bladder. Intra-abdominal dissemination is
particularly prevalent in epithelial ovarian cancer (Fig. 1). Metastatic cells often
disseminate and grow in the intra-abdominal space in gastrointestinal (GI) and
gynecological cancers. Moreover, it is sometimes difficult to differentiate ovarian
carcinomas from tumors of the GI tract [15-17,20].

There’s a number of genetic, physiological, and lifestyle-related factors that
have been considered to play an etiologic role in OvCa. The main genetic factors include
epigenetic silencing, heritable, or somatic mutations of DNA repair proteins, such as
CDK12, and DNA copy number. Other genetic factors include mutations in the BRCA1
and BRCA?2 genes, as well as the genes related to other cancer syndromes linked to an
increased risk of ovarian cancer, such as PTEN (tumor hamartoma syndrome), STK11
(Peutz-Jeghers syndrome), MUTYH (MUTY H-associated polyposis and colon cancer)
[21-23]. Moreover, different alterations of cytokines and chemokines as well

disturbances of the hormonal environment during reproductive and menopausal age can
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distinctively affect the phenotype of these malignant precursors, thereby potentially
promoting or even promoting a specific stage in the process of OvCa origin and

progression [24-26].

Stage | Stage Il Stage Il Stage IV

2 N e T s N e N

W I W

cancer spread to
abdominal cavity distant metastases
or lymph nodes

tumor in one or cancer spread
bilateral ovaries inside the pelvis

OVARIAN CANCER

survival rates

Invasive Ovarian Ovarian Fallopian
epithelial stromal germ cell tube

ovarian cancer tumors tumors carcinoma
Stage 1 90% 95% 98% 87%
Stage 2 70% 78% 94% 86%
Stage 3 39% 65% 87% 52%
Stage 4 17% 35% 69% 40%

Figure 1.1: (A) Staging of OvCa according to the size of the primary tumor, and the
extent the disease has spread to other locations. The stage at diagnosis can greatly affect
prognosis — National Ovarian Cancer Coalition. (B) The 5-year survival rate for various
types of ovarian cancer — American Cancer Society, Healthline. The average 5-year
survival rate for all the mentioned types is 45%. [Figure taken from the National Ovarian
Cancer Coalition, the American Cancer Society, and Healthline [1,2]].



With a prevalence of 1 in 2,500 in post-menopausal women, OvCa presents an
exceptionally high mortality rate across all types (Fig. 1.2A). As of this year, annually
over two hundred and ninety-five thousand women are diagnosed with ovarian cancer,
most of which are at Stage IIl of the disease’s progression. What’s even more
astounding is that these numbers are predicted to increase by 55% with the number of
deaths rising to 70% (Fig. 1.2B). This means hundreds of thousands of annual deaths
are caused by this one form of cancer [1,3,27]. The grim outlook for patients is partly
due in part to the heterogeneity of the disease, the lack of sensitive screening test to
detect early stages of the disease, and the fact that 75% of cases are not presented until
cancer has metastasized [28,29].

Early OvCa is often symptom-free. Moreover, although routine pelvic exams,
such as a pap smear, can be useful in finding some gynecologic cancers at an early stage,
in most cases early ovarian tumors are difficult or impossible to detect via these methods
due to the relative inaccessibility of the ovaries. This often leads to a delay in the
detection of borderline tumors and other ovarian malignancies[30].

Moreover, the American Cancer Society and the American College of
Obstetrician and Gynecologists (ACOG) do not recommend screening for ovarian
cancer in average-risk women due to the lack of established identifiable histologic
precursor lesions or molecular events that precede malignant transformation and the fact
that risks and harms outweigh the benefits [31]. As of now, the search for an ideal
screening test for OvCa has been ongoing.

Transvaginal ultrasound (TVUS), Carcinoma Antigen (CA)-125 blood tests, and
bimanual pelvic examination have been used in various studies to evaluate their role as
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screening tests, however, they have not found much supportive evidence as far as

accuracy or sensitivity [21,27,30,31].
Today: By 2035:

295,000+ 53 =19

women around the world are diagnosed new cases of ovarian

annually with ovarian cancer cancer diagnosed
each year

760,000+

women around the world are within 5 years
of an ovarian cancer diagnosis

184,000+

deaths are caused by ovarian
cancer every year

OVARIAN CANCER SURVIVAL RATE

Patients Diagnosed with Distant (Metastatic) Cancer Between 2000-2015
CTCA (n=237) and SEER* (n=40,893)

95
88
78
71
61
54
43
38 ‘ 32
i I

0.5 1 15 2 25 3 35 4 45 5

Years (after initial diagnosis)

I CTCA N SEER

Figure 1.2: (A) Statistics of Ovarian Cancer from Today to the year 2035. International
Federation of Gynecology & Obstetrics — World Ovarian Cancer Coalition — WOCD
Statistics. (B) CTCA and SEER survival rates for ovarian cancer patients with the
distant (metastatic) disease who were diagnosed between 2000 and 2015. CTCA data
comes from the Cancer Treatment Centers of America. While SEER data represent
national results over a large number of institutions. [Figures taken from the World
Ovarian Cancer Coalition, Cancer Treatment Centers of America, the National Cancer
Institute’s Surveillance, Epidemiology, and End Results (SEER) Program database, and
the National Cancer Database (NCDB) [3,4]].
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TVUS screens by using sound waves to look at the uterus, fallopian tubes, and
ovaries. It can help find a mass in the ovary, but it can’t determine if a mass is malignant

or benign. When it is used for screening, most of the masses found are benign, which
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has led to greater unnecessary surgeries. On the other hand, CA-125 blood tests screen
for a mucin glycoprotein that is known to enable tumor cell growth, promote cell
motility, and facilitate invasion through its selective mesothelial binding and induction
of cell-cell interaction in tumorigenesis. Although CA-125 tests have been seen as
useful tumor markers in women known to have ovarian cancer, because a high level
often goes down if treatment is working, high levels of CA-125 are more often caused
by common conditions such as endometriosis and pelvic inflammatory disease.
Moreover, not everyone with ovarian cancer has elevated CA-125 levels; thus false
positives are more common, which leads to a cycle of more tests [32,33].

Currently, there are essentially two treatment approaches for OvCa: Local or
Systemic. Local treatments attempt to address the tumor with minimal effect to the rest
of the body, while systemic treatments aim to reach cancer cells regardless of their
location and address more symptoms. The most commonly advised therapeutic option
to treat patients with OvCa involves surgically removing as much of the tumor as
possible, followed by treatment with adjuvant platinum or taxane-based therapy, often
utilizing Cisplatin and Paclitaxel [32,34]. Surgery often means seeing how far cancer
has spread and removing what is necessary; how much surgery you have also depended
on how your general health is. If your tumor isn’t properly excised, you may need to
have more surgery in the future. Chemotherapy can be useful to kill very small amounts
of cancer cells that may still be around after surgery, in the case of post-metastasis
tumors, or to shrink very large tumors to make surgery easier. Most of the time,
chemotherapy uses drugs that are injected intravenously; however, in some cases an

intraperitoneal catheter is used [35-38].



Four decades' worth of studies and clinical experiments suggested that
combination chemotherapy with platinum/taxane should be accepted as the standard
regimen in advanced ovarian cancer with several randomized clinical trials
demonstrating a survival advantage for advanced-stage patients. Alternatively, the
development of differential subtype and stage-specific treatment shows the greatest
potential at improving survival rates, especially as different subtypes have been shown
to exhibit varying responses to chemotherapy. Many possible new treatment options are
emerging from recent clinical trials, based both on the modifications of standard
approaches and on the addition of new biological drugs to the standard treatment
[39,40].

There is an ongoing debate whether single or multi-agent therapy is more
beneficial, however, combination therapy of drugs and other small molecules
demonstrates the greatest potential through enhancing the therapeutic efficacy of
platinum/taxane-based chemotherapy by increasing drug sensitivity and reducing
resistance. For example, the combination of platinum drugs with bortezomib, a
modulator for copper transporter expression, is a current option for platinum-resistant
solid tumors with promising outcomes. Moreover, compelling data is emerging to show
that a combinational approach in preclinical studies shows induction of immune
signaling [41,42].

In-line with studies covering other cancer types, future advanced treatments
could arise from cancer immunotherapy, smart drug delivery systems, epigenetic drugs,
and the combination of these with traditional chemotherapy. Although in most studied

cancer types fewer than half of patients respond to these immunotherapies, more
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research needs to be conducted especially since current epigenetic therapy has been seen
to alter targeted gene activity without affecting the overall DNA sequence. These drug
classes have been used mainly with liquid cancers so far, but there is an urgent call to
use them on solid tumors, such as OvCa, either as sensitizing agents for chemotherapy
at advanced stages or in combination with chemotherapy. Excitedly, these therapies
have demonstrated an ability to activate the host immune system and reduce the tumor
burden, which further indicates astounding promise for a variety of solid tumors.
However, in most cancer types, fewer than half of patients respond to these
immunotherapies [43,44].

Despite all the research dedicated to OvCa screening and therapy, generally,
70% of advanced-stage ovarian cancer relapses, with even stage I and II patients
experiencing relapse at a rate greater than 20% (Fig. 2B). The survival curve after
recurrence never plateaus, with one study claiming that the post-relapse median is still
2.6 years. This means that OvCa patients, regardless of remission, still have a
particularly poor prognosis, thus the goal of treatment after relapse should be controlling
the disease and symptoms, limiting treatment-related toxicity or other adverse reactions,
and maintaining or improving the patients’ quality of life [45,46].

There has been a plethora of paradoxical data concerning chemotherapy’s effect
on the rate of relapse and metastasis. Due to conflicting results, physicians often hesitate
to prescribe further chemotherapy to recurrent OvCa patients. A complete response to
chemotherapy is rare and induced shrinkage of the tumor does not always ensure the
prolongation of survival. Alternatively, a surgical approach is deemed more clinically
beneficial to patients. Moreover, a less traditional perspective that seems to be gaining
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popularity is the use of topoisomerase inhibitors, epigenetic treatments, and oral
etoposide for platinum-resistant OvCa [36,47]. Additionally, quality of life is an
increasingly important issue in patients with OvCa with most surveys strongly
indicating that relapse of the disease has a profoundly negative psychological and
physical impact [46] The key to improving health outcomes remains timely and accurate
diagnosis, whilst highlighting the importance of time without recurrence and the need
for effective long-term treatment.

Due to the high relapse rates and diverse chemo-resistant forms of OvCa, a
greater understanding of the progression of the disease is needed, to allow earlier
detection with specific biomarkers, as well as the discovery of new therapeutic options.
Recent years have failed to see significant breakthroughs in the treatment of metastatic
OvCa. Over the past hundred years, monolayer (two-dimensional (2D)) cell cultures in
tissue culture flasks have been used as in vitro models to study cellular behavior in
health and disease. Although conventional 2D monolayer cell cultures have greatly
advanced our understanding of cell behavior, there is now growing evidence that the 2D
platforms are not appropriate for cancer cells. Thus, the last few decades have seen
tremendous growth in the development of in vitro 3D cell culture platforms that better
mimic in vivo conditions allowing cancer cells to grow in aggregates or spheroids
[48,49].

Moreover, the use of 3D culture platforms has unequivocally demonstrated that
extracellular matrix (ECM) rich 3D microenvironments significantly impact cell
proliferation, differentiation, mechano-responses, and cell survival [50-52].

Importantly, it is now known that the progression and spread of OvCa are affected by
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ECM stiffness and mechanical forces [53—55]. Consequently, 3D culture models are
finding increasing use in OvCa research. Currently, in vitro 3D culture models for
cancer research include multicellular spheroids grown in suspension, and cells were
grown in naturally derived extracellular matrices (ECM) or natural (collagen) and
synthetic gels. However, these approaches have experimental and interactive
limitations, such as difficulties with spheroid handling and batch-to-batch differences
in spheroid morphology that can affect the reproducibility of experimental outcomes
and limit comparative studies.

We have developed a novel substrate for in vitro 3D culture that mitigates
limitations related to accessibility and handling that are inherent in conventional low
attachment plate or gel-based approaches. This study will evaluate the potential of a
novel micropatterned substrate created through technologies used in integrated circuit
fabrication utilizing micropatterns of titanium diboride etched on a silicon wafer (Si-
TiB2), to study specific OvCa growth and response to drug therapy. TiB2 micropatterns
on the Si background establish stiffness, roughness, wetness, and charge gradients to
induce selective deposition of growth factors, enabling self-assembly into 3D
aggregates. This substrate has been previously validated through growing human
umbilical vein endothelial cells (HUVECs) and human adult bone marrow-derived
mesenchymal stem cells (MSCs) [56]. In this study, ovarian cancer cells were grown on
the substrate, and monitored for proliferation, morphology, and phenotypic changes.
OVCAR3 and SKOV3 ovarian cancer cell lines were used in the absence/presence of

pan-genome epigenetic drug; suberoylanilide hydroxamic acid (SAHA).



1.2 Objective

The overall goal of this study is to evaluate the efficacy of the substrate for 3D culture
of OvCa cells and determine its utility for monitoring the response of cancer cells to

drug therapy. The specific objectives of this study are:

Evaluating the potential of microfabricated silicon substrates with titanium diboride
micropatterns for studying Ovarian Cancer aggregate formation.

* Observing the effects of substrate properties on cell proliferation and morphology.

» Investigating the expression of mesenchymal biomarkers and aggressive behavior on

surfaces with varying stiffness.
e Utilizing the novel substrate to observe the effects of disturbances caused by

epigenetic treatments.
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CHAPTER 2 RELATED WORK
2.1 Ovarian Epithelial Cancer

There are approximately 100 publicly available ovarian cancer cell lines,
however, their cellular and molecular characteristics are largely undescribed. The
Ovarian Cancer Cell Line Panel (OCCP) highlights the clinical importance of
understanding and characterizing the differences of the morphological subtypes via in
vitro studies [57]. OvCa cells lines expressing traditional epithelial-like morphology are
cultured from tissue and are closely adjoined by specialized membrane structures such
as tight, adherent, and gap junctions, while cell lines that express a mesenchymal-like
morphology are extracted from swollen compromised tissue such as in ascites or pleural

effusions and form an organized cell layer.

Genomic profiles for epithelial cell lines indicate that both OVCAR3 and
SKOV3 are considered chemo-resistant serous adenocarcinomas. The maindifferences
between both cell lines are their morphologies and their different levels of invasiveness
(Fig. 2.1A). OVCARS3 has a rounded shape and tends to present less invasion potential,
while SKOV3 has a more spindle-like shape with greater invasion potential (Fig. 2.1B).
Serous tumors commonly arise in the epithelium of the fallopian tube fimbria and
subsequently present as apparent ovarian tumors after implantation in the ovary and
present at an advanced stage, are fast-growing, and spread throughout the peritoneal
cavity [58,59]While studies have shown the genetic mutation of OVCAR3 tumors is
distinct from SKOV3 tumors, their differences in invasiveness behavior are poorly
defined and thus highlight the importance of understanding how the treatment of tumors

with therapeutic options might influence invasive and migratory behavior [60,61].
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Figure 2.1: (A) Grading of OvCa by the histological presentation of the cancerous tissue
compared to healthy tissue. Low-grade tumors grow slower, while high-grade ones
grow faster. — National Ovarian Cancer Coalition. (B) Phase Contrast Image-Based
monitoring of OVCAR3 and SKOV3, highlighting morphological aspects. [Figure
taken from [4,5]].

2.2 Three-Dimensional Culture Systems

Many studies have attempted to better characterize ovarian cancer cell behaviors
utilizing different techniques including two-dimensional (2D) and three-dimensional
(3D) culturing. 2D cell culturing, while simple and affordable, often does not capture
the true cellular arrangement of tumors in vivo. Also, 2D culturing often utilizes cells

grown on a flat, rigid substrate, which deviates from in vivo tissue architecture, and can

12



have an overall negative impact on cellular adhesions and transcriptome profile (Fig. 4)

[52,62].

Additionally, unlike 3D culturing, traditional 2D culturing does not provide the
ability to promote the formation of 3D spheroids which enhances cell-cell endocrine
signaling within the spheroid itself and as reported by Mitra et al. [63]. In a cross-
sectional study focusing on mechanisms of metastasis of BRCA gene associated OvCa
spheroids in 3D culture models, they have compared different 3D scaffolds and
concluded that 3D environments create a more realistic and translational platform for

studying OvCa [64].

Multicellular tumor spheroids may be formed using non-adherent culture
environments such as static suspension, hanging drop method, spinner bioreactor,
rotational bioreactor, magnetic levitation, microfluidic system, and gel embedding (Fig.
2.2A-D) [65,66]. Traditionally 3D spheroids can also be produced via adherent culture
environments like low attachment plates and collagen/Matrigel methods. These
technologies rely on creating cellular aggregates by utilizing non-adherent conditions
or exposing cells to gravitational force and the shear stress of floatation. These models
can capture short-term molecular changes within cells, providing a useful snapshot of

the disease progression [67,68].

More recently, 3D culture techniques are a step forward, as they useengineered
constructs for cell culture substrates to create a three-dimensional microenvironment.
Some examples of 3D substrates available include collagen scaffolds, or hydrogels,

which allow cells to grow in adherent culture environments.
13
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Figure 2.2: (A) Culture methods for OvCa spheroids. Matrigel cultures established in
6-well plates coated with 100% Matrigel containing no microwells. Both standard and
microfluidic cultures contained microwells of the same dimensions (250 pm diameter
and 300 um in depth) for spheroid formation. (B) An image of a microfluidic chamber
containing an array of 19 microwells for spheroid formation. The array of spheroids was
connected to media reservoirs via a transport channel. The dotted square shows the
location of the microwells. Scale bar =5 mm. (C) Schematic depicting seeding of cells
and spheroid formation. (D-E) Adhesive, topographical, mechanical, and soluble cues
in 2D and 3D. The cues encountered by a cell are strikingly different between an ECM-
coated glass or plastic surface (2D) and a typical 3D ECM, such as collagen. [Figures
taken from [6,7]].
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However, low stiffness, limited long-term stability, and batch-to-batch
variability limit these kinds of 3D spheroid culturing techniques [9,53,54,69]. Even with
these limitations, these recent 3D culturing systems provide a unique ability to

investigate the role of extracellular matrices on tumor invasiveness and behavior.

2.3 Mechanical and Chemical Gradients in Tumor Microenvironment

The role of the tumor microenvironment and the reciprocal interactions in
ovarian cancer development is still a relatively new and rapidly advancing field. With
better comprehension, it could present an alternative approach towards controlling
growth, invasion, migration, and metastasis especially for chemo-resistant aggressive
tumors [55,70]. The tumor microenvironment is a keystone of ovarian cancer
progression and chemoresistance, inducing both biochemical and physical cues,
promoting tumor stroma, and biomechanical abnormalities. These abnormalities derive
from different factors including the tumors’ extracellular matrix (ECM) and stromal
cells such as cancer-associated fibroblasts (CAFs), adipocytes, and mesothelial cells
(Fig. 2.3). The tumor stroma aids the progression of tumor growth through the release
of various cytokines and interleukins [71,72]. Additionally, it has been long observed

that on the onset of cancer naturally soft tissues become stiff.
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Figure 2.3: Cellular infiltrates within the tumor microenvironment. These cells
coordinately form a complex regulatory network that fosters tumor growth by creating

an environment that enables cancers to evade immune surveillance and destruction —
Cellular Constituents. [Figure taken from [8]].

In epithelial tissue, the ECM stiffness has been reported to be 3-25 timeshigher
than its normal range of 1-38 kPa when malignant (Fig. 2.4A). Moreover, invasiveness
and ECM stiffening due to malignant matrix deposition occurs in congruence with the
activation of critical mechanosensing signaling pathways involved in promoting
metastasis, cancer stem cell-like phenotype, and maintaining CAF identity [73]. These
mechanosensing and transduction signaling pathways allow cancer cells to sense and
adaptively respond to their physical environment, with soft matrices facilitating

epithelial-to-mesenchymal transition (EMT) phenotype and invasive motility, while



stiff matrices triggering cancer stem-cell-like characteristics, increased matrix

deposition, and the promotion of metastasis (Fig. 6B) [74].
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Figure 2.4: (A) Schematic representation of critical protein-protein interactions at cell-
extracellular matrix (ECM) adhesion sites in cancer cells grown in low [2-7 kPa] (left)
and high [13-18 kPa] (right) stiffness conditions. Several important protein complexes
are formed at the cell-ECM sites that are vital for normal cell function. (B) Nanoscale
fluctuations of traction forces mediate ECM rigidity sensing and guide directed cell
migration. Dynamics of traction forces within individual Fas are essential to direct cells
towards stiff ECM. [Figures taken from [9,10].
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2.4 Malignant Ovarian Cancer and Metastasis

Cancer cells generally differ from non-cancer cells in their capability to spread
throughout the body through two related mechanisms: invasion and metastasis. While
invasion involves the direct extension and penetration by cancer cells into neighboring
tissues, metastasis is the process by which cancer cells move to another place. Invasion
occurs when following proliferation and the progressive increase in tumor size, cancer
cells breach barriers between tissues and extend into adjacent tissue. This is known as
local invasion, and typically is the first stage in the development of secondary tumors

or metastases (Fig. 2.5A).

During the process of metastasis cancer cells penetrate the lymphatic system and
blood vessels, and circulate through these systems to finally invade normal tissues
elsewhere in the body (Fig 2.5B) [28,75,76]. In both invasion and metastasis, decreased
synthesis of substances that bind cancer cells to neighbor cells, together with the
abnormal synthesis of enzymes capable of degrading the bonds between cells and
tissues, allow the cancer cells to escape the primary tumor site [77,78]. The sequential
events that need to be completed for a cancer cell to metastasize successfully, is called
the metastatic cascade. The metastatic cascade includes the loss of adhesion between
cells, resulting in the dissociation of the cell from the primary tumor, and subsequently
the ability of the cell to attain a motile phenotype via changes in the cell to matrix

interaction.

The detachment and escape of cells from theprimary tumor is orchestrated by a

process known as epithelial-to-mesenchymal transition (EMT). This is a dynamic
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process wherein epithelial cells go through multiple biochemical and morphological
changes enabling them to assume a mesenchymal phenotype with enhanced migratory

and invasive capabilities [79-81].

EMT involves a change in cadherin and integrin expressions, and an increase in
proteolytic pathways, leading to a mesenchymal morphology and increased invasive
potential (Fig. 2.5). EMT is a phenomenon typically associated with epithelial cells in

which the normal physiological state is characterized by a lack of vimentin [82—84].

EMT characterization varies slightly between cancer types, however, there are
consistent occurrences such as increased expression of mesenchymal marker vimentin,
accompanied by decreased epithelium like cytoskeletal morphology and increased
elongated mesenchymal-like cytoskeletal morphology. These changes and the induction
of proteases for extracellular matrix (ECM) degradation allows for OvCa cells to
disseminate from the primary tumor into the peritoneal cavity, where they must then
overcome anoikis, before undergoing a mesenchymal to epithelial transition (MET), to
seed on the peritoneal wall or omentum and have access to important components of the

stroma, such as a rich supply of CAFs [73,85,86].
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Figure 2.5: Effect of epithelial-to-mesenchymal (EMT) plasticity during ovarian
cancer progression. (A) The progression of OvCa spheroids from the peritoneum, to
spheroid formation (B), and ascites (C). [Figures taken from [11,12]].
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2.5 Treatment Approach of Malignant Ovarian Cancer

The deteriorating prognosis of OvCa patients lies in the fact that 3D spheroid
tumor formation can decrease tumor sensitivity to biotherapies. Studies are showing that
the current treatment approach with chemotherapeutics may be inducing EMT, thus it
1s crucial to better characterize biochemical and physical mechanisms behind the disease
progression [65,87,88]. There is increasing research suggesting that a multifaceted
therapeutic approach is more beneficial. The development of differential subtype and
stage-specific treatments have shown potential for improved survival, especially as
different cancer subtypes have been shown to exhibit a different response to
chemotherapy [89].

Recently, epigenetic therapy has been proposed as a mechanism for upregulating
or downregulating oncogenes to sensitize tumors to immune checkpoint therapy [74,90—
92]. DNA hypermethylation can result in the emergence of tumor phenotypes [93],and
OvCa is known to show Tumor Suppressor Gene (TSQ) silencing, via hypoacetylation
[22,94,95]. The deacetylation of the DNA promotes the downregulation of many onco
suppressing genes, which may be inhibited by histone deacetylase inhibitors (HDACi)
(Fig. 2.6). HDAC:s can up-regulate a wide range of genes involved in immune signaling

in breast, lung, colon, and ovarian cancer cells [95,96].
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Figure 2.6: Epigenetic treatment mechanism. (A) Oncogenesis is the consequence of
genetic as well as epigenetic alterations of the cell. [Figure taken from [13]].

2.6 Effect of SAHA on Ovarian Cancer

Suberoylanilide Hydroxamic (SAHA) (Fig. 2.7) is a novelty drug that was first
introduced as a treatment for lymphoma and is currently being evaluated in clinical and
pre-clinical studies for its use on OvCa [97]. HDAC:i is used to provide global OvCa
epigenomic disruption, potentially removing TSG silencing [98]. There is considerable
evidence suggesting that it affects transcription factors that regulate gene expression of
molecules related to aggressive phenotypes, such as those involved in proliferation,
apoptosis, cell motility, and angiogenesis [13,95,99]. Moreover, SAHA is known to
revert previously chemoresistant cells to a non-resistant phenotype by suppressing

proliferation, inducing apoptosis, reducing migration, and reducing invasion due to an
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upregulation of caspase-3 and caspase-8 and a downregulation of cyclin B1, ERK1/2,
and MMP-9 [96,98,100].
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Figure 2.7: Structural features and Schematic representation of the crystal structure of
the histone deacetylase like protein with SAHA (vorinostat) that inserts into the zinc
molecule at the catalytic pocket. [Figures taken from [14]].

Studies conducted on SKOV3 and OVCAR3 have shown that SAHA inhibits
growth while inducing expression of tumor suppressor genes, apoptosis, G2/M arrest,
and autophagy [101]. In a study conducted by Liu et al., SKOV3 and OVCAR3 primary
cancer cells were isolated from malignant ascites with stage III OvCa and their cytotoxic
activities were evaluated by caspase-3 activation before and after SAHA and Paclitaxel

treatment [100]. Concentrations of 1-20 uM of SAHA were found to kill chemo-
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resistant cells and be as efficient in inducing cell death as Paclitaxel at concentrations
of 3-300 nM. SAHA seemed to act selectively on gene expression, induced growth
arrest, and induced apoptosis at similar levels to Paclitaxel.

As also shown by Chen et al., cells that were exposed to SAHA treatment,
showed higher levels of acetyl-Histone H3 and H4 expression levels when compared
against the aggressive behaviors of ovarian carcinoma, indicating a potential increase in
chemo-sensitivity [99]. Moreover, other studies showed a reduction from 67% to 48%
in OvCa cells when treated with combined Paclitaxel+SAHA treatment as opposed to
just paclitaxel. The combined treatment also reduced migration by the induction of cell-
cycle arrest, apoptosis, and autophagy through upregulation of tumor suppressor genes
pl6 and p53 and inhibiting PI3K/AKT/PTEN signaling pathway. Interestingly, as seen
by several studies such as the one by Mrakovcic and co-workers, HDACi activity seems
to be selective towards cancerous cells and is ineffective at killing normal cells under
cancer-treating concentrations [98]. These observations indicate the possible synergistic

antitumor effects of SAHA treatment [41,102,103].
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CHAPTER 3 METHODS AND MATERIALS
3.1 Micropatterned Substrate Fabrication

Si-TiB2 substrates were fabricated at the University of Houston, Department of
Electrical and Computer Engineering, using varying techniques in the fabrication of
integrated circuits. Silicon nitride was deposited on top of a silicon wafer base, followed
by thermal oxidation to form silicon dioxide. Molten titanium diboride was then
deposited evenly over the silicon wafer before prefabricated chromium masks were used
as a negative photoresist to pattern circular designs of TiB: of varying diameters. The
material was wet-etched from non-patterned areas using 30% hydrogen peroxide,
leaving behind TiB:2 patterns. Substrates were then cleaned in deionized water, acetone,
and isopropyl alcohol. They were then transferred to ethanol and later dried using a
compressed nitrogen (N2) air gun. The experimental evaluation included the following
substrate types, silicon (Si) only, titanium diboride (TiB2) only, and silicon background
with micropatterns of titanium diboride (Si-TiB2). Patterns consisted of variably sized

circles, ranging from diameters of 200pm to 500um.

3.2 Si-TiB:2 Substrate Surface Characterization

Atomic force microscopy (AFM) was performed at the AFM-SEM core of the
Houston Methodist Hospital Research Institute. The surface topography and the root-
mean-square roughness (Rrms) of the substrates were examined by atomic force
microscopy. Peak Force Quantitative Nano Mechanics was performed in the air to
ascertain measurements as per manufacturer instructions. The deflection error

sensitivity was calculated to be 62.97 nm/V. Images were processed and analyzed with
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Bruker NanoScope Analysis software version 1.40 to measure surface roughness (Rq)
[104,105]. Three separate areas (of 25 um2 each) were collected for each surface type
and Rq was calculated on subareas of 500x500nm, with a total of about 60 Rq values

for each surface type.

3.3 Cutting and Cleaning Substrate

Substrates were manually cut into small squares or rectangles, generally between
10-20 mm?2 in area, using a diamond-tipped pen. Before seeding, substrates placed in
clean glass petri dishes with enough deionized water to cover the substrate, and the glass
petri dish was placed in a deionized water-filled ultrasonicator were for 2-3 minutes.
They were then individually scrubbed with a cotton-tipped applicator, followed by the
removal of liquid using an aspirator. This process was repeated in acetone, isopropyl
alcohol, and deionized water. After this, substrates were transferred to a 70% ethanol
solution, imaged and measured, then dried with an air gun in a sterile biosafety cabinet.

Once dry, they were ready to be seeded with cells.

3.4 OVCARS3 and SKOV3 Cell Line Passaging & Seeding

At around 75-85% cell confluency, SKOV3 and OVCAR3 cell lines were
regularly passaged to new flasks. Cells were washed twice in 3 mL 1X phosphate-
buffered saline (PBS) (Sigma-Aldrich H6648). PBS was aspirated, and cells were
incubated with 3 mL of 0.05% 1 mM Trypsin from bovine pancreas (Sigma-Aldrich
59417) in a 37°C humidified, 5% COz2 incubator until cells had detached (3-5 min). The
detachment of cells was visualized under a phase-contrast microscope. When cell

detachment had taken place, 3 mL of Cancer Media (CM) (20% RPMI 1640 with
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glutamine (02-0205 VWR Life Science), 1% antibiotics (Sigma-Aldrich A5955), and
0.1% insulin (ABM TMO053)) was added to the flask. This was followed by transferring
the 6 mL solution from the flask into a 15 mL tube for centrifugation. Solutions were
centrifuged at 98 rcf for 4 minutes in order to form a cell pellet. The supernatant was
aspirated, and 1 mL of fresh media was added to resuspend the pellet in solution and
achieve a uniform suspension of the cells. After which, 12 puL of cell suspension was
added to a hemocytometer, and cells were counted to establish a cell concentration.
Cells were then added to a new culture flask, normally at an amount of 250,000 cells in
5 mL CM. This number was increased or decreased, depending on when confluency for
seeding was required.

Substrates would be seeded at the same time as passaging, and thus would follow
the same initial protocol. After cells were counted, the suspension would be diluted or
concentrated to a final concentration of 1200 cells/uL. Substrates that had beenimaged
and area measured would be placed at the edge of 24-well plates and then seeded
individually based on their surface area (volume = Y2 area of the substrate), to achieve
the desired seeding density (600 cells per mm2). Substrates were left for 5 minutes to
allow cells to settle, then 1 mL of culture media (CM supplemented with 10 ng/mL
human FGF2 (Sigma-Aldrich F0291) + 1% heparin (Sigma-Aldrich H3393) would then
be gradually added to each well, in such a way as to minimize any disturbance to the
cell droplet placed on the substrate. Substrates were then carefully transferred to a

humidified incubator at 37°C with 5% CO:a..
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3.5 Stereomicroscopy

After cleaning, substrates were imaged with an Olympus S2X7 Microscope at
Ix resolution. This image was used to calculate the surface area of the chip, to determine
the volume of cell suspension required for seeding at the desired cell density. The free-
form select tool was used to select the edges of imaged substrates and calculate the
enclosed surface area. Each substrate was imaged prior to seeding by acquiring images
in quadrants to create a set of template mask images, to be used as the background
reference images for longitudinal monitoring of cell growth. Generally, one-four
separate template images were taken, to capture the entire surface of the substrates. This
was subject to substrate size, with fewer images for smaller ones. During
experimentation, images were taken along similar quadrants as defined by the template
mask images, at 2.5x magnification to visualize cellular growth on the substrates as well
as for documenting aggregate formation. These images were taken before seeding, on
day one after seeding, and then every 24-48 hours to monitor cell growth. Substrates
were imaged by carefully removing them from their respective wells, before transferring

to a 35 mm petri dish containing supplemented CM.

3.6 Epigenetic Drug Treatment

A stock solution of SAHA (Cayman Chemical Company, #10009929) was made
to 5 mM, in DMSO (Sigma-Aldrich D8418). SAHA was diluted into CM supplemented
with FGF2 and heparin. SAHA was introduced onto the substrates where aggregates

had already been formed (at day seven after seeding). The concentrations used were 1

28



uM, 3 uM, and 5 uM [106], finally deciding on a sub-lethal dosage of 3 uM for all our

reported data.

3.7 Antibody Staining Protocol

Cells were grown on substrates until the desired time point of growth was
reached. Immunofluorescence imaging was then used to assess functional phenotype
with cell-specific monoclonal antibodies. Cells were fixed in 4% paraformaldehyde
(Electron Microscopy Science 15710) /1X PBS for 15 minutes. They were then washed
twice in 1X PBS for 5 minutes, before blocking in 5% donkey serum/0.15% Triton-X
100 (Jackson ImmunoResearch Laboratories 017-000-121) / 1X PBS for 1 hour, then
washed again twice with 0.2% Triton-X 100/ 1X PBS. Cells were then stained with
primary antibodies by inverting the substrates face down in 80 pL of antibody solution
placed on parafilm lined petri dishes, and then being left covered with foil overnight in
a fridge at 4°C. Primary antibodies included: Vimentin (1:200, rabbit monoclonal anti-
vimentin, Abcam ab16700), and Ki-67 (1:100, mouse monoclonal anti-Ki67, Santa-
Cruz Biotechnology, sc-2390).

Following incubation in primary antibodies, substrates were washed with 1X
PBS twice and then incubated in secondary antibodies, by dropping them face down
into 80 puL of solution placed on parafilm lined petri dishes and left for an hour atroom
temperature in the dark. Secondary antibodies were purchased from Jackson
ImmunoResearch Laboratories and included, Phalloidin-iFluor 488 reagent ab176753
(1:1000) and Alexa-Fluor 594-AffiniPure Donkey Anti-Rabbit (1:500). After the

second incubation and two washes in 0.2% Triton-X 100/ 1X PBS, 10 uL 0of 0.02 mg/mL
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DAPI (Biotium, 40043) was added to the solution, and cells were allowed to stain for
15 minutes in the dark. Substrates were transferred to glass slides, and a droplet (~24
uL) of VECTASHIELD Antifade Mounting Medium (H-1700 Vector Laboratories) was
dropped on top of each, prior to imaging.

Stained substrates were imaged using the Olympus Fluoview 1000 Confocal
Microscope and imaged at 4x and 20x magnifications. Three to five images of circle
varying in size patterns (200, 250, 300, 350, 400, 450, 500um) per substrate at each time
point and magnification were saved (DAPI excitation: 405 nm, F-actin excitation
488nm, Vimentin excitation: 533nm, and Ki-67 excitation 633nm).

Alternatively, viability staining was carried out by transferring substrates to 1.5
mL of 1X PBS in a 35 mL petri dish. In the dark, 0.5 pL of 10 mg/mL Acridine Orange
(AO, Biotium, 40039), 0.5 uL of 1 mg/mL Propidium lodide (PI, Biotium, 40017),and
DAPI at a concentration of 5 uM was added. AO stains the DNA of live cells, and PI is
a membrane-impermeable dye that only enters dead cells with damaged plasma
membranes. Samples were left in the dark for 20 minutes, before confocal microscopy
(DAPI excitation: 405 nm, AO excitation: 488 nm, PI excitation: 533 nm). Analysis of
stained cells was carried out with the Fiji/Image] [107], utilizing custom-written scripts

to determine the percentage of viable cells covering the circular TiB: patterns.

3.8 Statistical Analysis

A macro designed for Imagel was created and used to determine thepercentage
of viable cells growing on the TiB2 micropatterns at different days following seeding.

At least three to five images of circle varying in size patterns (200, 250, 300, 350, 400,
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450, 500um) from each substrate at each time point were analyzed. The macro
automatically computed the thickness of aggregates from z-sections of images of the
DAPI stained nuclei, while manual delineation of the aggregate boundary was used to
compute the diameter of the aggregates. The computed viability was reported by giving
a percentage of AO versus Pl stained cells in a given aggregate.

Statistical analyses were carried out with PHStat in Excel. Comparison of
statistical differences between multiple data sets (> 2) was carried out with ANOVA
and a Tukey-Kramer test, while comparisons between two data sets were carried out
with a Student’s T-Test. Significance was regarded as p < 0.05. Viability confidence
interval estimate for the mean was obtained by pooling together one repeat of
experiments from days 7 and 9 that had similar viability using ANOVA test for
comparisons. Statistical comparison of the architecture (diameter and thickness) of
aggregates on different diameter circles were done by ANOVA test, by pooling together
data of aggregates on the same size patterns of the micropatterned substrates from

different repeats.
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CHAPTER 4 RESULTS
4.1 Surface Characterization of Micropatterned Substrates

Stereomicroscopy images of Si, nonpatterned Si-TiB:z, and Si— TiB2 with circle
patterns with diameters ranging from 200 to 500 um (Fig. 4.1). Si areas appear darker

compared to TiB2 which is relatively brighter.

Silicon Titanium diboride - Variable Circles
Figure 4.1: Stercomicroscope images of substrates taken at a magnification of 2.5x.

Substrates of Si, unpatterned TiB2, and Si-TiB2 with micropatterns of circles of varying
diameters are shown. (scale bar 200 um).

The novel combination of Si and TiB2, differing in material stiffness, hardness,
roughness, wettability, and surface charges, is amenable to microfabrication processes
and supports extended cell culture. In previous work, we have shown that the Si-TiB»
substrates promote preferential and selective cell growth behavior via substrate
mediated protein adsorption [56]. Importantly, growth factors with a heparin-binding
domain in conjunction with heparin play a dominant role in establishing specific cell
growth on the TiB> micropatterns. In their absence, cells exhibit preferential attachment
to TiB, patterns versus Si (i.e., more cells attach to micropatterns versus the Si

background), whereas highly selective growth (i.e., cells attaching only to
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micropatterns) is observed in media supplemented with heparin and growth factors that
have a heparin-binding domain.

Critically, protein-mediated micropattern specificity is not limited to a particular
growth factor supplement or combination; rather, any individual growth factor with a
heparin-binding domain can be used to achieve TiB: pattern-specific growth and 3D
aggregation. In this study, we utilize supplements of basic fibroblast growth factor
(FGF2) with heparin to achieve micropattern specific ovarian cancer cell growth. FGF2
plays a key role in chemotaxis and focal adhesion formation. According to previous
research, FGF2 is known to have an impact on cellular adhesive properties and cell-cell
communication [108]. Based on our previous work [56], it was determined that there
was no significant difference in protein adsorption on chips between 10, 50, and 500
ng/mL of FGF2. For this reason, we chose to supplement our culture media with FGF2
at a dosage of 10 ng/mL. Thus, to utilize the adhesive proteins adsorbed from the
supplemented media and optimize the conditions for cellular growth, we chose to use
cancer media supplemented with FGF2 and heparin.

Furthermore, heparin is known to induce FGF2 stimulation, which is responsible
for cell growth and proliferation [109]. Heparin and FGF2 [110] can also induce
chemotaxis and may also play a role in the adhesive properties of cells to TiB:2
micropatterns via the formation of focal adhesions [10,111]. To observe differential
protein deposition, Atomic Force Microscopy (AFM) was carried out on clean
substrates which had been incubated overnight in cancer media supplemented with 10

ng/ml FGF2 and 1% heparin [106] (Fig. 4.2).
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AFM is a surface probe method of line-scanning the surface to detectnanoscale
topographical changes [109,112]. All substrates were scanned, to detect alterations in
surface topography and roughness, aligned with protein deposition. Nonpatterned Si-
TiB2 substrate incubated in cancer media (CM) supplemented with 1% heparin and 10
ng/ml FGF2, showed a reduction in the layer of protein deposition over the substrate as
opposed to the one supplemented with FGF2 only. On the other hand, Si only substrates
incubated in cancer media with 1% heparin and 10 ng/ml FGF2 showed a visibly greater
reduction in protein deposition (Fig. 4.2). This demonstrates that heparin causes a
differential protein deposition on Si versus that on TiB2. Moreover, the topography of
protein deposition on the TiB2 area is qualitatively relatively uniform while the Si area
shows random clumping of protein deposits.

Overall, AFM results suggest that the addition of heparin causes a visible loss
of deposition for proteins to Si, but not TiB2. These results suggest that heparin has
some form of binding interaction with growth factor proteins, which aligns with
heparin's known induction of FGF2 receptor binding, as well as having an affinity for

other growth factors, such as VEGF [104,113].
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Figure 4.2: Surface characterization of micropatterned substrates. A panel of four
substrates (clockwise): Silicon (Si) with FGF2 without heparin, nonpatterned Si-TiB2
with FGF2 without heparin, nonpatterned Si-TiB2 with 1% heparin and FGF2, and Si
with 1% heparin and FGF2. High-resolution topography images showing Si area with
visibly reduced protein deposition caused by heparin addition compared to TiBa.

Increased surface roughness has also been shown to result in increased cellular
adhesion, proliferation, and lower cytotoxicity [105]. In a previous study, we
determined the average roughness (Rq) for Si was 0.16 nm, whereas the average Rq for

TiB2was 0.28 nm. These roughness values are both in the same category of surface
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finishes; N1 of the German-Swiss norm series [114]. However, a study conducted by
Mutreja et al. indicated that the roughness of Ti increased adhesion and proliferation of
cells [115], and a study by Shiozawa et al. indicated that slight differences in Ti and Ti
alloys’ roughness impacted cell adhesion and allowed for directional cell growth in
nanopatterns [56]. This shows that TiB2 has an impact on cellular proliferation and

aggregation, despite only being slightly rougher than Si.

4.2 Growth of SKOV3 and OVCARS3 on the Micropatterned Substrates

Previous studies have shown that culturing cells on our novel Si-TiB:
micropatterned substrates promotes cellular patterning and the formation of 3D
aggregates in mesenchymal stem cells [106]and ovarian cancer cells [116]. In this study,
we assessed our micropatterned substrate for its potential to support a 3D

microenvironment for two ovarian cancer (OvCa) cell lines, SKOV3 and OVCAR3.

SKOv3

OVCAR3

Figure 4.3: SKOV3 and OVCAR3 growth on the Si-TiB2 micropatterned substrates.
Representative reflected light images from the stereomicroscope images of SKOV3 at
24-48 h are shown in the top row, and the bottom row shows images of OVCAR3 over
a week in culture (scale 200 pm).
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We evaluated the ability of OVCAR3 and SKOV3 to adhere and grow on the
Si-TiB2 micropatterned substrate over a one-week period through acquiring
stereomicroscope images at intervals of 48h. Representative reflected light images from
stereomicroscopy of OVCAR3 and SKOV3 cultured on the Si-TiB: substrate over a
week are presented in Fig. 4.3.

Following a week in culture, both OVCAR3 and SKOV3 maintained specific
growth on the TiB: circle micropatterns, with SKOV3 spontaneously forming cellular
aggregates and OVCAR3 maintaining monolayer growth. This is similar to the findings
of Heredia-Soto et al., who used ultra-low attachment plates and noticed that OVCAR3
formed either monolayers or loose aggregates, while SKOV3 and other cell lines with
mesenchymal morphology seemed to form more compact and well-defined spheroidal

aggregates [117].
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OVCAR3

Figure 4.4: SKOV3 and OVCAR3 growth on the Si and TiB: substrates. Representative
reflected light images from stereomicroscopy at days 1 and 3 are shown.

Interestingly, assessment of cell growth on the Si only substrate over a three-day
period revealed that both OVCAR3 and SKOV3 struggle to maintain adherence. OvCa
cells from both cell lines eventually detached from the substrate altogether (Fig. 4.4).
On the other hand, cell growth on the TiB2 only substrate showed both cell lines
proliferated and adhered well. Thus, we can see a stark preference for the TiBz surface.
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4.2.1 Intercellular Bridges

Direct intercellular communications are an important feature for tissue
homeostasis. However, the formation of these channels is even more important to cancer
cells [118,119]. In cancer cells, intercellular interactions have been described as gap-
junctions, intercellular bridges, tunnels, and connexins [120]. Regardless of the name,
they all seem to function similarly. A study conducted by Asencio-Barria et al. showed
how these intercellular communication channels had been used by cancerous aggregates

in 3D cultures to communicate and increase resistance to hypoxia via oxygen and

nutrient exchange [121-123].

Figure 4.5: SKOV3 growth on the Si-TiB2 micropatterned substrate. Representative
reflected light images from stereomicroscopy. Images wherein intercellular channels are
seen forming between SKOV3 aggregates.

Despite their initial inability to grow on the Si background, SKOV3 cells were
observed to exhibit the sporadic formation of bridges between cellular aggregates
regardless of circular pattern size or spacing between the circle patterns (red boxes; Fig.
4.5). It is plausible that they may represent intercellular communication channels
[124]such as those seen in OvCa epithelial cells and spheroids by Lou et al. when
imaging replated cells derived from a malignant effusion of a patient with OVCAR3

and cells that were cultured in a clonogenic dilution assay under non-adherent

39



conditions, under a stereomicroscope, to note direct intercellular communication

[48,58,116,125].

4.2.2 Long-Term Culture

Results indicate that TiB2 micropatterned substrates can result in specific
growth. SKOV3 cells successfully attached and grew on TiB2 micropatterns, generally
retaining a high degree of specificity, whereas loss of OVCAR3 specific growth was
observed at an earlier time (Fig. 4.6). Cells were grown on TiB2 substrates for 14 days
to observe if the growth remained specific. Both OVCAR3 and SKOV3 lostspecificity
after day 9, then spread past the circular patterns. More long-term repeats are needed in

order to validate results and identify the exact point the loss of specificity occurs.

D

Figure 4.6: Long term SKOV3 and OVCAR3 growth on the Si-TiB2 micropatterned
substrate. Representative reflected light images from stereomicroscopy. Images wherein
Si growth past the TiBz circles. SKOV3 and OVCAR3. Days 7-14. (scale is 200 um).
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4.3 SKOV3 3D Aggregate Characterization
4.3.1 Size and Viability

Statistical analysis was performed for thickness, diameter, and viability using
seven experiments with at least one data point for 200, 250, 300, 350, 400, 450, and 500
pm per experiment. The size of the SKOV3 3D aggregates, in relation to the
micropatterns, was evaluated from confocal stacks of DAPI stained nuclei. Asreported
in Fig. 16, the diameter of the aggregates is dependent on the pattern diameter, with the
larger aggregates forming on the larger patterns (n=7, p=0.0000). When evaluating the
thickness of the aggregates, it remained uniform ranging from 46 to 54pm in size (p =
0.2881), which is supported by previous 3D culture studies, using ultra-low attachment
(ULA) plates and Matrigel, reporting spheroids 30—100 um [66].

The viability of the SKOV3 3D aggregates is presented in Fig. 4.7C through a
maximum intensity projection of AO/PI stained aggregates. Despite the difference in
the size of the 3D aggregates produced by the circular patterns, the viability between
them ranged from 81-86% with a mean value of 83%, which was as expected based on
other studies such as the one conducted by Raghavan et al. reporting 3D spheroid
viability at approximately 85% when using novel ULA plates. Their study produced
stable and uniform aggregates using a novel well plate system that utilizes a hanging
drop array. Each well of the hanging drop array plate contained 30 replicates of 10, 20,
50, and 100-cell spheroids. Their viability was around 85% and didn’t decrease

dramatically even when treated with cisplatin [83,126—128].
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( B) Aggregate Dimensions on Micropatterned Circles
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Figure 4.7: Viability and size assessment in SKOV3 3D aggregates. (A) An XY
projection generated from confocal z-stacks of the DAPI stained nuclei of a SKOV3
aggregate on a TiB; circular micropattern (scale 200 um). The first panel shows the
depth at the bottom of the aggregate and the second panel shows the center of the
aggregate with the spheroid in the middle (red arrow) [ 70um thickness] (B) a plot of
aggregate size (thickness and diameter) against the pattern size (diameter of circle
patterns). (C) Maximum intensity projection images generated from confocal z-stacks
of SKOV3 3D aggregate on 200 um and 500 pm diameter circle pattern stained for
viability with Acridine Orange (green, live) and Propidium lodide (red, dead) at 4xand
20x magnifications (red arrows indicate the two chosen aggregates from 4x to 20x)
(scale 200 um).

4.3.2 Phenotype and Morphology

Immunofluorescence imaging was used to assess cytoskeletal morphology and
functional phenotype via biomarker specific antibodies. Vimentin is an intermediate
filament that is primarily expressed in mesenchymal cells. Its expression in epithelial

cells is reported to be associated with the malignant phenotype of cancer cells in vitro,
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and thus, it is often used as a marker for cells undergoing an epithelial-to-mesenchymal
transition (EMT) [84]. Based on previous studies such as those conducted by Suster et
al. [129,130], who used Vimentin to determine “cancer stem cells (CSC),” we chose
Vimentin for the assessment of traditional stem cell-like phenotype on SKOV3 (Fig.

4.8)[131,132].

Figure 4.8: Maximum intensity projection images generated from confocal z-stacks of
SKOV3 3D aggregate on 200-500 um diameter circle patterns stained for mesenchymal
phenotype with Vimentin (red) and DAPI (blue) at 20x magnifications (scale 200 um).

Vimentin levels were present uniformly throughout the aggregates over the
week-long culturing period, with high levels being concentrated at the interphase of the

TiB2 pattern and Si background (Fig. 4.8). Suggesting the TiB2-Si substrate does not
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have a significant impact on the expression levels of vimentin, which is traditionally
reported to be expressed in SKOV3.

F-Actin is a crucial part of a cell’s cytoskeleton, which is essential for cell
stability, cellular function, and motility [133,134]. It is often seen as an accessible means
for visualizing mammalian cell structure via fluorescence microscopy. Studies
conducted by Chauhan et al., which have been corroborated by Jalal et al., indicate that
F-actin is an ideal biomarker that captures SKOV3’s spindle-like morphology [57,135].

Thus, we chose F-actin to capture the structural morphology of the cytoskeleton within

SKOV3 aggregates (Fig. 4.9).

Figure 4.9: Maximum intensity projection images generated from confocal z-stacks of
SKOV3 3D aggregates (A) on 300-500 um diameter circle patterns (B) on 200 um
diameter circle pattern from the center of the aggregate to the bottom. Stained for the
cytoskeletal morphology with F-actin (green) and DAPI (blue) at 20x magnifications
(scale 200 pm).

The traditionally spindle-shaped stretching associated with monolayer
culturing SKOV3 is shown [136-138]. Moreover, the cells within the aggregate (i.e.,

at the center) are visibly more rounded in shape. The second panel in Fig. 4.9 shows
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the variation in cytoskeletal morphology as you migrate through different depths; as
you migrate to the higher slice of the aggregate, the cytoskeleton arrangement

becomes predominantly rounded.

4.3.3 Proliferation

Ki-67 has been used as a proliferation and tumor growth biomarker for both 2D
and 3D tissue culture models in several studies [139—-142]. Its expression is strongly
associated with tumor cell proliferation, and it is also widely used in routine clinical
pathological investigations, prognostics, and assessment of biopsies [143].

Most 3D culture studies on the effect of different drug treatments, such as the
Celecoxib experiment conducted by Vital-Reyes et al., utilize Ki-67 to check for
proliferation arrest and cellular growth pre and post-treatment, respectively [144]. In

this study, we stained SKOV3 aggregates on day seven with Ki-67 (magenta) and DAPI

(blue) to indicate that the nuclei are in an active phase of the cell-cycle (Fig. 4.10).

Figure 4.10: Proliferation biomarker assessment of SKOV3 after seven days of
culturing. Maximum intensity projection images generated from confocal z-stacks of
SKOV3 aggregates on a circle pattern stained for nuclei (DAPIL, blue) and Ki-67
(magenta) at 4x and 20x. (scale 200 pm).
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4.3.4 Polyploid “Giant” Cells

Interestingly, the appearance of giant cells was observed in both cell lines,
however, it occurred more frequently in OVCAR3 cell cultures (Fig. 4.11). These cells
were seen on the TiB2 micropattern and had much larger nuclei, relative to the other
surrounding cells. These cells also had a large clear space around them. Visual
comparison of the biomarker Ki-67 on SKOV3 exhibiting giant cells showed that
overall there are fewer nuclei expressing Ki-67. However, those nuclei show intensive

staining, with the greatest saturation being in the giant cell nuclei (Fig. 4.11).

OVCAR3 SKOV3

Figure 4.11: OVCAR3 and SKOV3 growth on the Si-TiB, micropatterned substrate.
Representative reflected light images from stereomicroscopy Giant cells emphasized
with red boxes. Maximum intensity projection image generated from confocal z-stacks
of SKOV3 showing two mega (scale 200 pum).

It is plausible that these cells may have the phenotype of the polyploid giant
cancer cells described by Niu et al. 2016 [135,145]. Interestingly, when SKOV3
exhibited giant cells, the aggregate formation was disrupted. Studies have reported that
accelerated senescence is associated with the formation of polyploid giant cancer cells;
since they possess the potential to form para-diploid progeny [144,146]. Zhang et al.
and Niu et al.’s reported this phenomenon when looking further at genomic

reorganization and generation of “cancer stem cells” [83,147,148].
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4.4 Non-specific Growth in Cancer Cells During Extended Culture

OVCAR3 cells did not form well-defined aggregates over a seven-day culturing
period and exhibited an initial preference to TiB:2 but then migrated to the Si background
at [1 7 days. This is in-line with recent studies that have come out in support of the
hypothesis that certain OvCa cell lines, such as (OVCAR3) are demonstrating more
aggressive behavior, which is typically associated with High-Grade Serous cell lines.
This aggressive behavior is linked to EMT, which is typically captured through an
increase in the expression of mesenchymal proteins such as Vimentin [83,84,149]. Thus,
to assess the adaptation of functional mesenchymal phenotype following migration onto
the Si background, immunofluorescence staining for Vimentin on OVCAR3 was
undertaken. The cells were counterstained with DAPI to visualize all cell nuclei.

In the case of OVCAR3, it was observed that on the outer edges of the TiB2
circular patterns, and on cells that have migrated to the Si background, vimentin was
highly expressed compared to the cells on the inner section of the circular patterns.
Moreover, when SKOV3 aggregates were cultured for an additional seven days after
the 3D aggregates had formed, sporadic migration of SKOV3 cells permeated from the
lower layer of the aggregate (Fig. 4.12). Like OVCAR3, immunofluorescence staining
of the migrating SKOV3 showed higher expression for mesenchymal phenotype
Vimentin when compared to the cells on the circular background (Fig. 4.12)

[69,150,151].

47



OVCAR3 OVCAR3

Figure 4.12: Mesenchymal biomarker assessment of SKOV3 and OVCAR3 after seven
days of culturing. Maximum intensity projection images generated from confocal z-
stacks of SKOV3 aggregates on a circle pattern stained for nuclei (DAPI, blue) and
Vimentin (red) at 4x and 20x (scale 200 pm).

On our substrate, OVCAR3 and SKOV3’s migration onto Si suggests a plausible
role of stiffness gradients, which may be promoting cell migration due to a switch of a
phenotype, which plays a complex role in the pathological and physiological process in

cancer metastasis [152].
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4.5 Effect of SAHA on SKOV3 Aggregates

SAHA’s potential epigenomic disruption effects on SKOV3 aggregates was
assessed by treating day seven aggregates with 3 uM SAHA. Statistical analysis was
performed for thickness, diameter, and viability using nine experiments with at least one
data point for 200, 250, 300, 350, 400, 450, and 500 um per experiment. We allowed
the SKOV3 to culture and proliferate on the TiB2 micropatterned substrates for a seven-
day period until the formation of 3D aggregates, after which we introduced a sublethal
dose of 3uM SAHA. The aggregates were assessed 48h after treatment.

Representative reflected light images from stereomicroscopy show a reduction
of SKOV3 aggregate size at day nine after the introduction of 3uM SAHA on day seven
(Fig. 4.13). The thickness of said aggregates reduced from 50 pm for untreated
aggregates to 35 um for SAHA treated cells. The overall area of the aggregates
decreased by 64%, while the volume decreased by 60% (Fig. 22). Additionally, the
viability of the corresponding stereomicroscopy images is presented in Fig. 4.13 through
a maximum intensity projection of AO/PI stained aggregates after culture in 3uM

SAHA supplemented media.

49



Figure 4.13: SKOV3 growth on the Si-TiB> micropatterned substrate. (A) The first
column shows images of untreated SKOV3 and at 48h after introduction of 3uM SAHA
(scale 100 um). (B) Corresponding 4x and 20x objective maximum intensity projection
generated from confocal z-stacks of SKOV3 3D aggregates at 48h after introduction of
3uM SAHA, stained for viability with Acridine Orange (green, live) and Propidium
Iodide (red, dead).
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Figure 4.14: Plots of viability and area reduction after aggregates were treated with
SAHA. Generated by PHStat on Excel.

We observed that the viability between the 3D aggregates treated with 3uM
SAHA ranged from 80-85% with a mean value of 82% for treated, compared to 81-86%
with a mean value of 83% for untreated. The thickness of said aggregates reduced from
50 um for untreated aggregates to 35 um for SAHA treated cells, and the overall
calculated volume showed a reduction by 60%. Moreover, the area of the aggregates
decreased from 48.7x10° um? to 31.2x103um? after treatment (Fig. 4.14).
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4.5.1 Fate of Detached Cells Following SAHA Treatment

Media from SAHA treated aggregates was collected and re-plated to assess their
ability to proliferate. At 48 h after treatment with SAHA, the media was re-plated on
MaTek dishes. The results show that the cells that dissociated from the 3D aggregates
remained viable (Fig. 4.15) but proliferated less than cells that dissociated from
nontreated aggregates (Fig. 24). Additional microscopy images of re-plated media
collected from treated aggregates suggest slow proliferation throughout a seven-day
period. Assessment of proliferation marker; Ki-67, along with cytoskeleton marker (F-
actin), demonstrated the plated cells were not in a proliferation state and contained a
population of elongated and cobblestone cells (Fig. 4.15) [86,153—155].

We proposed that these cells might be experiencing anoikis resistance and
proliferation arrest as they seem to be able to re-attach to the MaTek dishes and survive,
without growing any further [154]. This is similar to what was seen by Kim et al. when
looking into OvCa tumor progression and molecular pathways. Their study was a cross-
sectional review that described the findings of all current investigations into cellular
mechanisms, including senescence. They found that anoikis is an essential part of
normal cell development that avoids dysplasticity. However, cancerous cells thriveand

spread due to anoikis resistance, which aids in metastasis and dissemination [143].

52



Figure 4.15: Effect of SAHA on SKOV3 growth on the Si-TiB, micropatterned
substrate. Media was collected from SKOV3 3D aggregates after nine days and re-
plated for 48h for both treated and untreated aggregates. The top right panel contains
corresponding maximum intensity projection images generated from confocal z-stacks
of both treated and untreated SKOV3 stained for viability with Acridine Orange (green,
live) and Propidium lodide (red, dead). Below it contains microscopy images of treated
cells on day nine and fifteen. Finally, the bottom row contains corresponding maximum
intensity projection images generated from confocal z-stacks of the same microscopy
images in the row above it stained with F-actin (green), Ki-67 (magenta), and DAPI
(blue) [Red arrows indicate corresponding cells shown in the row below].
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4.5.2 Biomarker Assessment in Cells Treated with SAHA

Vimentin is typically associated with EMT transition and stem-like
histochemistry, whilst Ki-67 is seen as an indicator of increased proliferation (often in
HGS spheroids) as seen by Burford et al. when quantifying the effect of chemotherapy
on cell proliferation and stemness [61,156].

Although SAHA did not impact the viability of SKOV3, additional phenotypic
assessments were conducted after 48h of treatment. Through immunofluorescence
evaluation of mesenchymal phenotype (Vimentin) and proliferation (Ki-67) properties,
it is shown that SAHA not only reduces the SKOV3 spheroid volume, it also suppresses
the expression of vimentin in the remaining aggregate (Fig. 4.16).

Moreover, preliminary results suggest no visually apparent change in
expression of Ki-67 when compared to the untreated aggregate (Fig. 4.16). However,
treated aggregates showed Ki-67 concentrated within fewer nuclei. In order to make it
easier to differentiate the stains, we used yellow instead of magenta for Ki-67.

Additional repeats are necessary, as well as RNA analysis, in order to validate
and quantify the effect of SAHA treatment on proliferation and mesenchymal

biomarkers.

54



Untreated | Treated

?
- X,
% -ﬁ-_ ...

Untreated " ©____ | Treated *

Figure 4.16: Morphological and biomarker assessment of drug-treated and untreated
SKOV3 after one-week of culturing. The top panel contains maximum intensity
projection images generated from confocal z-stacks of untreated and treated SKOV3
aggregates on a circle pattern stained for nuclei (blue) and vimentin (red), the row below
it contains nuclei (blue) and Ki-67 (yellow) to assess the impact of SAHA on SKOV3
phenotype (scale 200pm).
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CHAPTER 5 CONCLUSION AND DISCUSSION

Unlike most cancerous malignancies, metastasis of epithelial ovarian cancer
(OvCa) occurs primarily via dissemination. This is characterized by shedding of cells
from the primary tumor, avoidance of anoikis, movement throughout the peritoneal
cavity as individual cells and spheroidal aggregates, adhesion to and disruption of the
mesothelial lining of the peritoneum, and proliferation to generate widely disseminated
metastases. With very little improvement in testing methods and more struggles in
addressing drug treatment of OvCa, more needs to be done to develop a better 3D
platform to optimize OvCa cellular functions, growth, and drug response.

This study demonstrated the successful utilization of a novel micropatterned Si-
TiB2 substrate for the investigation of Ovarian Cancer (OvCa) aggregate formation, as
well as the effect of deacetylase histone inhibitor SAHA on the stability of OvCa
aggregates. In this regard, we have shown the potential of the biomaterials, S1 and TiB2
in tissue culture applications for the assessment of cancer cells.

OvCa cells sense their mechanical environment, by exerting a contractile force
and sensing the subsequent counter-tension through their cell membranes and
cytoskeletons [9,10,157,158]. OvCa tumors are often surrounded with stiffened, fibrotic
tissue, with an upregulation in ECM proteins and components. Furthermore, studies
directly link contractility to increasing matrix stiffness and subsequent cancer
progression. An increase in substrate stiffness has been demonstrated to increase
oncogenic proliferation, migration, stemness, and chemoresistance [49,51,52,159].

In this study, with the Si-TiB2 substrate, the Si background is less stiff compared

to TiB2, thus a stiffness gradient is established across the TiB: patterns and the Si
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background. This made it more suitable for cellular attachment and growth, which has
been the main hurdle for most 3D culture techniques; as is seen in cross-sectional 3D
assessment studies [51,52,54]. Roughness differences between TiB2 and Si provide an
additional differential property, providing easier attachment of cells to the TiB:
compared to the Si background.

Upon observation and documentation of SKOV3 and OVCAR3 cultures on the
substrates, OvCa cells proliferated and remained viable, for the duration of the
experiment (approximately seven days). They also retained their characteristic
morphology whether it was spindle-shaped or round, without displaying stress or death;
with a viability factor that matches most 3D culture systems at 83% [62,133,160—-162].
SKOV3 formed 3D aggregates on TiB2 micropatterns, while the same could not be said
for OVCAR3, which is corroborated by other studies demonstrating OVCAR3’s lack of
aggregation [5,6,52,163]. OVCAR3 also lost specific adherence to the circular patterns
sooner, while SKOV3 responded more dramatically to surface differences by
maintaining its specific adherence to the circular TiB: patterns, eventually forming 3D
aggregates by day seven. Due to this difficulty of forming OVCAR3 aggregates,
SKOV3 was seen as a more ideal choice for studying the effects of epigenetic drugs.

SKOV3 aggregates typically fell within a high range of viability, with the
majority of aggregates demonstrating a viability of greater than 80% with an overall
average viability of 83%. Aggregates also typically formed to generate a depth of
roughly 45-55 um, sometimes ranging to be as large as 80 um in depth. Aggregate
diameters fluctuated based on micropattern diameter, ranging from 120-490 pm.
Therefore, suggesting that the aggregates formed are biologically relevant in terms of
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size, since OvCa spheroids captured in vivo appear to range from 50-750 pm in
diameter. Furthermore, in vivo spheroids also demonstrate a high degree of viability,
similar to the aggregates formed on TiB:2 substrate [53,164]. Some studies, including
Raghavan et al. and Paradiso et al., using ultra-low attachment (ULA) plates, Matrigel,
and even marine collagen report spheroids 30-100 um with viability between 75-85%
[5,6,52,54,116,163,165]. These dimensions put this platform at the forefront of cutting-
edge technology that captures realistic and translational 3D aggregate formation,
especially when compared to other 3D models on the market. Although other models
can capture short-term molecular changes within cells, providing a useful snapshot of
the disease progression, low stiffness, limited long-term stability, and batch-to-batch
variability limits these kinds of 3D spheroid culturing techniques [48,49,53,159].

3D microenvironments that capture a more realistic image of OvCa’s life cycle
in vitro, are necessitated for experimentation. The main disadvantage of even the leading
2D monolayer cultures is often ineffectiveness at predicting drug efficacy in vivo [147].
SKOV3 is a metastatic cell line with high invasive potential and in our studies, with the
micropatterned substrate, it was observed to be susceptible to EMT. This aligns with
previously established studies, by Klymenko et al. demonstrated that cells adopting a
mesenchymal phenotype show strong cell-cell adhesions and are more efficient in
invading and seeding the intraperitoneal space. SKOV3 showed features similar to an
early dissemination step in OvCa such as expression of the mesenchymal marker
vimentin [57,62,161].

OVCAR3 has historically been deemed an OvCa cell line with low invasive
potential [5,166—168]. Strangely, we observed that on the outer edges of the TiB2

58



circular patterns, and on cells that have migrated to the Si background, Vimentin was
highly expressed compared to the cells on the inner section of the circular patterns in
OVCAR3 cultures. This aligns with more recent studies emerging in support of
relabeling OVCAR3 as HGS or a metastatic and invasive cell line exhibiting EMT
properties [169]. Certain OVCAR3 cell lines formed intraperitoneal tumors with HGS
histology and gave rise to subcutaneous xenografts that invaded more aggressively once
they were able to migrate as seen by Hallas-Potts et al. [58,79,152,161]. However, since
confirmation of EMT (and even MET) requires reporting levels of the transcription
factors ZEB, Snail, and Twist and the expression/lack of expression of epithelial
markers [99], further immunofluorescence staining and RNA analysis should be
pursued for both cell lines.

As for assessing the platform for drug treatment, Suberoylanilide Hydroxamic
acid (SAHA) was used to create epigenomic disruption [99,170]. SAHA induced a
decrease in the thickness of SKOV3 aggregates by approximately 60%. That is to be
expected as SAHA is typically associated with dissemination, apoptosis, and reduction
of invasive characteristics, such as migration, in SKOV3 [103,171]. SAHA has
demonstrated clinical efficacy in the treatment of various hematological malignancies
and is generally well tolerated such as Zhu et al.’s GI study and Kalanxhi et al.’spelvis
study [41,100,102,103]. However, when comparing the viabilities of treated and
untreated SKOV3 aggregates, both were within a mean of 80-85%. Thus, despite high
tolerability and significant effects on aggregation, individual therapy with SAHA only
for the treatment of OvCa has demonstrated limited efficacy, and their ultimate usage
clinically may be derived from combination treatments [102].
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In this study, we observed SKOV3 aggregates shrinking and disaggregating,
upon administering the SAHA treatment, without an overall reduction in viability. This
is consistent with other findings, which demonstrate SAHA as not being particularly
cytotoxic as a single agent treatment [103]. Zhu et al. conducted a combination drug
treatment with Quinacrine and SAHA on GI cancers and noted that apoptosis was
optimized in combination therapy as SAHA promoted disaggregation [100].
Alternatively, Liu et al. conducted a study comparing SAHA to the more common form
of OvCa chemotherapy, Paclitaxel, then compared those to OvCA cells under a
combined treatment [155]. They also observed that the disaggregation, prompted by
SAHA and the induction of anoikis, allows for even the most chemo-resistant OvCa to
become susceptible to apoptosis by Paclitaxel.

Even the disaggregated cells, which were re-plated on MaTek dishes, were
viable signifying an ability to overcome anoikis. However, these detached cells did not
proliferate after an additional seven-day culture and may therefore be senescent or in a
state of proliferation arrest. As senescence and proliferation arrest are desirable
outcomes of chemotherapeutic treatment, and general cancer treatment such as what is
extensively documented by Liu et al. [41,100,103], these findings may further point
towards the use of SAHA as a combination treatment, such as what is observed in
decitabine, paclitaxel, and quinacrine experiments [99,170]. These combination
treatments generally result in an increased expression of pro-apoptotic markers, aswell
as a decrease in surviving cells, which could compensate for SAHA’s inability to

directly affect viability [44,172,173].
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From cell line adhesion to proliferation, dimensions, and the ability to capture
induced epigenomic disturbances, I believe our proposed platform and method of
culturing shows great potential in the field. This highlights a dual relevance in OvCa
metastasis, which can be encapsulated by Si-TiB2 substrate; the formation of a primary
tumor spheroid, and secondly, the disruption of spheroids using epigenomic
dysregulation. Additionally, the substrate allows for an investigation unique expression
of mesenchymal biomarker vimentin, as both OVCAR3 and SKOV3 showed elevated
expression on Si. Further research and characterization of the platform would aid in
providing an even more robust system. Using the adjustable substrate to create anideal
environment for such studies has the potential to revolutionize how 3D culturing of
cancer cells is done, thus, helping physicians and scientists in their pursuit. Hopefully,

we will contribute towards reducing the high mortality associated with Ovarian Cancer.
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CHAPTER 6 FUTURE WORK

Due to promising results with SKOV3 and OVCAR3, this work could be
expanded to other OvCa cell lines. In addition to looking at new cell lines, further work
could be carried out to characterize the effects of epigenomic disruption better. This
could include combination therapies with SAHA or other epigenetic treatments, such as
the methylation inhibitor, 5-aza [174—177]. Additionally, the platform could be used to
observe if SAHA is providing a potentiating effect to treatment with chemotherapeutics
such as paclitaxel or cisplatin since SAHA appears to be diminishing the 3D structure
of aggregates.

Future work needs to also focus on the proposed polyploid giant cells
sporadically shown in SKOV3 cultures. When SKOV3 exhibited these giant cells, the
aggregate formation was disrupted, which was confirmed by Ki-67 IF staining,
indicating accelerated senescence and potential para-diploid progeny dispersion [178—
180]. This could feed into further EMT studies and genomic reorganization of OvCa
metastatic tumors.

Lastly, additional RNA analysis needs to be conducted on SKOV3 and
OVCAR3. Stemness markers including SOX17, SOX2, VEGFR2/KDR, HNF-
3B/FOXA2, PDX-1/IPF1, Snail, and E-cadherin must be shown to be expressed at a
significant level in either OVCAR3 or SKOV3 cell line in aggregates in contrast to
migrating cells’ expression levels [128,181]. Furthermore, RNA analysis can be utilized
to see the effects of EMT inducing factors, such as KLF-4, and the fluctuations in

expression levels in the case of adverse effects of chemotherapy [128,181].
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