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1. Introduction

Ovarian cancer is the seventh most common cancer amongst women and ranks 4™ in cancer
related deaths across the globe. In Indian scenario, it is the 4™ most common cancer amongst
women. Approximately 26,834 new cases are reported every year with 4.9% of 5 year
prevalence rate[1] [2]. Ovarian cancer, often does not have any symptoms at early stage of
tumor development, hence it remains unnoticed for long. In majority of the cases the disease is
diagnosed at Stage Ill and IV and only < 25% of the patients with advanced stage survive
beyond 5years [3]. A major challenge in successful treatment of late stage ovarian cancer is the
generation of resistance against chemotherapeutic drugs resulting in tumor recurrence and
molecular alteration in drug transporters, detoxifying enzymes, apoptotic machinery, DNA
repair pathway and cell survival signalings are known to attribute to chemoresistance [3, 4]. In
recent times, a small subset of cells present in the heterogeneous tumor bulk and termed as
cancer stem cells (CSC) or cancer initiating cells is hypothesized to be the prime cause for
tumor relapse and chemo resistance. These CSCs are quiescent in nature having extensive self-
renewal property, high DNA repair efficiency, increased ALDH activity and ability to
differentiate[5, 6]. After the discovery of cancer stem cells by John Dick and his colleagues in
1994 in haematological malignancies [7, 8], CSCs have been identified in breast cancer (solid
tumor) based on surface biomarkers i.e. CD44"/CD24" cells and many other malignancies like
pancreatic, colorectal, lung and brain cancer [9-12]. Bapat and colleagues were the first to
present direct evidence for existence of ovarian cancer stem cells[13]. CSCs are innately
resistant towards treatment, so bulk of the tumour that initially appears to be eliminated again
rebuilt (recurrence) from this population. Such findings have stimulated interest amongst
scientists to develop various approaches to target CSCs. Currently four different methodologies
exist for the correct identification of cancer stem cells. The first method relies on expression of

specific biomarkers, second is spheroid formation capability, third is side population assay and



the fourth one is based on high aldehyde dehydrogenase activity. CD44, CD24, CD133, CD117
and Myd88 are the well-known ovarian cancer stem cell markers. Recently EpCAM and
CXCR4 have emerged as a new biomarkers for ovarian CSCs [5, 14]. In order to target the
CSCs understanding the basic mechanism of their regulation is very important. It is also equally
important to follow the therapeutic efficacy against these CSCs noninvasively in in-vivo
situation. Liu et al., in 2010 showed that cancer stem cells from human breast tumors were
involved in spontaneous metastases in orthotopic mouse models through bioluminescence
imaging (BLI)[15]. Thus real time monitoring of CSCs would help in revealing the kinetics of
tumor development and therapy efficacy. Among several deregulated signaling pathways,
receptor tyrosine kinases (RTKSs) have been the subject of intense investigation due to their
widespread deregulation in cancer. System-wide analyses of tumors have recently identified
receptor tyrosine kinase (EGFR, IR, IGF-1R, VEGFR 1-3, and PDGF etc) activation and co-
activation as important mechanisms to achieve both CSC phenotype and chemoresistance [16]
In vitro studies and approaches using mouse knockout models for Insulin growth factor (IGF)
family members have revealed that IGFs are key regulators of follicular growth, cellular
differentiation, oocyte maturation, and cumulus expansion. This study suggested that all
necessary components for an IGF-1 mediated autocrine loop are present in ovarian cancer cells
[17]. Ouban et al., confirmed the presence of the IGF-IR expression by immunohistochemistry
(IHC) in 100% of the ovarian carcinomas samples (n=9) suggesting the association between
IGF-1R and ovarian cancer[18]. However nothing was known about the role of IGF-1R in the
acquirement of chemoresistance until Eckstein et. al., in 2009 showed that hyper activation of
the IGF-1R pathway is an essential event for cisplatin resistance in ovarian cancer cells [19].
Role IGF-1R has also been implicated in the regulation of breast cancer stem cells where sorted

IGF-1R expressing cells displayed features of cancer stem cells [20]. However role of IGF-1R



in generation of chemoresistance and maintenance of CSC like phenotype and their mutual
dependency in ovarian cancer is not fully investigated.

2. Rationale

Generation of chemoresistance and recurrence of the tumor are the two major hurdles in the
path of successful treatment of ovarian cancer. This confers an imperative need for the
identification of right target which could battle against generation of chemoresistance and
relapse. As mentioned in the introduction, cancer stem cells are the key components in the
entire tumor mass which can resist the effect of conventional chemotherapeutic drugs and has
the ability to recapitulate the primary tumor. IGF-1R signaling plays an important role in
cellular proliferation and cell survival. It also plays a vital role in transforming events during
carcinogenesis. Recently Chang et al (2013) have shown that IGF-1R could serve as a novel

biomarker for breast cancer stem cells, where they documented that IGF-1R "9"

population
has enriched CDA44°/CD24 subpopulation, increased ALDH activity and more
tumorigenicity. Blockade of IGF-1R signaling also showed abolishment of CSC features in
vitro and in vivo. However, the role of IGF-1R in the maintenance of chemoresistance and

ovarian cancer stem cells is still unclear, which needs further investigation. This study

therefore is based on the key questions as mentioned below.
3. Key Questions:

I. How is the association of CSCs with the acquirement of chemo resistance (independent of
drug regime) in ovarian cancer cells?

Il. Does IGF-1R signaling play any role in regulation and maintenance of CSC population and
chemoresistant phenotype?

4. Objectives: To address these key questions following objectives were designed.



Objective 1: Isolation and characterization of cancer stem cells (CSC) from chemo

sensitive & chemo resistant ovarian carcinoma cell lines.

In order to understand the association of CSCs with acquirement of chemoresistance, three
resistant models were developed against cisplatin, paclitaxel and combination of cisplatin and
paclitaxel in A2780 ovarian cancer cells. Based on the viability, these resistant models were
categorized into early (CisER, PacER and Cis-Pact™) and late resistant stages (Cis-?, Pac'® and
Cis-Pac™®). The early resistant cells exhibited 60-65% viability and the late resistant cells
showed 90-95% viability at I1Csy concentration of respective drug regime of the sensitive
cells. Among the four established techniques for isolation and characterization of ovarian
cancer stem cells (OCSCs), Biomarker, side population assay and spheroid formation assay

were adopted in the present investigation.

e Significant enrichment in Side Population fraction was observed in all the three resistant

models compared to the A2780 sensitive cells as mentioned in the table below.

S.No. Cells SP Fraction
1 A2780 sensitive 1.5%%+£0.05
2 CisFR 2.42%+0.08
3 Cist® 5.73%1+0.42
4 PacFR 4.06% +=0.38
5 Pact® 6.8%26+0.10
6 CombiFR 5.05% +0.65
7 Combit® 17.6% 10.74

This suggested that with acquirement of resistance there was a gradual enrichment of SP
fraction which was independent of the drug regime.

Self-renewal property is an important feature for CSC population. It was observed that
spheroid forming abilities of the resistant cells were significantly higher than the sensitive
cells. In addition, SP cells sorted from sensitive, ER and LR stage had higher self-renewal
ability than NSP cells. While monitoring the spheroid forming ability at multiple passage,

NSP could not form spheroids beyond 2-3 passages. However SP cells were able to form



spheroids till 7-8 passages. Self-renewal ability is partly attributed by the core pluripotent
transcription factors (oct4, sox2 and nanog). Transcript levels of these pluripotent genes were
monitored through real time PCR where mRNA levels of oct4, sox2 and nanog showed
marked increase at early resistance stages compared to the sensitive cells which remained
unaltered at late resistant stages in all the three models. Using a ShRNA mediated approach,
oct4 knockdown clones were generated in all the three resistant models and validated by real
time PCR and western blots. Reduced level of oct4 was found to be associated with decreased
sphere forming ability in both sensitive and resistant cells.

Expression levels of CD44, CXCR4 and CD133 ovarian CSC marker were monitored in
sensitive and resistant cells by FACS. In Cis™® cells increased CD44, CD133 and CXCR4
population compared to sensitive cells was observed. A gradual increase in CD133 level with
increasing resistance was found in all three resistant models. Since cancer stem cells are
hypothesized to be the prime cause for tumor relapse, it is important to understand the
kinetics of tumor forming ability of CSCs isolated from these resistant cells.

Objective 2: Longitudinal monitoring CSCs labelled with bi-fusion (CMV-FI2tdt) reporter

in living subjects by non-invasive molecular imaging.

The ultimate proof of designating a cell as a Cancer Stem Cell lies in its ability to form tumor
from a very low number (theoretically one single cell) in immune-compromised mouse. After
isolating the putative CSCs by virtue of one or two of the CSC properties as described above,
researchers have shown that even as low as 100 cells can form tumors with due course of
time[9] However, depending on the tumor type, method of isolation, strain of mice and their
tumor intake ability, implantation of a broad range (1x10%-5x10°) of cells have been reported
in literature[21]. While monitoring the CSC phenotype we observed that SP fraction was
enriched with acquirement of resistance. Hence we performed tumor xenograft experiments

using SP cells which are enriched with CSC like cells. This was performed by implanting



50,000 SP and NSP cells in NOD/SCID mice (n=5) subcutaneously. A higher number of cells
were chosen primarily to understand the ability of the NSP cells for tumor initiation in
comparison to their SP counterparts. Real time bioluminescence imaging was performed to
not only monitor the tumor formation from SP cells but also to monitor the dynamics of

tumor initiation from the early and late resistant cells.

e Tumor initiation from SP cells of Pac™ stage started from day 15 (tumor volume =
0.04cm3) and formed a palpable tumor at the end of day 40 (tumor volume = 0.98cm3).
With increase in tumor volume bioluminescence signal increased from 3.43x10” + 2.8x10’
p/sec/cm2/sr to 1.8x10™ + 1.2x10™ p/sec/cm2/sr from day 15 to day 40. Of the 5 mice, 3
showed palpable tumor after 40 days of tumor implantation. However NSP cells of PacR
stage did not show any tumor formation till day 40.

e Tumor xenograft experiment was performed from Pac™® SP/NSP cells. In a cohort of three
mice (NOD/SCID), 50000 SP and NSP cells were implanted subcutaneously and imaged
(day 0). Bioluminescence imaging of tumor formation from SP and NSP cells are in

progress and the data obtained so far given below. NSP cells did not show any signal after

day 0 during follow-up imaging.

Day 0 Day 25 Day 40 Day 60
Mousel 1.71 X 10° 7.71 X 103 2.6 X 10° 3.15X 105
Mouse 2 2.29X 10° 4.72X 105 1.02 X 10° 1.66 X 10°
Mouse 3 1.62 X 105 1.79 X 105 7.8 X 10* Died
o In parallel, 50,000 Cis*® SP & NSP cells were implanted subcutaneously in a cohort

of 5 NOD/SCID mice. Interestingly, Cis-® SP cells initiated tumor formation from day 80
(tumor volume = 0.008 cm3), and at day 110 palpable tumors (tumor volume = 1.7cm3) were
found. Bioluminescence signal increased from 2.49x10° + 5.57x10* p/sec/cm2/sr (day 0) to
4.03x10° + 1.8x10° p/sec/cm2/sr (day 80) and on 110™ day the bioluminescent signal reached
to 1.96x10™ + 2.33x10° p/sec/cm2/sr. At day 110, three mice out of five showed tumor
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formation from Cis"® SP cells. Similar to Pac®® NSP fraction, Cis-R NSP cells were not able
to initiate the tumor formation even after 110 days and the bioluminescence signal decreased
from 1.27x10° + 1.64x10* p/sec/cm2/sr to 9.7x10* + 1.4x10* p/sec/cm2/sr from day 0 to day
90. All these results suggest that the SP fractions are enriched with CSC like cells and
possess higher tumorigenic property in comparison to the corresponding NSP fractions.

Unfortunately due to certain technical limitation in SP cell sorting, experiments to understand

the dynamics of tumor formation from Cis®, Cis-Pac™ and Cis-Pac'" cells could not be

performed. However, experiment to monitor the tumor dynamics of early and late resistant
cells from spheroid culture (from at least one cellular resistant model) is in progress. Since
the data from in vivo bioluminescence imaging showed that SP cells from Pac™® stage
initiated the tumor formation much earlier than SP cells from Pac'® and Cis™® stages, we
further proceeded to identify the signalling pathway/s exhibiting differential regulation during

early and late resistant stages.

Objective 3: To study the role of IGF-1R in maintenance of OCSC biology and epithelial

mesenchymal transition.

As mentioned in the introduction, IGF-1R signaling plays a crucial role in chemoresistance as
well as CSC phenotype. We monitored the expression of IGF-1R across all the three resistant

models.

« Significantly higher IGF-1R transcripts were observed in Cis®", Pac™ and Cis-Pac™" cells
(4.9, 8.1 and 13.1 fold respectively) that considerably decreased at Cis"", Pac‘® and Cis-
Pac'F stages in comparison to sensitive cells. Similar oscillatory pattern was observed in
IGF-1R protein level as well. However it was observed that during late resistant stage
pAKT levels were very high. Transcriptional regulators of IGF-1R (SP1, FOXO3 and

WT1) were also monitored through real time PCR. Only FOXO3 expression was found to



correlate with IGF-1R expression profile in cisplatin and paclitaxel model. In dual resistant
model none of these transcriptional regulators showed any change.

e Since IGF-1R expressions were found to be significantly high at early resistant stages, we
sought to monitor reversal of chemoresistance by combinatorial approach by inhibiting
IGF-1R followed by drug treatment. We chose a specific inhibitor, picropodophylin (PPP)
which inhibits auto phosphorylation and thereby inhibiting its activation. Among all the
combinations of drug and inhibitor (IC1o and ICy,), IC2 of both PPP and respective drug
exhibited maximum reversal of resistance which was found to be even more pronounced in
clonogenic assay.

e While examining EMT phenomenon across the resistant models, it was observed that
A2780 cells were enriched in vimentin expression but devoid of E-cadherin expression. We
investigated the expression status of four (snail, slug, Zeb1 and twist) potential regulators of
EMT at transcript level. Expression levels of snail and slug did not change with increasing
resistance in all the three models. However Zeb1 and twist showed a significant increase at
the transcript level in late resistant cells (Cis®, Pac® and Cis-Pac'F).

e In order to monitor the role of IGF-1R signaling in maintenance of OCSCs, we examined
the spheroid forming abilities of cellular resistant cells after inhibiting IGF-1R signaling. It
was observed that after PPP treatment there was a significant decrease in spheroid
formation and stemness gene expression across the models. We also performed oct4
knockdown studies across the resistant models where knockdown cells were compromised
for their spheroid forming abilities but did not show any change in IGF-1R levels.

¢ One interesting fact observed in all the three chemoresistant models is that the late resistant
cells contain higher levels of phosphorylated AKT. Since Akt is an important downstream
effector of IGF-1R signaling, we investigated for possible feedback loop between IGF-1R

and AKT. We treated late resistant cells with AKT inhibitor at different concentrations



(10nM, 50nM, 100nm and 150nM) for 12 hours showing a dose dependent decrease in
pPAKT and t-AKT levels. Interestingly with decreasing pAKT levels there was marked
increase in the level of IGF-1R, suggesting a cross talk between IGF-1R and AKT.
However, no significant change in oct4 expression at mRNA levels was observed after
AKT inhibition.

5. Conclusions and Future Prospects:

We found an enrichment of SP fraction with increased self-renewal and stemness phenotype
during acquirement of resistance against cisplatin, paclitaxel and combination treatment in
ovarian cancer cells. Real time monitoring of tumor formation with bioluminescence
imaging, showed that SP cells from Pac™ stage initiated the tumor formation much earlier
than SP cells from Cis"" stage. We also reported a preferential regulation of IGF-1R and
AKT signaling at early and late resistant stages respectively. While IGF-1R levels were found
to be up regulated only at early stages (CisE, Pac™" and Cis-Pac™), higher levels of activated
Akt was associated with late resistance. Inhibition of IGF-1R expression resulted in down
regulation of stemness like phenotype and stemness gene expression. Thus it is probable that
higher IGF-1R expression is required for initiation of resistance development along with
maintenance the CSC like phenotype. Using small molecule inhibitor against IGF-1R auto
phosphorylation, we showed increased potentiating cytotoxic effects of chemotherapeutic
agents at early stage of resistance. As IGF-1R levels go down in late resistant cells (Cis™®,
Pac'® and Cis-Pac™®), it is possible that high level of pAKT maintain the chemoresistance
and CSC like phenotype. We also found a feedback loop between IGF-1R and pAKT, where
inhibition pAKT relieved the suppression and resulted in up regulation of IGF-1R. It would
be interesting to identify the transcriptional regulators of IGF-1R and AKT signaling and
understand the relation between stemness genes and IGF-1R/Akt at early and late resistant

stages in future.
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Hypothesis:

Since acquirements of resistance towards drugs exert dynamic and gradual changes in
molecular and cellular pathways in cancer cells, it is possible that differential regulation of
critical signalling pathways are associated with resistance development. These differentially
regulated cascades would not only influence the kinetics and stages of resistance but also the

properties of Cancer Stem Cells which are indispensable entities of drug resistant tumors.

Chemoresistance:

Majority of the cancers are curable if diagnosed at early stages. Once diagnosed the primary
treatment modalities involve surgery, chemotherapy and radiotherapy. Despite of having
significant advancements in disease management in recent years, only a handful of them are
cured for life time[1, 2]. Ovarian cancer is the one of the malignancies where diagnosis is done
very late because of the asymptomatic nature of the early phases of the disease. Surgery
followed by chemotherapy or neo-adjuvant chemotherapy followed by surgery are the main
lines of treatments, however generation of chemoresistance delimits the therapeutic efficacy
[3, 4]. Chemoresistance is a multifactorial event that involves defects in cell cycle regulatory
proteins, DNA repair enzymes, membrane transporters, detoxification enzymes, increased cell
survival pathways and alterations in receptor tyrosine kinases (RTKSs)[5, 6]. Plethora of drugs
targeting RTKSs are now in clinical trials for various malignancies [7-9]. However, very few
targeted therapies (such as VEGFR targeting) have shown promising result for ovarian cancer
patients [10-13]. During ovarian development Insulin like Growth Factor 1 Receptor (IGF-1R)
is found to be indispensable for its normal growth and functioning[14]. In the diseased stage,
IGF-1R signaling gets altered giving rise to transformed phenotype[15]. This altered signalling
may also impart drug resistance to the cancer cells [5, 16, 17]. Generation of resistance towards

chemotherapeutic drugs could be innate or adaptive. Intrinsic or innate resistance originates
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from cells which have higher capacity of sustenance and survival under the pressure of
chemotherapeutic drugs (FigurelA) [18]. This resistance could be attributed through limited
drugs uptake, enhanced efflux, or activating detoxification of drugs, enhanced DNA repair
machinery and up-regulated anti apoptotic proteins[19-23]. Such innate resistance could arise
due to presence of tumor cells bearing specific mutations responsible for developing resistant
characters [24] or from the existence of special type of cancer cells, often termed as cancer
stem cells which are inherently resistant towards various chemotherapeutic regimen and are
highly tumorigenic in nature (Figure 1B) [25-27]. On the other hand adaptive resistance or
acquired resistance is a result of multiple insults occurring on the tumor cells during therapy
resulting in several mutations and alterations in key signaling pathways. Furthermore, in the
process of acquiring resistance, the tumour may become cross-resistant to a range of
chemotherapies and result in resistance [23], which ultimately leads to treatment failure in over

90% of patients. Enrichment of cancer stem cells during the course of therapy is seen as another

plausible cause for acquired resistance [28].

Cisplatin/carboplatin and paclitaxel form the main line of chemotherapeutic regimen in ovarian
cancer. However the emergence of platinum and taxol resistance is a major obstacle for clinical
management of this deadly disease. Even though 1% line of chemotherapy has shown good
response, majority of the patients face relapse of the disease and succumb to death [29, 30].
The intimate association of cancer stem cells with both innate and acquired resistance demands
extensive research to understand their biology for future targeted therapy, the ultimate solution

to embark upon advanced stage ovarian cancers.
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Figure 1: Generation of resistance to therapeutic pressure: (A) Presence of multiple initial
clones within the heterogeneous tumor which upon exposure to drugs emerges as a dominant
population (cancer stem cells). (B) Acquisition of deleterious mutations within the cancerous
cell upon exposure to various chemotherapeutic drugs leads towards generation of

chemoresistance.

Ovarian Cancer

The Epidemiology of Ovarian Cancer:

Ovarian cancer is a foremost cause of morbidity and mortality, especially in middle-aged
women suffering from gynaecologic malignancies. As per Globocan report, approximately
239,000 new cases are reported worldwide annually and around 152,000 women annually
succumb to this fatal disease [31]. Across the globe, ovarian cancer ranks 7 on its

prevalence rate as compared to other cancer types. However in India, the situation is alarming
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as it is the fourth most common cancer amongst women with an annual occurrence of 26,834

new cases [31, 32].
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Figure 2: Prevalence rate of various malignancy amongst women in India and world:
Prevalence of ovarian cancer across the globe ranks 71" however in India it is 4" leading cause

for cancer related death amongst women.

Incidence and Mortality of Ovarian cancer across India and worldwide:

According to the Globocan report 2012, worldwide incidence and mortality rate for ovarian
cancer are estimated to be 3.6 and 4.3 percent respectively. However, in India the scenario of
incidence and mortality is much higher with 5.0% incidence and 6.0% mortality rate as shown
in the figure 3[31, 32]. This draws more attention for an imperative need of active research in

the field of ovarian cancer. There could be various reasons for the higher rate of mortality in
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case of ovarian cancer. The major causes are late diagnosis of the disease and generation of

chemoresistance.
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Figure 3: Incidence and mortality rate of various malignancy amongst women in India and

worldwide: Incidence of ovarian cancer across the world is 3.6% with mortality rate 4.3%. In

India rate of incidence and mortality is 5.0% and 6.0% respectively.

Heterogeneity of the disease:

Ovarian cancer is a highly heterogeneous disease which involves different cell types present in

the normal ovary[33]. Based upon the histology of tumor specimen, and cell of origin World

Health Organization (WHO) has broadly classified the ovarian tumors into three major groups.

(1) Epithelial Ovarian Carcinoma (EOC); (2) Ovarian Germ cell Carcinoma; (3) stromal Cell

Carcinoma [33, 34].
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Ovarian Cancer
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Figure 4: Heterogeneity in ovarian cancer: Ovarian cancer can be classified into three broad
categories depending upon the cell of origin. (1) Epithelial ovarian cancer which constitutes
85-90% of cases. (2) Ovarian germ cell tumor that constitutes only 3% of diseased population.

(3) Stromal cell carcinoma which constitutes 5% of the total diseased population.

1. Epithelial Ovarian Carcinomas (EOCs): The majority of the ovarian cancers (85-
90%) arise from the thin layer of cuboidal cells known as germinal epithelium that
sheaths the ovaries. EOCs are mostly found in women aged 45-70 years who have been
through their menopause. Epithelial tumors are again classified into five broad
histological subtypes: Serous (70%), Mucinous (10%), Endometrioid (5%) and Clear
cell (5%), mixed or carcinosarcomatous mdillerian tumours (less than 5%) (Percentage
denoting the prevalence of occurrence).

2. Ovarian Germ Cell Tumors: Ovarian germ cell tumors develop from the cells that
produce ova or eggs. Most germ cell tumors are benign (non-cancerous) in nature and
accounts for 3% of all ovarian cancers. They are frequently found in teen age girls or
women in their twenties.

3. Stromal Cell Tumors: Ovarian stromal tumors are a rare class of tumors that develop

from the connective tissue cells that hold the ovary together and those that produce the
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female hormones like oestrogen and progesterone. It accounts for 5% of ovarian cancer

and occur in women aged 40-60 years.

1.2.2. Diagnosis and staging of ovarian cancer:

Any cancer if detected early significantly improves the survival rate, however ovarian cancer
is still one of the deadliest cancer because it is difficult to be diagnosed at early stages. At early
stages, ovarian cancer is highly asymptomatic in nature. Altered bowel and bladder habits,
abdominal pain and swelling, dyspepsia, nausea, vomiting, unusual fatigue and weight changes
that are often not recognised as indication of ovarian cancer, are the typical problems [35, 36].
In majority of the cases, disease is detected once the patient shows persistent bloating,
distension along with accumulation of ascetic fluid in the peritoneum cavity. Till the time of
such observations, the disease already reaches to stage Il or IV with substantial metastasis
which creates a major hurdle in the disease management. The cancer antigen 125 (CA125), a
serum based biomarker is still the only diagnostic marker used in the clinics[37]. However CA-
125 is not absolutely specific to diseased state of the ovary. CA-125 levels may also increase
in many other clinical manifestations like, endometriosis, tuberculosis, fibroids and pelvic
inflammatory disease. Another candidate molecule that might serve the purpose of tumor
marker is a secreted glycoprotein, human epididymis protein 4 (HE4) which is highly expressed
by serous and endometrioid epithelial ovarian cancer cells (Drapkin et al 2005, cancer
research). In pre-menopausal women, HE4 is the most sensitive and specific marker for ovarian
malignancy. Various combinations of tumor markers (CEA, CA72-4, hCG; inhibin B and Anti-
Mullerian Hormone) along with CA125 are under investigations for their potential in
determining the disease. However, HE4 along with CA125 appears to be the most potent
candidate as a tumor marker for initial diagnosis of the disease[38] . Along with this CA-125
based ELISA, transvaginal sonography, magnetic resonance imaging (MRI), and computed

tomography scan (CT) are used for diagnosis with higher precision[39]. One of the elegant
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studies performed by CB Bankhead in 2008 says that ovarian cancer is not a silent killer rather
clinicians should distinguish between persistent and fluctuating distension. Recognition of the
significance of symptoms described by women could lead to earlier and more appropriate
referral and thus early detection of the disease [35, 36]. In this study author has tried to mark
the symptoms (Abdominal distension and bloating) in women with and without cancer in order
to identify the diagnostic factors. However the accurate diagnosis of early stage disease is still

elusive.

According to the classification made by the International Federation of Gynaecology and
Obstetrics (FIGO), ovarian cancer is been grouped into four different stages (Stage | to 1V) as
described in table 1. However from January 2014, FIGO classification has brought certain

refinements which are mentioned in table 1. [40].
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STAGE I: Tumor confined to ovaries

OLD NEW
1A Tumor limited to 1 ovary, 1A Tumor limited to 1 ovary,
capsule intact, no tumor on capsule intact, no tumor on
surface, negative surface, negative washings.
washings/ascites.
1B Tumor involves both ovaries IB Tumor involves both ovaries
otherwise like IA. otherwise like |A.
IC Tumor involves 1 or both IC Tumor limited to 1 or both ovaries
ovaries with any of the IC1 Surgical spill
following: capsule rupture, IC2 Capsule rupture before
tumor on surfaoe, pos'rlive surgery or tumor on ovarian
washings/ascites. surface.
IC3 Malignant cells in the ascites
or peritoneal washings.

STAGE II: Tumor involves 1 or both ovaries with pelvic extension (below the pelvic brim)

or primary peritoneal cancer

OLD NEW
A Extension and/or implant on 1A Extension and/or implant on
uterus and/or Fallopian tubes uterus and/or Fallopian tubes
B Extension to other pelvic IIB Extension to other pelvic
intraperitoneal tissues intraperitoneal tissues
ic IIA or |IB with positive
washings/ascites.

**Old stage IIC has been eliminated™*

STAGE lll: Tumor involves 1 or both ovaries with cytologically or histologically
confirmed spread to the peritoneum outside the pelvis and/or metastasis to the
retroperitoneal lymph nodes

OLD NEW
HA Microscopic metastasis IlIA ( Positive retroperitoneal lymph nodes and
beyond the pelvis. /or microscopic metastasis beyond the pelvis)
A1 | Positive retroperitoneal lymph nodes only
lIA1(i) | Metastasis = 10 mm
11IA1(ii) | Metastasis > 10 mm
A2 | Microscopic, extrapelvic (above the brim)
peritoneal involvement + positive
retroperitoneal lymph nodes
1] Macroscopic, extrapelvic, nB Macroscopic, extrapelvic, peritoneal
peritoneal metastasis = 2 cm metastasis = 2 cm % positive
in greatest dimension. retroperitoneal lymph nodes. Includes
extension to capsule of liver/spleen.
nc Macroscopic, extrapelvic, nc Macroscopic, extrapelvic, peritoneal
peritoneal metastasis > 2 cm metastasis > 2 cm x positive
in greatest dimension and/or retroperitoneal lymph nodes. Includes
regional lymph node extension to capsule of liver/spleen.
metastasis.

STAGE IV: Distant metastasis excluding peritoneal metastasis

OLD NEW
v Distant metastasis excluding IVA | Pleural effusion with positive cytology
peritoneal metastasis. Includes IVB | Hepatic and/or splenic parenchymal
hepatic parenchymal metastasis, metastasis to extra-
metastasis. abdominal organs (including inguinal

lymph nodes and lymph nodes outside of
the abdominal cavity)

Table: 1 FIGO classification of ovarian cancer: Table showing the comparison made between

old and new classification of ovarian cancer from
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Apart from FIGO staging of ovarian cancer, its classification has also been made on the basis
of frequent mutations identified in several genes like KRAS, BRAF, ERBB2, P53, CTNNB1,
PIK3CA and PTEN which has been briefly described under the dualistic model of ovarian
carcinoma [41, 42].

Dualistic Model of ovarian carcinoma:

Several genetic and epigenetic changes have been discovered in ovarian cancer patients and
approximately 30 genetic abnormalities either in oncogenes or tumor suppressor genes have
been described by J Mendelsohn [43]. Based on morphology and genetic mutations, ovarian
cancer arising from surface epithelium of diseased ovary/fallopian tube can be grouped under
two different types. This “dualistic model”, was proposed by Kurman et al., (2010), where

EOC can be broadly classified into two broad categories, type | and type 11 [42].

Type I: These are low grade serous, low-grade endometrioid, clear cell and mucinous
carcinomas having slow proliferation rate. Common mutations observed under this category
involve KRAS, BRAF, and ERBB2 mutations which occur in approximately two thirds of low-
grade serous carcinomas whereas TP53 mutations are very rare in these tumors. Low-grade
endometrioid carcinomas also have aberrations in the Wnt signaling pathways involving

somatic mutations of CTNNB1 (encoding B-catenin), PTEN and PIK3CA.

Type I1: Type Il tumors comprise of high-grade serous carcinoma, high-grade endometrioid
carcinoma, malignant mixed mesodermal tumors (carcinosarcomas), and undifferentiated
carcinomas. They are usually present in advanced stage (stages 11-1V) in more than 75% of
cases. The high grade ovarian carcinoma is often accompanied with higher proliferation rate of

the tumor cells. This type of tumor harbours TP53 mutations in more than 95% cases.

However, till today drugs used to treat ovarian cancer do not account for these heterogeneity
and produce toxic effects in general. Apart from platinum-taxol based therapy, few targeted

therapies like poly(ADP-ribose) polymerase inhibitor olaparib for the patients with BRCAL or
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BRCA2 mutations and recurrent ovarian cancer are used in clinic[44]. PARP inhibitors in
BRCA mutation posed synthetic lethality via combination of base excision repair inhibition
with a defective homologous DNA repair pathway which results in accumulation of double-
strand breaks, collapsed replication forks, and eventual cell death [44, 45]. Trastuzumab or
Herceptin, are monoclonal antibody which are directed against ERBB2 and has been studied
in a phase Il trial in patients with recurrent or refractory ovarian or primary peritoneal
carcinoma with overexpression of HER2. Similarly a phase Il trial of single agent sorafenib
which is a multikinase inhibitor targeting both MAPK and VEGFR 1, 2 and 3 and platelet-
derived growth factor receptor (PDGFR) in persistent or recurrent EOC or primary peritoneal
cancer was also performed [45]. There were 2 partial responders and 20 patients with stable
disease out of total 59 patients. Despite of this there is generation of resistance against targeted

therapy also.
Site of Origin:

Each of the subtypes of epithelial ovarian cancers is recognized by a set of unique clinical,
morphological and molecular features owing to which the understanding of the origin of these
subtypes becomes necessary. However, the site of origin of these subtypes is a matter of debate.
Earlier it was believed that the ovarian tumors originate in the mesothelium, invaginates into
the stroma to form inclusion cysts that ultimately undergo malignant transformation. Recent
studies have shown that most of the epithelial ovarian tumors have an extra ovarian origin.
Like, the high grade serous is believed to originate as a metastatic event of serous tubal
intraepithelial carcinomas and occult high grade serous carcinoma of the fallopian tube [41].
Whereas the origin of low grade serous is considered to be a result of the event of mullerian
metaplasia. Similarly, endometriosis is considered to be the source of endometrioid and clear
cell carcinoma although the proper site of origin for clear cell carcinoma is still unclear.
Another subtype of ovarian cancer that is transitional in nature arises from transitional
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epithelium of urinary bladder. Mucinous is thought to originate from the translational

epithelium of the extra peritoneal cavity[41, 42].

Mode of action of cisplatin:

Cisplatin, also called cis-diamminedichloroplatinum (1), is a metallic (platinum) coordination
compound with a square planar geometry which is a white or deep yellow to yellow-orange
crystalline powder at room temperature synthesized from potassium tetrachloroplatinate [45].
It is slightly soluble in water and soluble in dimethylprimanide and N, N-dimethylformamide
(DMSO) but Sigma recommends 0.9% saline. Cisplatin is a well-known chemotherapeutic
drug which has been used for treatment of numerous human cancers including bladder, head
and neck, lung, ovarian, and testicular cancers. Its mode of action has been linked to its ability
to crosslink with the purine bases on the DNA and thus interfering with DNA repair
mechanisms, causing DNA damage, and subsequently inducing apoptosis in the cancer cells

via different molecular players [46] (Figure 5).
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Figure 5: Mode of action of cisplatin: Cisplatin intercalates the DNA and induces generation
of reactive oxygen species ROS. Damaged DNA activates P53 via ERK and ATM proteins. This

results in either cell cycle arrest or apoptosis via various molecular players.

Apart from cisplatin there are two other platinum based drugs, oxaloplatin and carboplatin that
are currently being used in the clinics as a major line of chemotherapeutic regimen[47, 48].
Other class of drug that entered into the clinics after cisplatin for the treatment of ovarian cancer

was paclitaxel [49, 50].
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Mode of action of paclitaxel:

Paclitaxel, another antitumor drug isolated from bark of the Pacific yew, Taxus brevifolia
demonstrated encouraging activity in human malignancies currently plays a major role in
cancer chemotherapy[51]. Paclitaxel is a complex diterpene having a taxane ring with a four-
membered oxetane ring and an ester side chain at position C-13. Paclitaxel binds to tubulin
towards negative end and protects microtubule against disassembly and thus hinders cell

division and also chromosome segregation leading to cell death [52].

depolymerization of

= tadf-atiln polymerized Microtubule

neterodmers Microtubule
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Figure 6: Mode of action of paclitaxel: Paclitaxel binds to the negative terminal end of tubulin
and brings stabilization and protects against disassembly. This alters the normal equilibrium
of polymerization and depolymerisation resulting in defective chromosome segregation during

cell cycle.
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In 1992, FDA approved Taxol for the first time to treat ovarian cancer patients, since then it
has been in clinical practice as a combinatorial agent with cisplatin[52]. Although treatment
with Taxol has led to improvement in the duration and quality of life for some cancer patients,
the majority eventually develop progressive disease even after initial response to taxol
treatment. Other than paclitaxel, docetaxel is another chemotherapeutic drug used in the
clinics[53, 54]. For the last two decades, platinum (cisplatin & carboplatin) and taxol
(paclitaxel and docetaxel) based drugs are the main line of chemotherapeutic treatment for
ovarian cancer. Therefore it is important to understand the basic mechanism of generation of

chemoresistance against these two drugs.

Disease Management and treatment modality:

Ovarian carcinoma at stage | & 11 can be cured with higher efficacy through surgical removal
of the diseased organs/s such as the uterus, both fallopian tubes, and both ovaries (a
hysterectomy with bilateral salpingo-oophorectomy). However the biggest challenge lies in
identifying the disease at these early stages. Currently there are no early diagnostic markers for
the correct identification of this deadly disease and hence the majority of the cases belong to
advanced-stage ovarian carcinoma (Stage 11l and Stage 1V) which means that the disease has
extended to pelvic/ aortic lymph nodes, peritoneum, intra-abdominal organs or disease outside
the abdominal cavity[40]. In such cases there are two possible treatment modalities as
mentioned in figure 7. First, the cancer is surgically removed followed by the removal of the
uterus, both fallopian tubes, both ovaries, and omentum (fatty tissue from the upper abdomen
near the stomach and intestines). Sometimes tumor deposits are also seen growing on the
intestines, in such cases, part of the intestine need to be removed[55, 56]. Once the tumor has
been optimally debulked, combination chemotherapy is given for 6 cycles. The combination

used most often is carboplatin (or cisplatin) and a taxane, such as paclitaxel.
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Another option for the treatment starts with neoadjuvant chemotherapy followed by surgery.
Neoadjuvant refers to the administration of anti-cancer chemotherapeutic drug prior to surgery
[57-59]. When surgery is performed after chemotherapy treatment, it is referred to as interval
cytoreduction. Since neoadjuvant chemotherapy can reduce the size of the cancer, it allows the
surgeons to remove the tumor more efficiently and thus more effective results are obtained
from subsequent chemotherapy. Currently at Tata Memorial Centre, Mumbai, the treatment of
stage Il and stage IV involves 3-4 cycles of neoadjuvant chemotherapy followed by surgery

and again 2-3 cycles of chemotherapy.

Option # 1: Primary Debulking Surgery

- Chemotherapy X 6

Option # 2: Neoadjuvant Chemotherapy Followed by Surgery
Chemotherapy X 3 - Chemotherapy X 3

Figure 7: Different treatment strategy for ovarian cancer: There are two different treatment
strategy for ovarian cancer. Option 1 where surgery is followed by six cycles of chemotherapy
and option 2 where three cycles of adjuvant chemotherapy is given followed by surgery and

again three cycles of chemotherapy.

Recently Kehoe et al (2015) have shown that in women with stage Il or IV ovarian cancer,
survival with primary chemotherapy before surgery to be an acceptable standard of care for
women with advanced ovarian cancer[60]. In this study they have randomly divided 552
ovarian cancer patients for the treatment with either option # 1 or option # 2 as described above.
Hence 276 patients were assigned to primary surgery and 274 to primary chemotherapy. Till
May 31, 2014, out of 552 patients, 451 deaths had occurred: 231 in the primary-surgery group
versus 220 in the primary-chemotherapy group with median overall survival of 22-6 months in
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the primary-surgery group versus 24-1 months in primary chemotherapy. This study shows that
primary chemotherapy before surgery is an alternative clinical management strategy to primary
surgery, which could reduce morbidity in many women with advanced ovarian cancer. An
extensive study designed under moon shot programme for ovarian cancer at M D Anderson
centre has proven to be of great benefit for increased survival. Here they developed a unique
surgical management algorithm which has already being used to treat more than 155 ovarian
cancer patients. With this algorithm-based approach, all women with suspected advanced
ovarian cancer undergo laparoscopic assessment of the tumor burden. This algorithm based
approach allowed distribution of patients to the right treatment arm by determining who should
immediately undergo aggressive surgery and who should first receive adjuvant chemotherapy

followed by surgery [61].

Even though patient responds to initial treatments of chemotherapy in majority of cases, still
the relapse rate is still very high and thus overall survival rate for EOC is only 45%. Depending
upon the time of relapse resistance has been classified into four groups as shown in the figure

below.

1. Chemo refractory (no response to initial treatment),

2. Chemoresistant (relapse within six months)

3. Partially resistant (relapse within 12 months)

4. Chemosensitive (relapse after a year).
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Clinical prediction of response to platinum salts
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Figure 8: Classification of resistance: Depending up on the response and recurrence of the
disease post chemotherapy resistance has been categorized into refactory (no response),
platinum resistant (relapse within six months), intermediate sensitivity (relapse within 12

months) and sensitive (relapse after one year).

Chemo resistance can be of two types: Acquired/adaptive resistance and Innate resistance.
Acquired resistance develops when the deregulated cancer cells further modify themselves
insensitive to drugs by altering more pathways or membrane drug transporters or mutating the
protein against which the therapy is developed [62-64]. The classical example is generation of
resistance against PARP inhibitors by correcting reversion mutation in BRCAL and BRCAZ2.
Another way of developing resistance involves activation of alternative pathway when one
pathway is blocked. Isoyama et al (2012) showed that resistance was acquired against
ZSTKA474 (PI3K inhibitor) upon simultaneous upregulation of insulin-like growth factor 1
receptor (IGF1R) pathway [65]. They also extended their study showing that inhibition IGF-
1R pathway with selective inhibitors (OSI1906 and NVP-AEW541) reverses the acquired PI3K

inhibition resistance in glioblastoma cell line SF295.

Innate resistance corresponds to cancer cells harbouring mutations in DNA repair genes and
apoptotic genes like P53 along with enhanced drug efflux caused by increased expression of

ATP binding cassette (ABC) membrane transporters [66]. These factors make them naturally
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resistant towards certain drugs. Innate resistance can also be developed by a small population

of cells known as cancer stem cells which has high DNA repair efficiency, increased expression

of efflux transporters, increased drug detoxification mechanism, self-renewal property[29, 66-

70].

Cancer Stem Cells:

First evidence supporting existence of CSC was obtained from the investigation on acute
myeloid leukaemia (AML) when a leukaemia tumor-initiating subpopulation of cells was
identified and purified from multiple patients bone marrows with specific set of cell surface
phenotype (CD34"CD38) which was similar to normal hematopoietic progenitors [71, 72].
Later to this study Al Hajj et al (2003) assayed the tumorigenic property of human breast cancer
cells in a xenograft model (NOD/SCID mice). In this model, they showed that only a subset of
the breast cancer cells known as breast cancer stem cells (BCSC) with CD44%/CD24" phenotype
had the ability to initiate and recapitulate the primary tumor [73]. Further many groups came
up with reports for the existence of CSCs in different solid tumors of prostrate, lung, colon and
liver [73-75]. All these CSCs satisfies the basic hall marks to become a Cancer Stem Cell.
Efforts are now underway to elucidate the mechanism that regulates CSC function, towards
development of chemoresistance and relapse. CSCs have innate ability of drug resistance
because of over expression of multiple drug transporters, enhanced DNA repair mechanism,
increased self-renewal ability and tumor initiating property [27, 76]. As stated above, several
studies focused on the identification of tumor initiating subpopulations in different types of
cancer. Bapat et al (2005) for the first time isolated ovarian cancer stem cells from the patients
ascitic fluid [77] and developed two immortalized clones, A2 and A4-T that showed CSC like
phenotypes expressing CD44, OCT4, NANOG and NESTIN. These immortal clones were able
to generate in vitro non-adherent, self-renewing spheroids formed tumor xenografts over

several generations in mice. Later other groups identified ovarian cancer stem cells based on
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different surface markers and different assays as shown in the figure below. After first
identification of ovarian cancer stem cells from the patient’s ascites, Zhang et al (2008) isolated
OCSCs on the basis of presence of cell surface receptor, CD44*/CD117* from human primary
tumor samples [78]. In the same year Szotech et. al. isolated OCSCs using a functional assay
based on the efflux mechanism of a cell called side population (SP) cells, which showed the
properties of OCSCs [79, 80]. In later years different cell surface markers (CD133, CD24 and
ALDH,) were used by different investigators either alone or in combination for the isolation of

ovarian cancer stem cells [81-83].

SP cells CD44+Myd88+
Szotek el al., 2008 Alvero et al., 2009

RECENT REPORTS IN OVARIAN CANCER STEM CELL (2005-2011)

/ N

l?resence in Neo-angiogenesis
primary tumors Bapat et al., 2009
Ferrandina et al., 2008 A

Tumorigenesis
Baba et al., 2008

Curley et al., 2009

Figure 9: Time line for the identification of different biomarkers in ovarian cancer stem
cells (OCSCs): Use of different biomarkers for the isolation of OCSCs which was pioneered

by Bapat and group and other functional assays like SP and ALDH assay to isolate OCSCs.
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Isolation of cancer stem cells:

To understand the complex behaviour of cancer stem cells, isolation and characterization need

to be done with utmost precision. Currently there are four standard methodologies for CSC

isolation.

Expression of bio markers: Majority of the cancer stem cells expresses specific cell
surface proteins or receptors through which they can be identified.

Spheroid formation capability: Spheroids are the multicellular, three dimensional
structures that possess stem cell like property by virtue of its increased self-renewal
ability.

Side population phenotype: By virtue of their intrinsic drug resistant character, CSCs
can be isolated as ‘side population’ using fluorescent dye efflux through FACS.
Aldehyde dehydrogenase (ALDH) activity: Aldehyde dehydrogenases are group of
enzymes that catalyze dehydrogenation (oxidation) of aldehydes to carboxylic acids.
This enzymatic activity is found to be over expressed in different types of malignancies
as well as in CSCs.

Expression of bio markers: Isolation of cancer stem cells has been reported by the use
of specific set of cell surface markers which majorly comprised of CD (Cluster of
differentiation) belonging to the immune cells. Ovarian CSCs were identified and
prospectively isolated by several cell surface markers, including CD44*, CD117*,
CD133" and CD24*. Apart from these cell surface markers, ALDH1 and ROR1
expression were also associated with cancer stem cells [84]. Di et al (2011) showed that
considerable degree of heterogeneity in cell surface markers is present in primary
ovarian carcinoma patients [85]. They found that 2/11 patients expressed CD133, of
which one patient had 73.3% CD133" and the other possessed only 3.7%. The CD24

status in 13 patients varied from 3.2% - 86.7%. Similar results were observed for CD44"
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with wide range of expression from 2.2% - 88.2%. In contrast to CD24 and CD44,
CD117* was found in 7/11 patients but the expression level varied from 2.9% to 11.2%.
ABCG2 expression (a marker for resistance development) was also not observed in all
patients. Thus biomarker alone cannot be a good criterion to isolate OCSC.

Spheroid formation capability: This method assess the ability of CSCs to form multi-
cellular spheroids in serum free media supplemented with growth factors like EGF,
insulin, LIF and bFGF. Not every cancer cell is capable of forming spheres in serum
free media. Such unique features of CSCs were exploited by various researchers to
isolate CSCs from cancer cell lines and tissues [86]. This technique of CSC isolation
was used for neuronal stem cell culture where it was found that only small subsets of
cells from the single suspension were capable of growing spheroids in serum deprived
media [87]. Recently Vermeulen group (2008) have shown that spheroid cultures of
freshly isolated tumor cells from multiple colon carcinomas have the capacity to
propagate as a tumor with all differentiated progeny and they can self-renew with the
capability of multilineage differentiation [88]. Similarly when ovarian cancer cells are
grown in serum free media, only cells with stem cell properties started forming spheroid
bodies. These spheroids were found to express stem cell specific biomarkers like Oct4,
Nanog and Bmi that allow spheroid to maintain their undifferentiated status [89]. When
these spheroids were allowed to grow in serum containing media they failed to
differentiate into the primary tumor phenotype. Currently many groups use this
property of spheroid formation to enrich the CSC population from established cancer
cell lines and primary tissues. Importantly, these enriched CSCs possess both the
characteristics of stem cells and malignant tumors cells. Expressions of various other
stemness markers (Nanog/Oct-4/CD133/Nestin/Nanog/OCT-4, and ABCG2) were also

found in spheroid population [78, 90]. Toru Kondo (2007) in their study have shown
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that hoechst 33342 dye based sorted SP cells were able to form spheroids in serum free
predefined media whereas NSP cells failed to form spheres [91].

Side population phenotype:

Side population (SP) cells are special group of cells with high expression of membrane
transporters. These cells are isolated through flow cytometry using their inherent dye
efflux properties of ATP-binding cassette (ABC) transporter proteins [92] (Figure 10).
Hoechst 33342/Dye Cycle Violet dye used in this assay binds to the AT rich regions of
the minor groove of the DNA. All Non side population (NSP) cells take up the dye and
gets stained with Hoechst. On the other hand SP cells because of over expressed ATP
transporter proteins do not retain this dye and effluxes it out of the cell. This gives SP
cells very low intensity signal when exited under UV laser [93]. Now it becomes easy
to differentiate SP vs. NSP cells on the scatter plot during FACS analysis. Such type of
population was first identified in mouse bone marrow cells. SP cells are gated using
verapamil (drug transport inhibitor) as control, since SP gets remitted from the dot plot

in verapamil pre-treated cells.

24 |Page



' Hoechst 33342 dye L LN

Drug transporter
g ouetersporer o

Figure 10: Side Population and non-side population: In side population (SP) fraction due to
overexpression of efflux membrane transporters retains very low number of Hoechst dye hence
lesser molecules bind to DNA. In contrary in non-side population (NSP) due to less number of
membrane transporters most of the dye binds to the DNA. This differential binding of the dye

separates SP from NSP population.

Presence of SP cells in ovarian cancer is well documented and reports showed that SP fraction
significantly increases in chemoresistant ovarian cancer cell lines [94]. Shinji Hosonuma and
Yoichi Kobayashi (2011) have shown that SP could be contained more in recurrent and
metastatic tumors than in primary tumors, therefore these SP could be the real culprits for

recurrence in ovarian cancer [94, 95].

SP cells have unique drug evading phenotype which resembles the characteristics of a cancer
stem cell. SP population when compared with Non Side Population (NSP) are more
proliferative, more tumorigenic, less apoptotic and have self-renewal capabilities. It has been
well established that such cells do not respond to conventional chemotherapy and radiotherapy,

resulting in development of chemoresistance and radioresistance and thus tumor relapse [96,
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97]. Various groups working in this field have reported high expression of the ABC transporter
MDR1, Bcrpl/ABCG2 proteins on the membrane of SP cells [92, 93, 98]. But association of
SP population with acquired resistance is less studied. Thus more detailed study is required to
get functional details of SP cells, their characterization and cohesiveness with CSC which
would help us to understand the basic mechanism lying behind the chemoresistance and tumor

relapse.

Aldehyde dehydrogenase (ALDH) activity: This method of CSCs isolation is based on its
phenotype attributed by its high Aldehyde dehydrogenases (ALDH) activity. Aldehyde
dehydrogenases are group of enzymes that catalyzes dehydrogenation (oxidation) of aldehydes
to carboxylic acids and are mainly involved in the detoxification of process. ALDFELOR assay
is performed through FACS for the isolation of ALDH positive cells. Similar to SP assay, an
ALDH inhibitor, diethyl amino benzaldehyde (DEAB) is used for proper gating [99]. High
level of ALDH activity has been observed in many cancer types. Cancer stem cells often have
high level of ALDH activity which bestows their inherent drug resistance. Various
investigators are now exploiting this ALDH activity to identify and isolate CSCs [100-102].
Wang et al (2011) have shown that as few 100 ALDH positive cells isolated from osteosarcoma
cell line (OS99-1) were able to generate tumor in NOD/SCID mice where as ALDH negative

cells could not form tumor [103].

All of the above mentioned techniques to isolate CSCs are not self-sufficient, rather it needs
functional validation through its capability to form tumor xenograft in immunocompromised
mouse. Till date researchers have shown that CSCs isolated from different tissue type could
initiate and recapitulate the primary tumor when implanted in immune-compromised mice.
However the kinetics of tumor growth from these CSCs is not fully investigated. A powerful

method to monitor CSC mediated tumor development in real time is non-invasive molecular
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imaging technique which utilizes reporter genes and reporter probe and compatible imaging

modalities.

Cancer Stem Cells in different EOC subtypes:

Since HGSOC is the most predominant subtypes of epithelial ovarian cancer worldwide,
majority of the research study on ovarian CSC are performed from this subtype (Figure 9, page
20). However, several researchers have tried to isolate and characterise CSC from other
subtypes of EOC. Using ALDH high cells Kuroda et. al., isolated CSCs from Clear cell subtype
of ovarian carcinoma and showed that these CSCs possessed higher sphere forming and
tumorigenic ability. They also proposed high ALDH expression in clear cell type ovarian
cancer to be a poor prognostic marker [104]. Increased expression of CD133 has been
correlated with endometroid cancer stem cells with an ability to self-renew in culture and also
to differentiate into cells that recapitulated the primary tumor [105]. Furthermore,
SP/ADLH(Br) population showed higher sphere-forming ability, cisplatin resistance,
adipocyte differentiation ability and expression of SOX2 than those of SP/ALDH(Low),
MP/ALDH(Br) and MP/ALDH(Low) cells suggesting that this could be a better prognostic
marker for endometroid cancer stem cells [106]. Mucinous subtype specific CSCs show over
expression of CD24 with higher levels of Nestin, Beta catenin, Bmi-1, Oct4, Oct3/4, Notchl
and Notch4 than the matched CD24 negative cells. These CSCs possessed increased

tumorigenic potential in immunocompromised mice [107].

Molecular imaging methods:

Molecular imaging is one of the powerful tools in the field of diagnosis and treatment of cancer.
It can provide real time monitoring of different events (one, two or three) simultaneously. Non-
invasive molecular imaging of living animals in pre-clinical studies with reporter genes has

opened up new avenues to understand different molecular pathways and their association.
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On the basis of the spectrum and source of energy used for detection, molecular imaging

techniques could be broadly classified into five categories [108].

l. Optical imaging —fluorescence/bioluminescence imaging

. Radionuclide imaging — positron emission tomography (PET) and single photon

emission computed tomography (SPECT)

1. X-ray computed tomography imaging (CT)

V. Magnetic resonance imaging (MRI)

V. Ultrasound

Among all these techniques, bioluminescence imaging has the highest sensitivity and
specificity and therefore is suitable to capture subtle molecular/cellular dynamics. Light is
generated during catalysis of luciferin/coelenterazine substrates by luciferase enzymes which
can be captured using high end CCD camera from small animals [108]. Multimodality bi-fusion
construct was generated by Ray et al (2003) where two reporter genes (FI2-Firefly luciferase
and Tdt-Tandem Dimer Tomato) were joined together with short linkers and driven by CMV
promoter [109]. CSCs labelled with such bi-fusion construct could be longitudinally monitored

after xenotransplantation, giving the details of tumor growth/regression kinetics.

Use of bioluminescence imaging to understand the Kkinetics of CSC driven disease
manifestation is still in infancy and only few such reports are available in literature. In one such
study, Liu et. al (2010) investigated the role of breast cancer stem cells (BCSCs) in metastasis
in real time using optical imaging [110]. They generated human-in-mouse breast cancer
orthotopic models using patient derived tumor specimens labelled with optical reporter fusion
genes, firefly luciferase (Luc) for whole-body tracking of cells via bioluminescence imaging

(BLI) This approach led them to monitor BCSC growth and dissemination, at very early stage
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and also permits both macroscopic and microscopic analysis of cancer progression [110].
Therefore, both in vitro and in vivo techniques for isolation and monitoring CSC biology are

important to understand the association of chemoresistance and recurrence.
Molecular Signalling pathways in chemoresistance:

Like CSCs, that inherently confer drug resistance to the tumors, several signalling pathways
required for normal functioning of an organ may get deregulated in cancer and confer drug
resistance. Insulin like growth factor receptor (IGF-1R) mediated signalling is one of such
known pathway that has been implicated in normal growth and deregulated growth of cancer

cells and in drug resistance [16, 111-113].
IGF-1R Signaling:

Insulin Like Growth factor-1 Receptor (IGF-1R), is a receptor tyrosine kinase (RTK) that
contains two extracellular ligand binding a-subunits and two cytoplasmic B-subunits. The B -
subunits possess the tyrosine kinase catalytic domains that are activated upon ligand binding

[111, 114].
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Figure 11: Tetrameric Structure of Insulin Like Growth factor 1 Receptor (IGF-1R): IGF-

1R is a tetrameric structure with extracellular ligand binding domain having two a subunits, a
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transmembrane domain spanning in the membrane and cytoplasmic domain with two £

subunits which contains tyrosine kinase domains.

IGF-1R is activated by its ligands IGF-I and IGF-11, which are produced by the liver and also
by many extra hepatic sites including tumor cells and stromal fibroblasts [113]. Binding of the
ligand to its receptor (IGF-1R), leads to auto phosphorylation of tyrosine residues 1131, 1135
and 1136 in the kinase domain of the receptor [115]. The IGF-1R activity has been implicated
in several different human malignancies, including various epithelial cancers, sarcomas,
multiple myeloma, melanoma, and childhood cancers [116, 117]. Binding of ligand to the IGF-
1R receptor transmits signals through a battery of signaling molecules which relays its signals
via pathways like MAPK and PI3KCA leading towards acquire of chemoresistance. In colon
cancer cells, resistance to 5-fluoro-uracil or oxaloplatin showed IGF-1R activation, and
treatment with an IGF-1R antibody demonstrated significant growth inhibition of the resistant
tumors [118, 119]. IGFs and their receptors play key roles in regulating the normal biology of
ovarian epithelial cells and have been implicated in the transformed phenotype of ovarian
carcinoma cells [120]. Eckstein et. al. (2009) for the first time showed that IGF-1R is hyper
activated during acquirement of cisplatin resistance and AG 1024, an IGF-1R inhibitor could
sensitize these resistant cells to cisplatin [16]. This Cisplatin resistance was mediated by the
activated PI3K/Akt pathway but not by the MAPK/ERK pathway. In another study, a taxol
resistant ovarian cancer cell line (Hey-T30) showed increased expression of IGF-11 and
activated IGF signaling [17]. Inhibition of IGF-1R (by a small molecule) or IGF-11 (by SIRNA)
led to the reversal of taxol resistance. Though IGF ligands or the inhibition of IGF-1R kinase
could sensitize platinum or taxol resistant ovarian cancer cells to the respective drugs, none of
these studies had attempted to monitor the combinatorial effects of cisplatin/taxol with these
inhibitors based on IGF-1R expression status. The crucial role of IGF/IGF-1R signaling in

malignant transformation has attracted attention as promising therapeutic targets either by
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developing antibodies or small molecule inhibitors against the receptor or ligands. A few of
such antibodies and small molecules have already entered clinical trials [121]. Physiologically
IGF-1R expression is regulated by either transcriptional activators (SP1, Foxo3) or repressors
(WT1, P°3, BRCAL) through direct and co-operative binding to IGF-1R promoter in a context
dependent manner [122, 123]. In addition, IGF-1R function can be modulated by ubiquitination
and proteaosomal degradation through binding of MDMZ2-E3 ligase [124]. A number of studies
identified the IGF system as an important player in the development of gynaecologic tumours
as well. Hirano et al. (2004) reported significantly higher expression of IGF-IR in 46
endometrial, 32 cervical, and 20 ovarian cancers [125]. IGF-I, IGF-II, and the IGF-1R have
also been shown to be produced in vitro by ovarian cancer cell lines and various ovarian cancer
cell lines display autocrine growth loops mediated through the IGF-1R [126, 127]. Using gRT-
PCR, Sayer et al. (2005) found significantly higher IGF-1I mRNA levels in 109 epithelial
ovarian cancers compared with eight normal ovaries [128]. Moreover, high IGF-11 gene
expression was associated with high-grade advanced stage disease of ovarian cancer with poor
survival. All of these investigations suggest that like other cancers, ovarian cancer has
deregulated IGF-1R signaling axis which might results in chemoresistant phenotype. Recently
Zhao et al (2011) showed that IGF-1R has a possible link between IGF-1R signaling and
epithelial mesenchymal transition (EMT) where there has been a strong correlation with
increased EMT phenotype with active IGF-1R signalling in hepatocellular carcinoma cell line

0S1-906 [129].

Though independent studies revealed association of OCSC with cisplatin or taxol resistance
and association of IGF-1R signalling in acquired cisplatin and taxol resistance in ovarian cancer
cells, none of them investigated the association between CSC and IGF-1R signalling during
acquirement of chemoresistance in ovarian cancer. Additionally relevance of CSC and IGF-1R

signalling in platinum-taxol resistance was never investigated. Thus using indigenously
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developed chemoresistant (cisplatin, paclitaxel and cisplatin-paclitaxol) cellular models and
naturally occurring cisplatin resistance cells, in this study we aimed to investigate the role of
CSC and IGF-1R signalling during acquirement of chemo resistance and to look for the
possibility of early detection of chemoresistance. In order to answer, how the chemoresistance
IS generated in ovarian cancer and whether chemoresistance generation can be detected early,
we have framed three objectives. Each objective has been described in detail in successive

chapters that includes an introduction, results and discussion.

Objective 1: Isolation and characterization of cancer stem cells (CSC) from chemosensitive

& chemo resistant ovarian carcinoma cell lines.

Objective 2: Longitudinal monitoring of tumorigenicity of cancer stem cells in living subjects

by non-invasive bioluminescence imaging.

Objective 3: To study the role of IGF-1R in maintenance of OCSC biology and epithelial

mesenchymal transition.
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Chapter 2

Isolation and characterization of cancer stem

cells (CSCs) from ovarian cancer cell line
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Introduction:

There is an accumulating evidence of initiation, maintenance and recurrence exhibited by
different types of human cancer caused by a sub population of cells residing within the tumour
termed as cancer stem cells (CSCs) or cancer initiating cells (CICs)[130]. For the rest of the
thesis, these cells will be referred as CSCs. With growing understanding about the potential of
this small population in tumorigenesis, investigators are now largely focussed on correct
identification and isolation of these CSCs to judge their therapeutic potential and for improving
targeted therapy. With the advancement of research in the field of cancer stem cell biology,
different tools have been developed to isolate CSCs from a heterogeneous population of tumor
cells as mentioned briefly in the previous chapter (chapter 1). Different set of various
biomarkers have been reported for the isolation of cancer stem cells. However a better
understanding is needed to identify and isolate CSCs by making the use of correct biomarker
or battery of biomarkers accompanied with other functional assays. As mentioned earlier in the
introduction that CSCs play a crucial role not only during tumour initiation but also in therapy
resistance and relapse. Hence it is even more important to study the characteristic features and
behaviour of these cancer stem cells during tumour growth and acquirement of chemo
resistance. In this chapter special emphasis has been made for the identification, isolation and
characterization of ovarian cancer stem cells from chemosensitive and chemoresistant cells

(indigenously developed against cisplatin, paclitaxel and dual drugs in our lab).

Ovarian Cancer Stem Cells (OCSCs):

A major landmark was made in the field of ovarian cancer in the year 2005, when Bapat and
her group for the first time isolated two immortal clones (OCSCs) from the ascitic fluid of the
epithelial ovarian carcinoma patients [77]. These clones showed anchorage independent
spheroidal structure under in vitro condition. They also showed enriched cancer stem cell

markers such as CD117, CD44 and nestin. These clones also recapitulated the primary tumor
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morphology in tumor xenograft study. Another study led by Szotek group in 2006 found that a
sub-population of dye-excluding cells known as side population (SP) exists within the tumour
bulk that were highly tumorigenic in nature [80]. Later they confirmed these SP cells to be
enriched with CSCs like phenotype by showing the high expression of CD44 and CD117 which
were absent in NSP fraction. Zhang et. al (2008) isolated ovarian cancer initiating cells from
primary human tumors on the basis of sphere forming ability of the cells [78]. They also
showed that 100 dissociated spheroids were capable of recapitulating the primary tumor. The
ALDH1AL is another cancer stem cell marker which defines normal hematopoietic stem cells.
Using the ALDEFLUOR assay, which is a functional flow cytometric based assay that
identifies cells with higher ALDH1A1 activity, Landen et al (2010) for the first time showed
that ALDEFLUOR assay could be used for isolation of ovarian cancer stem cells [131]. Since
then there are mounting evidences showing occurrence of ovarian cancer stem cells in different

cell lines and patient samples (Table 2.1).

S. No. Marker Reference
1 CD44 [77, 86, 132, 133]
2 CD133 [82, 83, 134, 135]
3 ROR1 [84]
4 CD117/C-kit [136]
6 ALDH [83, 131, 134, 137, 138]
7 Side Population [139-142]

Table 2.1: Ovarian Cancer Stem Cells (OCSCs) markers: List of biomarkers used either
alone or in combination for the isolation of ovarian cancer stem cells. ALDH and side

population assays are the functional assays used to isolate OCSCs.
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It has been observed that CSCs residing in the tumour bulk are resistant towards conventional
radio and chemotherapy. Therefore during chemotherapy, while non-CSC tumor cells undergo
apoptosis, these CSCs become enriched giving rise to recurrence and relapse of the disease.
Thus most effective anticancer strategy would be to target both tumour bulk and OCSCs. In
this line of treatment various researchers have tried cancer stem cell targeted therapy to achieve

maximum efficacy of the treatment. Few of such therapies targeting ovarian cancer stem cells

are listed below (Table 2.2).

Targeting Molecule Target Reference
VS-5589 Pi3BK/mTOR [143]
Oncolytic viruses CXCL12/CXCR4 [144]
SGI-110 Epigenetic target of OCSC [145]
Notch Inhibitor Notch Signaling [146]
Niclosamide OCSCs [147]
SiIRNA ALDH1 [148, 149]
Metformin Ovarian cancer stem cells [150]

Table 2.2: Different molecular targets identified for ovarian cancer stem cells: List of

druggable targets and their respective targeting molecules for ovarian cancer stem cells.

Even though certain molecules have been identified that could specifically target ovarian
cancer stem cells, none of them has reached the clinic. This suggests that there is an imperative

need for understanding the biology and chemoresistant features of ovarian cancer stem cells.

Cancer stem cells and chemoresistance:

In spite of having considerable advancements in the field of cancer stem cell biology we still
do not fully understand the association of cancer stem cells and chemo resistance. Since the
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identification of CSCs in acute myeloid leukaemia in 1997, they have been reported by many
investigators in different types of cancer. It has been very well documented that CSCs,
irrespective of the tumor type are resistant towards chemotherapeutic drugs with increased
levels of detoxifying enzymes e.g. ALDH, enhanced DNA repair abilities, increased drug
efflux capacity, reduced drug influx and quiescent nature[66, 130]. In majority of the advanced
stage ovarian carcinoma, recurrence and relapse of the disease are the major concerns. Thus
OCSCs present a formidable obstacle against effective chemotherapy. In order to monitor the
role of OCSCs during the development of chemoresistance, we developed in vitro cellular
resistant models against cisplatin, paclitaxel and combination of cisplatin and paclitaxel in
ovarian cancer cells (Figure 1). Using these resistant models we investigated the association of
ovarian cancer stem cells with acquired chemo resistance. Given that there could be many
targets against ovarian cancer stem cells, we focused on oct4 because of its indispensable role
in maintenance of both stemness and chemoresistant phenotype [151-153]. Knockdown of oct4

results in decreased expression of other core transcription factor like sox2 and nanog [154].

Methodology:
Sphere formation assay:

Spheroid forming assays were performed using serum devoid of DMEM supplemented with a
cocktail of growth factors and serial passaging was performed for monitoring long term self-

renewal ability. Detailed protocol has been mentioned in the materials and methods section.

Antibodies and western blotting:

The protein lysates were prepared by using passive lysis buffer and concentration of proteins
were estimated by Bradford assay. The proteins were resolved in SDS PAGE and transferred
to nitrocellulose membrane. Membrane was probed with the appropriate primary antibodies

(Oct4A, CD133 and beta actin) and HRP-conjugated secondary antibodies. The immune
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complexes were detected using Pierce ECL systems according to instructions supplied by the

manufacturer. Detailed protocol has been mentioned in the materials and methods section.

Quantitative real-time PCR (qRT-PCR):
Quantitative real time PCR was performed from 10ng of cDNA using SYBR Green method

(Invitrogen). GAPDH expression was used as an internal control. The relative expression levels
of mRNAs were calculated by the ACt for relative quantification and AACt method for fold
change measurement. Primer sequences and the detailed protocol have been mentioned in the

materials and methods.

Side population assay:

Side population assay protocol was adapted from Telford et al (2007). It was performed with
some modification, where cells were incubated with verapamil 50uM for 20 minutes. SP and
NSP fraction was sorted from 100 gauze nozzle at 4 degrees Celsius. Detailed protocol has

been mentioned in the Appendix (materials and methods) section.

Construction of shOct4 knockdown clone: Target sequence against Octd
(AACATGTGTAAGCTGCGGCCC) was adapted from Zares et al. (2005)[155]. It was cloned
in P113.7 lentilox vector using Hpal and Not 1 sites. Clones were validated with restriction
digestion and transient transfection in 293FT cells. Detailed protocol has been mentioned in

the materials and methods section.

Lentiviral mediated gene silencing:

For stable integration of ShRNA construct against Oct4 gene, lentiviruses were produced in
293FT cells. Virus was collected post 60 hours of transfection and concentrated with
ultracentrifugation at 30,000 RPM for 90 minutes. Concentrated viruses were used for
transducing the cells and 48 hrs post transduction high GFP positive cells (cells with shOct4

construct) were sorted through FACS. Western blotting and RT-PCR was performed to observe
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the knockdown efficiency. Detailed protocol for the production of viruses and transduction

procedure has been mentioned in the materials and methods section.

Results:

1. Development of chemoresistant model against cisplatin, paclitaxel and
cisplatin+paclitaxel:

In order to monitor the early and late events taking place during the acquirement of drug
resistance (cisplatin, paclitaxel and cisplatin + paclitaxel), our lab developed isogenic drug
resistant models from two different EOC cell lines e.g. A2780 and OAW42 (Serous epithelial
ovarian carcinoma). Later these resistant models were categorized into early resistant (ER)
and late resistant (LR) stages depending upon their survival fraction at ICso of sensitive cells.
Early resistant cells showed 60-65 percent viability and late resistant cells showed >90 percent

viability (figure 2.1) [156].
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Figure 2.1: Schematic representation of development of A2780 resistant model: Chemo

naive A2780 cells were challenged against escalating doses of cisplatin, paclitaxel and
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combination followed by recovery period. The whole model was categorized into early (CistR,

PacER and CombifR) and late (Cis‘?, Pact® and Combi‘®) resistant cells.

The entire process of development of resistant cells took 6-7 months followed by its validation
through MTT assay, where percentage viability of resistant cells after every treatment was
monitored. These isogenic resistant cells were used as our model system to study the role of
CSCs during the acquirement of chemoresistance where we isolated and characterized the

CSCs from different stages of resistance.

2. Isolation of ovarian cancer stem cells from chemo sensitive, Early and Late resistant

cells:

As mentioned in the introduction section, there lies a lot of discrepancy for the use of cell
surface biomarkers to isolate ovarian CSCs from cell lines and patient samples. Thus we used
two isolation strategies which are not based on cell surface markers rather they represent the
functional property of cancer stem cells e.g. Side Population assay and Spheroid formation
assay which would be common to all cell lines used and are more relevant for resistance study.
We have also evaluated presence of certain biomarkers. In this present section we used SP
assay for isolating ovarian CSCs from A2780 cell line. When analysed in sensitive, early and
late resistant stages of Cisplatin, Paclitaxel and dual resistant models, we observed a gradual
increase in SP fraction from sensitive to early and from early to late resistant cells across all
the three resistant models. (A2780 = 1.4%=0.05, Cis-ER=2.4%+0.08; Cis-LR=5.73%=0.42;
Pac-ER=4.06%z=0.38; Pac-LR=6.8%:z0.10; Combi-ER=5.05%z=0.65; Combi-LR=

17.6%=0.74) as shown in the figure 2.2 A-C.
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Figure 2.2: Side Population assay across the resistant models: (A) FACS dot plot analysis
showing significant increase in SP fraction with increasing resistance across the resistant
models. (B-C) Graphical and tabular representation of fold enrichment of SP fraction with
increasing resistance across the resistant models (p<0.01).

These SP and NSP cells were further characterized for CSC phenotype (self-renewal property

and stemness gene expression) and resistance phenotype in the later part of this chapter.
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3. Characterization of chemoresistant and ovarian cancer stem cells isolated from early
and late resistant stages.

3.1 Biomarker based analysis across the resistant model:

We analysed a set of three biomarkers in A2780 resistant models mainly CD44, CD133, and
CXCR4 to monitor if these CSC markers also increases with increasing resistance by FACS
and western blot. It was observed that compared to sensitive A2780 cells, there was significant
increase in the levels of CD44, CD133 and CXCR4 (Figure 2.3A). We also performed western
blotting for CD133 which is a very well reported biomarker for ovarian cancer stem cells to
investigate the enrichment at protein level. Increased expression of CD133 was observed in all

the models irrespective of the drug used (Figure 2.3B)
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Figure 2.3: Biomarker expression analysis across the resistant models: (A) Expression of
CD44, CD133 and CXCR4 was analysed in cisplatin resistant model with FACS. Increased
expression of CD44, CD133 and CXCR4 was observed in Cis'® cells compared to the sensitive

cells. (B) Expression of CD133 was analysed through western blotting in cisplatin, paclitaxel
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and dual resistant model which showed a gradual increase in the expression of CD133 with

increasing resistance.

3.2 Sphere forming assay in sensitive and drug (cisplatin, paclitaxel and dual) resistant
cells:

As mentioned earlier in the introduction that spheroid formation is one of the crucial assay that
determines the self-renewal property of any stem cell or cancer stem cell. Here we sought to
monitor the self-renewal property of SP and NSP fraction along with the main population (MP).
Total 2000 viable SP/NSP/MP cells/well were seeded for spheroid culture. From these two
thousand cells, A2780 chemo sensitive cells formed only 16 spheroids (0.81%) however, CisER
formed 30 spheroids (1.5%) showing a 1.8 fold increase at early stage of cisplatin resistance.
In late resistant cells (Cis‘®) 46 spheroids were observed (2.3%) with 2.8 fold increase as
compared to the sensitive cells. All the spheroids for data evaluation were counted at passage
three. Similar findings were also observed in Paclitaxel and dual resistant model where PacER
cells were able to form 40 spheroids (2%) i.e.2.4 fold higher and Pac'R formed 64 spheroids
(3.2%) i.e. 3.9 fold increase; CombiER cells formed 77 spheroids (3.8%) i.e. 4.8 fold higher and
Combi‘R cells formed 85 number of spheroids (4.25%) i.e 5.3 fold increase as compared to that

of sensitive cells. (Figure 2.4A).
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Figure 2.4: Quantification of spheroids across the resistant model: Monitoring the number
of spheroids formed at 3™ passage showed that with increasing resistance there was significant
increase in the sphere forming ability of early and late resistant cells. CisER = 1.8 fold, Cis‘®

showed 2.8 fold; Pac+ = 2.4 fold, Pac'® = 3.9 fold; Combi®R = 3.8 fold, Combi'® = 5.3 fold

5. Characterisation of SP and NSP fraction for their self-renewal property and resistant
phenotype

We investigated the spheroid forming ability of SP and NSP fractions from A2780 sensitive,
early and late resistant cells. The main population (MP) of cells were sorted for their SP and
NSP fraction and trypan blue staining was performed to count the viable cells. Precisely 2000
cells/well were seeded in a low adherent culture dishes and monitored till spheroid formation.
The spheroids were then serially passaged till 3 generations to count the number of spheroids.
It was observed that NSP cells were highly compromised for their spheroid forming ability and
showed significantly less number of spheroids compared to SP cells (Figure 2.5B).
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Chemoresistance property of SP and NSP cells were also monitored with MTT assay and a
comparison was made between MP, SP and NSP fractions for their chemoresistant behaviour
at ICso drug concentration of A280 sensitive cells. A2780 sensitive, Cis'®, Pact® and Combi'R
cells at their respective 1Cso showed approximately 50 percent viability. However
corresponding SP fraction showed marked increase in percent survival (A2780 = 68.7%, Cis'R
= 63.9%, Pac'® = 72.49% and Combi‘R = 70.45%). Corresponding NSP fractions showed
similar viability to respective parental population for resistant cells but the A2780 sensitive and
Cis'R cells showed marked decrease (A2780 = 24.4, Cis-R = 35.7, Pac'® = 48.4 and Combi'R
= 51.2) (Figure 2.5B). This suggests that resistant cells despite being NSP fraction can still
maintain certain features of resistant phenotype. Next we wanted to monitor whether SP cells
can differentiate into NSP cells and NSP cells could revert back to SP fraction. In order to
execute this experiment we sorted SP and NSP fraction from both A2780 sensitive and Cis'R
cells, cultured them and performed SP assay at 3 consecutive passages (Figure 2.5C-D).
Interestingly it was observed that in both sensitive and resistant cells there was an enrichment
in the SP phenotype at consecutive passage (A2780 Sensitive; Passagel = 1.5%, Passage2 =
5.8% and passage 3 = 27.3%; In Cis‘R cells, Passagel = 7.3%, Passage2 = 11.9% and passage
3 = 49.3%) and rest of the cells differentiate into NSP fraction. However there was no SP
fraction formed during 3 passages from NSP cells (Figure 2.5E). This suggests that SP cells

can form both SP and NSP cells but NSP cells failed to form any SP cells up to 3 passages.
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Figure 2.5: Characterisation of SP and NSP cells: (A) Spheroid formation assay was
performed from 2000 cells showing an increase in the sphere forming ability from SP cells
however drastic decrease in the sphere forming ability of NSP fraction was observed as
compared to their respective SP fraction. (B) Comparison of survival fraction at 1Csp was
monitored between SP and NSP cells, showing marked increase in the survival fraction of SP
cells (A2780 SP = 68.75%, Cis-R = 63.99%, Pac-® = 72.4% and Combi® = 70.45%) compared
to main population (MP) and NSP cells. (C-D) FACS analysis of DCV stained A2780 sensitive
and Cis'® cells at consecutive passage showed enrichment of SP fraction (A2780 Sensitive;
Passagel = 1.5%, Passage2 = 5.8% and passage 3 = 27.3%; In Cis‘® cells, Passagel = 7.3%,
Passage2 = 11.9% and passage 3 = 49.3%). (E) FACS analysis of DCV stained NSP fraction
at different passage showing no SP phenotype (Passagel = 7.3%, Passage2 = 0% and passage

3=0.1%)
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Since we observed higher self-renewal ability from chemoresistant and SP cells we intended
to monitor the expression of core transcription factors which maintains the pluripotency of

cancer stem cells.

6. Expression of pluripotent genes across the resistant models.

In order to monitor the CSCs like feature of SP cells and chemoresistant cells which are
enriched with SP cells, we monitored the transcript levels of Oct4, Sox2 and Nanog across the

resistant models as well as in SP and NSP fraction isolated from A2780 and OAW42 cells.
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Figure 2.6: Quantitative analysis of pluripotent genes in SP, NSP and resistant cells: (A)
Real time PCR analysis showing significant increase in the expression of Oct4 and Sox2 in
cisplatin and paclitaxel resistant model. In dual resistant model only paclitaxel resistant cells

showed significant increase in the expression of nanog. (B) Real Time PCR analysis of Oct4,
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Sox2 and nanog from SP and NSP cells isolated from A2780 and OAW42 cells showed

significantly higher transcripts in the SP fraction than NSP fraction.

In cisplatin, paclitaxel and combinatorial resistant models, transcript levels of both Oct4 and
Sox2 showed a significant increase compared to the A2780 sensitive cells (Expression of Oct4:
CistR = 2,63 fold, Cis'® = 2.76 fold; PacER = 11.68 fold, Pac'® = 11.78 fold; Combi=R = 3.4
fold, Combi‘® = 3.8 fold. Expression of Sox2; CistR = 2.9 fold, Cis‘® = 2.0 fold; PactR = 32
fold, Pac'® = 27 fold; Combi®R = 11.9 fold, Combi‘® = 12.9 fold.) only at the early stages
which then plateaued for late resistant cells. However, nanog was found to be significantly
upregulated only in PacER and Pac'® cells (PacER = 5.52 and Pac'R = 5.55 fold) (Figure 2.6A).
Next we monitored the transcript levels of Oct4, Sox2 and nanog in the sorted SP and NSP
fraction from A2780 and OAW42 cells. It was observed that SP cells had higher transcript

levels of Oct4, Sox2 and nanog compared to the NSP cells (Figure 2.6B).

Next we wanted to study the role of stemness genes in the maintenance of cancer stem cells
and chemoresistant phenotype. From our previous results it was observed that the expression
level of Oct4 and Sox2 increased significantly across all the resistant models. In addition in
sensitive cells, Oct4 gene expression was significantly higher in SP fraction. This suggested
that Oct4 might be one of the key players for the maintenance of SP phenotype. Therefore we
monitored effect of Oct4 gene silencing upon SP and chemoresistant phenotype using gene

knockdown strategy.

7. Lentiviral mediated stable knockdown of Oct4 gene:

To monitor the effect of Oct4 gene we used lentiviral mediated Oct4 knock down in all the
resistant models. We cloned the shOct4 sequence in PIlI 3.7 U6 linker plasmid. Oct4 target
sequence was adapted from the paper by Zaheres et al. (2005) which has shown significant
silencing of Oct4 in human embryonic stem cells [157]. The oligos were firstly annealed and

checked on 20% PAGE (figure 6B) for their integrity. The annealed oligos were then cloned
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under Hpal and Not1 restriction sites in pll3.7 U6 linker plasmid and the positive clones were

screened with colony PCR and validated with restriction digestion (figure 6D-E).

Sense loop antisense Un annealed annealed
5- TGGAGAGGCTTCTTGCTGAATTCAAGAGATTCAGCAAGAAGCCTCTCCTTTTITGE -3 .
3. ACCTCTCCGAAGAACGACTTAAGTTCTCTAAGTCGTTCT aacceeees Annealed oligos J
@ ligation
Hpal Notl
(2935) (3065)
@; Digested vector

...cttgtt ggccgeg. - -
...gaacaa cgc.

04

D E

- 100bp —nOCT&CoRe Colony PCR for Sh OCT 4 Clone
shOCT4 Ladder  Ctrl 1 2 3 4 5 1 2 3
ansoxa
500
400
" 300
D % "
B e o 200
P P
CGrp 3 o 100
"\t/ “—Insert
re ot ios3
cons

Xbal + Notl double digestion Annealing temp- 60

ProductSize - 112bp

Control vector- 450bp release
Positive Clone- 380bp release

Figure 2.7: sh RNA mediated knock down cloning strategy: (A) Schematic diagram
describing cloning of sh RNA in pLL3.7 plasmid. (B) Annealed oligos were checked on 20%
PAGE; a shift was observed in case of double stranded annealed oligos compared to heat
denatured forward and reverse oligos. (C) Oligos were checked through mFold server for its
intrinsic property to form a hair pin loop structure which is a prerequisite condition for
efficient knockdown of any gene. (D) Positive clones were firstly screened by colony PCR
having specific forward and reverse primers with amplicon size = 112bp. Later validation was
performed with restriction digestion using two unique sites, Xbal and notl, with release of
380 bp fragment in the positive clones and vector control gives a release of 450 bp and also
PCR amplification with 112 bp amplicon size.

Before lentivirus production we first validated the knock down effect by transient transfection

of the positive clone in 293FT cells at both transcript and protein level. Cells were first
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transfected with shOct4 clone and only vector (Mock control) and then GFP positive cells
harbouring the shRNA construct were sorted using FACS (figure 2.8A,B). These cells were
cultured and used for quantitative PCR and western blotting. Significant decrease in the levels

of Oct4, both at transcript and protein levels were observed compared to mock control (figure
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Figure 2.8. Transient validation of Oct4 knockdown clone: (A) FACS analysis showing 23

o

percent high GFP positive cells after transient transfection of shOct4 clone in 293FT cells (B)
Representative image of the sorted 293FT cells showing eGFP expression under fluorescence
microscope (C). Semi quantitative PCR from GFP positive cells showed decreased Oct4
expression in the knockdown cells compared to the mock control (D) quantitative real time
PCR analysis showed 55 percent decrease in the transcript level of Oct4 gene. (E). Western

blotting analysis show significant knock down of oct 4 protein compared to the mock control
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8. Generation of stable knockdown of Oct4 in all the resistant cells:

To create stable Oct4 knockdown cells, lentiviruses were generated by co-transfection of
Envelope Plasmid (Env), Packaging Plasmid (PA), Transfer Vector (shOCT4) in 1:2:3 ratio.
Post 60 hours of infection viruses were collected and concentrated using high speed ultra-
centrifuge. Later all the resistant cells were infected with lentiviruses harboring shOct4 oligos
in presence of polybrene (1ug/ml). High GFP cells were sorted which showed a higher degree

of knockdown in the A2780 sensitive and resistant cells. (Figure 2.9).
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Figure 2.9: Validation of stable knockdown of Oct4: Western blot analysis showing
significant decrease in the expression of Oct4 protein in A2780 sensitive, CistR, CistR, PacER

and Pac'® cells with stable knockdown of Oct4 gene..

As shown by the western blot, significant decrease in the levels of Oct4 protein in A2780
sensitive, CisER, Cis'®, PacER and Pac'® cells were observed. Due to some unavoidable
circumstances, knockdown clones in dual resistant cells could not be generated and they are

under progress now.

9. Monitoring the effect of Oct4d gene knockdown on CSC phenotype and
chemoresistance:

In order to understand the role played by Oct4 gene in the maintenance of CSC phenotype, we
examined SP phenotype, Self-renewal ability, Chemoresistance property in Oct4 knockdown
cells. DCV staining in CisER/CisER shOct4 and Cis-?/Cis"® shOct4 cells showed decrease in the
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SP fraction (3 fold decrease in CisER Oct4 knockdown cells and 2.4 fold in Cist® Oct4
knockdown cells) (Figure 2.10). Self-renewal ability of these knockdown cells was also
monitored by spheroid formation assay (by counting the number of spheroids formed and
assessing the number of passages as well). The knockdown cells formed significantly lower
number of spheroids compared to their respective parental cells (Figure 2.10 B, Table2.2). All
of the SP and NSP spheroids were counted at passage 2 because NSP cells were incapable of
forming the spheroids beyond passage 2 suggesting that NSP cells are highly compromised for

their self-renewal ability.

Long term spheroid forming ability was also monitored in the control cells and the knockdown
cells where A2780, CistR, Cis'R, PacER and Pac'R showed spheroid forming ability beyond
passage 4 however A2780 shOct4, CisER shOct4, Cis-R shOct4, PacER shOct4, Pac-R shOct4
cells were found to be incapable of forming spheroids beyond passage 2 (Figure 2.10 C).
Chemoresistance property was also monitored with MTT assay in the Oct4 knockdown cells
using ICsp drug concentration of A2780 sensitive cells (500ng/ml) where Cis® and Pac'® cells
showed marginal decrease in percent viability after Oct4 knockdown, however Cis'® cells

showed significant decrease (Figure 2.10D).

Oct4 knockdown cells Fold decrease in sphere forming ability
A2780 6.2 fold
CisER 5 fold
Cis'® 3.2 fold
PacER 6.3 fold
PactR 5.7 fold

Table 2.2: Fold decrease in sphere forming ability of Oct4 knockdown cells.
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Figure 2.10: Consequence of Oct4 silencing: (A) FACS analysis showing, decrease in the SP
fraction after Oct4 knockdown in the cisplatin early and late resistant cells; CisE® shOct4= 3
fold decrease and Cis'R shOct4 = 2.4 fold decrease. (B) Bar graph showing significant
decrease in spheroid forming capacity of Oct4 KD cells (A2780 shOct4, CisER shOct4, Cis-R
shOct4, PacER shOct4, Pact® shOct4 with 6.2, 3.2, 6.3 and 5.7 fold respectively). Inset shows
the disrupted morphology of spheroids formed by Oct4 KD cells. (C) Serial passaging of
spheroid cells showing A2780 shOct4, CistR shOct4, Cist® shOct4, PacER shOct4, Pac-RshOct4
cells could not form spheroids after 2" passage compared to the parental cells. (D) MTT assay

showing percent viability at 1Cso of control cells.

Overall this study showed that with increasing drug resistance there was increased stemness

gene expression and enrichment in SP fraction phenotype and higher propensity to form three
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dimensional multicellular spheroids having higher self-renewal property. All these functions

were compromised upon knockdown of Oct4 with marginal effect on chemoresistance.

Discussion:

Acquirement of chemoresistance is a major therapeutic hurdle that delimits successful
treatment outcomes for many human cancers. This is particularly evident in ovarian cancer,
where the development of resistance is a common occurrence[158]. In past few decades there
has been an enormous growth in our understanding of the mechanisms that can generate and
sustain chemoresistance. This could be due to existence of cancer stem cells or possible
enrichment of MDR transporter proteins, efficient DNA repair, and increased cell survival in
cancer cells. In the present work we have tried to find the association between generation of
chemoresistance and cancer stem cell features like SP phenotype, spheroid formation and
biomarkers. To monitor this we used an indigenously developed cellular resistant model against
different chemotherapeutic drugs (cisplatin, paclitaxel and combination) which were
categorized into A2780 sensitive, early resistant (CisER, PacER and CombitR) and late resistant
stages (Cist®, PactR and Combi'®). Interestingly a gradual increase in the SP fraction with
increasing resistance was observed which suggest that escalated resistance in due course of
time led to increase in the proportion of cancer stem cells like SP cells. We also observed that
these SP cells could differentiate into both SP and NSP phenotype but the NSP cells could not
form any SP phenotype, suggesting that these SP cells have differentiating property, an
essential character of cancer stem cells. In order to monitor whether this SP phenotype is
accompanied with higher self-renewal ability, we investigated the self-renewal ability of these
resistant cells with spheroid formation assay. Compared to A2780 sensitive cells, all the early
and late resistant cells showed significant increase in sphere forming ability irrespective of the
chemotherapeutic drugs used for resistance development. This data indicates that with acquired

resistance the CSC fraction is enriched with higher self-renewing ability which might provide
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increased tumorigenic ability to these resistant cells. Since we saw an increased SP phenotype
and self-renewal ability in these resistant cells we also analysed levels of the key transcription
factors that maintain the pluripotency of a normal stem cells as well as of cancer stem cells.
These core transcription factors are Oct4, Sox2 and nanog. Interestingly we found that
transcript levels of Oct4 and Sox2 were significantly upregulated in all the early resistant cells
which then plateau in late resistant cells. This indicates that upregulation of Oct4 and Sox2 are
critical for maintaining stemness features from very early events of resistance development.
However the expression of nanog showed significant increase only in paclitaxel resistant cells
and marginal increase in cisplatin and combination resistant model. This indicates that there
could be differential regulation of these transcription factors in different resistant models. We
also sorted SP and NSP fractions from two sensitive cell lines A2780 and OAW42 using FACS.
SP cells showed significantly upregulated expression of Oct4, Sox2 and nanog in both the cell
lines A2780 and OAW42 suggesting that SP fractions are enriched with the cells possessing
higher stemness property. Spheroid formation assay was also performed to monitor the self-
renewal property of SP and NSP cells, where it was observed that SP cells from all of the
resistant cells showed increased sphere forming ability at multiple passages however NSP cells
were highly compromised for their sphere forming ability and could not form spheroids beyond
2" passage. Since cancer stem cells are known to have higher chemoresistant property we
compared the resistant phenotype in SP and NSP cells. As expected it was observed that SP
cells showed higher percentage viability compared to NSP cells. However there was marginal
difference between main population and NSP cells except A2780 sensitive cells and CisER cells,
indicating that NSP fraction can maintain the resistance phenotype, but are unable to self-renew
or differentiate. Next we monitored if Oct4 plays any role in the self-renewal and
chemoresistance by stable knockdown of Oct4 gene in the resistant cells. After Oct4

knockdown, cells showed not only decreased SP phenotype but also decrease in the self-
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renewal ability suggesting that Oct4 can regulate both SP and self-renewal property in these
resistant cells. However we observed only marginal decrease in its resistant phenotype
indicating that Oct4 might not directly contribute to the resistance properties in these

chemoresistant cells.

In the present study Early and late resistance stages imply the gradual changes occurring in a
chemo naive cell after being exposed to repeated doses of chemotherapeutic drugs. Cells
belonging to early resistant stages still show reversible alterations in chemoresistant phenotype
and cells that attain irreversible alterations after a long period of increased drug exposure are
designated by late resistance. We believe that such entities might exist in patients as well but
are beyond our current detection ability due to unavailability of any specific biomarkers or
signatures. Also the heterogeneous background of a tumor could bar accurate identification of

a specific stage.

The gold standard for measuring the differentiation and self-renewing ability of CSCs is to
monitor tumor development in immune compromised mice. In the preceding chapter we have
attempted to monitor the tumorigenic ability of SP and spheroid cells. Using non-invasive
bioluminescence imaging, we monitored the tumor growth dynamics from SP/NSP and

spheroid/adherent cells isolated from different stages of resistance in real time.
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Chapter 3

Longitudinal monitoring of tumorigenicity of
cancer stem cells in living subjects by non-

Invasive bioluminescence imaging
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Introduction:

Generation of chemoresistance in due course of treatment is a major challenge for ovarian
cancer patients that lead to recurrence and relapse of the disease. A probable cause for
resistance acquirement is the presence and enrichment of cancer stem cells that are able to
overcome drug toxicity [159]. In the previous chapter (chapter 2) identification and
characterization of these CSC population based on the expression of cell-surface markers,
functional assays like spheroid formation and SP assay from chemoresistant cells have been
described in detail. However the most important characteristics which is also a gold standard
for functional validation of CSCs is the ability to generate tumours from a very low number of
cells in immune competent mice. Traditionally, a large (>1 million) number of cancer cells are
implanted to develop tumor xenografts in immunocompromised mice. However, due to their
self-renewal and differentiating properties, theoretically as few as ten CSCs could give rise to
a primary tumour under appropriate conditions [110]. It is therefore important to assess putative

CSC like populations for their tumorigenic ability.

Physical appearance and volume measurement are the two classical methods to monitor tumor
growth in small animals. These measurements are only possible when the tumors are palpable,
however in vivo bioluminescence imaging would allow us to monitor tumor growth in real

time.
Bioluminescence Imaging

Bioluminescence is a biological phenomenon of an enzymatic reaction between luciferase
enzyme and its respective substrate in the presence of ATP, O, and Mg?*. As a result of this
enzymatic reaction emission of light occurs in a wide range of visible light (480-640 nm) [160].
Some luciferases can also catalyze their substrate in absence of ATP. This emitted light can be

captured by CCD camera and the light signal could be quantified. This biological phenomenon
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of bioluminescence has been used as an indirect method to monitor the activity of any gene or

promoter by cloning the luciferase gene under any gene/promoter of interest.

Bioluminescent Reaction

Firefly
HO COOH Luciferase -0 o~ .
US/ /N]/ > Us/ ,N]/ + PPi + CO, + LIGHT
N: <S +ATP + 0, N: <S +AMP (560nm)
+ Mgl+

Luciferin Oxyluciferin

The most commonly used bioluminescent reporter for biological research is firefly luciferase
(fluc/FLUC) isolated from Photinus pyralis and further mutagenized for better expression in

mammalian cells. Other luciferases used as reporters are:

e Renilla luciferase (Rluc) isolated from Renilla renifomis.
e Guassia luciferase (Gluc) isolated from copepod, Guassia princeps.

e Metridia luciferase (Mluc) isolated from marine copepod Metridia longa.

Some luciferases which are obtained from click beetle (Pyrophosrus plagiophthalamus), corals

(Tenilla) and several bacterial species (Vibrio fischeri and V. harveyi) [161, 162].

Fluc, which have no post translational modification, is a heat labile enzyme that has a half-life
of approximately 2-3 hours. Fluc produces photons in a reaction that is mediated by ATP,
magnesium, and benzothiazoyl-thiazole luciferin. The light emitted from the firefly luciferase
IS an enzyme-catalyzed reaction which is recorded by a CCD camera with a broad-band i.e.

480-640 nm range of wavelength.

BLI is an important tool for non-invasive imaging with low cost and easy experimental
procedures. It facilitates real-time analysis of the disease progression at a molecular level in

living organisms without Killing the experimental animal. Fluc mediated imaging has been
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used in pre-clinical models of ovarian cancer to monitor the tumor burden during the course of

chemotherapy and also to monitor the metastasis [156, 163, 164].
In Vivo Molecular imaging of cancer stem cells:

Liu et al (2010) have shown that Cancer stem cells from human breast tumors are involved in
spontaneous metastasis in orthotopic mouse models [110]. In their study they have shown that
as few as ten Breast Cancer Stem Cells (BCSCs) stably expressing firefly luciferase could be
monitored for subsequent tumor growth and spontaneous metastasis in NOD/SCID mice.
Similarly, Jauffret et. al., (2010), showed that CD44*/CD24 breast cancer stem cells have
overlapping properties with high ALDH* cells [165]. They performed in vivo bioluminescence
imaging of ALDH-FLUOR-positive cells from the tumor xenograft which displayed CSC
phenotype and mediated systemic metastasis[166]. In another study, Sun et. al., (2010) showed
that 1 X 10° ALDHM9" cells from adenoid cystic carcinoma initiated the tumor formation and
micro metastasis to distant organs like lungs and liver in live mice. However, no tumor
formation was seen by same number of ALDH'"Y cells [167]. This suggests that CSCs even if
in a very low number could be imaged non-invasively in the preclinical models with higher

resolution and sensitivity.

In the present chapter we attempted to use BLI for the first time to monitor tumor growth
kinetics of ovarian cancer stem cells isolated from different stages of chemoresistance. We
implanted low number of SP and corresponding NSP population as well as spheroid and

adherent cells in nude mice and monitored their tumor formation property over time.
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Methodology:

Bioluminescence imaging vector and chemicals:

For monitoring tumor growth kinetics, we used A2780 and resistant models (cisplatin,
paclitaxel and combination) stably expressing PIK3CA-FI2-TDT reporter as described by
Gaikwad et al (2013) [163]. D-Luciferin potassium salt, substrate for firefly luciferase was
procured from Biosynth (Naperville, IL). Working stock of 30mg/ml D-luciferin was prepared

in sterile PBS.
Cell Lines and culture condition:

A2780-PIK3CA-FL2-TDT cells were cultured in Dulbecco’s modified Eagle’s medium with

10% FBS and 1% pencillin-streptamycin (GIBCO, Carlsbad, CA).
Side Population assay:

Side population assay was performed to isolate both SP and NSP fraction from PacER and Cis'R
cells through FACS. While sorting the cells, temperature was maintained at 4°C. Post sorting
cell counting was performed with trypan blue staining and desired number of cells were
resuspended in 50ul of chilled PBS. Detailed protocol for SP assay has been described in the

materials and methods section.

Spheroid formation assay: Spheroid forming assays were performed using DMEM devoid of
serum, supplemented with a cocktail of growth factors. Serial passaging was performed for
monitoring long term self-renewal ability. Detailed protocol has been described in the materials

and methods section.
Tumor xenograft assay and bioluminescence imaging.

Fifty thousand SP and NSP cells were resuspended in 50 ul PBS and injected subcutaneously

into six to seven week-old NOD/SCID mice (n=5). In an another set of experiment, tumor
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xenograft assay was performed with 10,000 spheroid and adherent cells isolated from early and
late resistant cells. These cells were resuspended in 50 ul PBS and injected subcutaneously into
NOD/SCID mice (n=7). To perform in vivo imaging, mice were first administered with 100 pl
of D-luciferin (30mg/ml) intraperitoneally followed by anesthetization. After 10 minutes, mice
were imaged till the maximum signals were observed. Imaging data consists of grey scale
photographs superimposed on bioluminescence signals as an over lay depicting the site of
injection and tumor growth. LIVINGIMAGE software was used to analyse the data points
where ROIs (Region Of Interest) were drawn over the signals and respective ROl was
measured as maximum photons/sec/cm?/sr. Tumor volume was measured using Vernier caliper
applying the formula; Tumor volume = % x Length x (Width)2. All experiments were approved

by the ACTREC Animal Ethics Committee.

Results:

Since it is difficult and time consuming to examine the tumorigenic potential of early and late
resistant cells of each (cisplatin, paclitxel and dual drug) models in mice, we randomly selected
one early (paclitaxel) and one late (cisplatin) resistant model from where we isolated both SP
& NSP fraction for tumor xenograft study. Using similar randomisation one early and late

resistant model was used for spheroid formation.

In vivo imaging of tumor xenograft from SP & NSP cells isolated from PACER cells:

Side population assay was performed as described in chapter 2, followed by sorting of both SP
and NSP fraction from the main population (PacER cells). Sorted cells were counted with trypan
blue dye and precisely 5 X 10° SP and NSP cells were implanted subcutaneously in a cohort of
NOD/SCID mice (n=5) on their left flank. Mice were imaged for Fluc activity on the day of
cell implantation (day 0). Follow up imaging was performed to monitor the tumor development
at regular intervals until they form a palpable tumor. During longitudinal monitoring of tumor

xenograft, interestingly it was observed that in case of PacER SP cells, tumor formation initiated
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from day 15 showing an enhanced signal from day 0 (from 8.44x10° + 5.08x10° to 3.44x10"+
5.0x10" p/sec/cm?/sr). From day 15 to day 40 there was steep increase in the BLI signal
obtained from the tumor xenograft (3.44x107+ 5.0x10"to 1.88x10%+ 2.2x10%° p/sec/cm?/sr)
(Figure 3.1A&B). However there was a decrease in the BLI signal from the cohort of mice
where NSP cells were implanted. Bioluminescent signal from NSP cells decreased from day 0
to day 40 (3.92x107+ 1.75x10" to 1.04x10%*+ 4.66x10% p/sec/cm?/sr). Unfortunately, two mice
from the cohort of mice bearing NSP tumor xenograft died in between the experiment. Along
with Fluc imaging, we also measured the tumor volume and the graph was plotted (Figure
3.1C-D) showing increase in the tumor volume with increasing BLI signal from day 15 to day

40 (0.04+0.03cm? to 0.98+0.80cm?q) in PacER SP cells.
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Figure 3.1: Monitoring tumorigenic potential of paclitaxel early resistant SP & NSP cells:
(A-B) Representative bioluminescence images of Pact® SP & NSP tumor xenograft where
50,000 SP and NSP cells were implanted in NOD/SCID mice on day 0 (n=5). Real time
monitoring of the tumor xenograft through non-invasive imaging showed increased
bioluminescent signal from tumor xenograft with SP cells within day 15 to day 40 however
tumor xenograft with NSP cells did not show any signal. (C) Graphical representation of the
quantified signal for FL activity from mice with tumor xenograft implanted with SP & NSP
cells from day 0 to day 40. Tumor xenograft from SP cells showed increased signal from day
15 to day 40 however NSP cells showed a steep decline in the signal till day 40. (D) Graphical
representation of tumor volume measured by vernier caliper for PacE® SP cells (n=3) showing

increase in the tumor volume from day 15 to day 40.
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In vivo imaging of tumor xenograft from SP & NSP cells isolated from CistR cells:

Using side population assay, SP and NSP fractions were sorted from Cis‘® cells. Post sorting
cell counting was performed with trypan blue stain. Precisely 50,000 viable cells from both SP
and NSP fractions were implanted subcutaneously on the right flank of NOD/SCID mice (n=5).
Bioluminescence imaging of the tumor xenograft was performed on the day of cell implantation
and the data was recorded as day 0. Follow up imaging was done at regular intervals to monitor
the tumor growth kinetics from SP and NSP cells. It was observed that from day 0 to day 50
there was no increase in the bioluminescence signal both from SP & NSP cells. Interestingly,
unlike PacER cells where tumor formation started from day 15, Cis'R SP cells initiated the tumor
formation from day 80 where the BLI signal recorded from the tumor xenograft of Cis-R SP
cells increased from day 50 with 2.2 x10°+ 5.35x10* p/sec/cm?/sr up to 4.03x10%+ 3.23x10°
p/sec/cm?/sr by day 80 and 1.95 x 101°+ 4.05 x 10° on day 110. However there was decrease
in the BLI signal in NSP cells from day 50 to day 80 (1.18x10°+ 1.07x10* to 9.70x10%*+
1.41x10* p/sec/cm?/sr to ). At day 110, three mice in the cohort of five mice were showed
palpable tumor (1.73+0.74 cm?®) but NSP cells did not form tumor even after 110 days (Figure

3.2B-C).
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Figure 3.2: Longitudinal Monitoring of tumorigenic potential of cisplatin late resistant SP
& NSP cells: (A-B) Representative bioluminescence images of Cist® SP & NSP tumor
xenograft where 50,000 SP and NSP cells were implanted in NOD/SCID mice on day 0 (n=5).
Real time monitoring of the tumor xenograft through non-invasive imaging showed an increase
in the bioluminescent signal from tumor xenograft with SP cells from day 80 until day 110.
However, tumor xenograft with NSP cells showed decrease in the signal from day 0 to day 90.
(C) Graphical representation of the quantified signal for FL activity from the cohort of tumor
xenograft implanted with Cis‘R SP & NSP cells from day 0 to day 110. Tumor xenograft from
SP cells showed an increase in the signal from day 80 until day 110, however tumor xenograft

from NSP cells showed decrease in the signal from day O to day 90 (D) Graphical

66 | Page



representation of tumor volume measured by vernier caliper for Cis-® SP cells (n=3), showing

an increase in the tumor volume from day 80 until day 110.
In vivo monitoring of tumor growth kinetics from PacER spheroid and adherent cells:

Formation of spheroid under serum free condition is one of the functional property of cancer
stem cells [77, 168]. Spheroid forming cells have higher self-renewal property as shown in the
previous chapter where sphere forming cells from the resistant models showed an increased
self-renewal ability and higher stemness gene expression (Oct4, Sox2 and nanog). In this part
of study, we intended to monitor the tumorigenic ability of these spheroid cells in comparison
to the adherent cells. Since results from SP/NSP study demonstrated an early development of
tumors from PacER cells, we wanted to investigate further with this model. Both early and late
resistant cells were allowed to form spheroids in serum free media in a low adherent plate and
were serially passaged until the third generation. From the third passages of spheroid culture,
10,000 viable cells were implanted on the left flank and 10,000 adherent cells on right flank of
NOD/SCID mice (n=7). Bioluminescence imaging of the tumor xenograft was performed on
the day of cell implantation and the data was recorded as day 0. (Spheroid: 5.43x10%+ 1.36x10°
p/sec/cm?/sr; Adherent: 9.9x10%+ 3.93x10° p/sec/cm?/sr). Follow up imaging was performed at
regular time intervals to monitor the tumor growth kinetics. It was observed that mice
implanted with 10,000 adherent cells showed a decrease BLI signal from day 0 to day 40
(9.9x10%+ 3.93x10° to 2.12x10% 1.76x10° p/sec/cm?/sr) (Figure 3.3B, C). However, three
mice from the cohort bearing tumor xenograft from spheroid cells showed an increase in the
bioluminescence signal from day 0 to day 40 (5.43x10% 1.36x10° to 9.01x107+
1.16x108p/sec/cm?/sr). (Figure 3.3 A, C). Data was collected from the group of 4 mice since

three mice from both the cohort died during experiment.
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Figure 3.3: Longitudinal monitoring of Tumorigenic potential of spheroid and adherent
cells from PacER stage: (A-B) Representative bioluminescence images of tumor xenograft from
PacER spheroid and adherent cells where 10,000 spheroid and adherent cells were implanted
in NOD/SCID mice on day 0 (n=7). Real time monitoring of the tumor xenograft through non-
invasive imaging showed that tumor xenograft from PacER spheroid cells showed a gradual
increase in the signal from day 10 to day 40. However, tumor xenograft with PacER adherent
cells did not show any signal. (C) Graphical representation of the quantified signal for FL
activity from the cohort of tumor xenograft implanted with PacE® spheroid and adherent cells
from day O to day 40. Tumor xenograft from the spheroid cells showed an increased signal

from day 10 to day 40. However NSP cells showed a decrease in the signal until day 40.
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In vivo imaging of growth kinetics of Pact-R tumor xenograft developed from spheroid

and adherent cells:

Here we intended to monitor both tumorigenic ability and growth kinetics of Pac'R spheroid
cells versus adherent cells. In order to perform this experiment firstly spheroids were cultured
under serum free media in low adherent plates up to three passages. Later 10,000 viable cells
from both spheroids and adherent culture were implanted on the left and right flank region of
NOD/SCID mice respectively (n=8). Longitudinal monitoring of the tumor xenograft was
performed using Fluc activity. In vivo bioluminescence imaging was performed on the day of
cell implantation and the data was recorded as day 0. Follow up imaging of tumor xenograft
was performed at regular intervals (every 20 days) to monitor tumor growth. During monitoring
of tumor growth through BLI, four mice from the cohort where 10,000 spheroid cell were
implanted showing an increase in the bioluminescence signal from day 0 to day 120 (1.84x10°+
2.42x10%*to 1.53Ex10° +1.26x10° p/sec/cm?/sr) (Figure 3.4 B, C). However we did not observe
any increase in the bioluminescence signal from the adherent cells (Figure 3.4A, C).
Surprisingly sudden increase in bioluminescent signal was observed from day 80 for spheroid

group. At the end of the study (day120) we observed palpable tumor in three mice.
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Figure 3.4: Monitoring Tumorigenic potential of spheroid and adherent cells from paclitaxel
late resistant stage: (A-B) Representative bioluminescence images of tumor xenograft from
Pac'R spheroid and adherent cells where 10,000 spheroid and adherent cells were implanted
in NOD/SCID mice on day 0 (n=8). Real time monitoring of the tumor xenograft through non-
invasive imaging showed that tumor xenograft from Pac'® spheroid cells showed an increase
in the signal from day 100, however tumor xenograft from adherent cells did not show any
increase in the signal. (C) Graphical representation of the quantified signal for FL activity
from the cohort of tumor xenograft implanted with Pac'® spheroid and adherent cells from day
0 to day 100. Tumor xenograft from spheroid cells showed an increased signal from day 100;

however NSP cells did not show any increase in the signal.
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Discussion:

Even though cancer stem cells from different tumor types have been investigated extensively
in past decades, still they are not very well characterized under in vivo condition. In vitro studies
may not sufficiently depict the complex behaviour of CSC biology in terms of its tumorigenic
ability, stem cell plasticity and metastasis. However in vivo imaging techniques allow CSCs
tracking to obtain valuable information such as tumor initiation from CSC population, stem
cell plasticity and metastasis [110, 164]. Non-invasive imaging of different molecular events
in pre-clinical model has become a standard practice for the evaluation of new drugs and
monitoring molecular events in real time [169]. Various reporter genes have been utilized to
assess various molecular events with varying depth inside the body of small animal. In this
study for the first time we are showing the use of BLI to track down low number of ovarian
SP, NSP, spheroid and adherent cells from different stages of resistance. We have shown the
real time monitoring of tumor initiating property and growth kinetics of cancer stem cell like
SP and spheroid cells isolated from early and late chemoresistant stage. In the previous chapter
we have demonstrated in vitro identification and characterization of CSCs from different stages
of resistance, where SP fraction showed an increased sphere forming ability with increased
stemness gene expression. All of the in vitro assays performed earlier depicts that with
increasing resistance there is an enrichment of ovarian cancer stem cells irrespective of the
drug used to develop the resistant model. In this chapter we validated SP and NSP, spheroid
and adherent cells for their tumorigenic property and showed that the tumor initiating event
only could occur from the SP and spheroid cells but not from the NSP and adherent cells.
Another aspect we were interested was to look into the tumor growth kinetics of CSCs isolated
from early and late resistant stages of A2780 cells. To execute this experiment, we isolated SP
and NSP fraction from all the resistant stages and randomly chose one early (PacER) and one

late (Cis‘R®) resistant cells for tumor xenograft study. Interestingly we observed a differential
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tumor growth kinetics from early and late resistant cells where PacER SP cells initiated the
tumor formation from day 15, and at the end of day 40, palpable tumors were formed. However
SP fraction from the Cis'® cells showed delay in the tumor initiation i.e. after day 80 tumor
initiation started and by the end of day 110 a palpable tumor was observed. We also performed
tumor xenograft experiment with spheroids and adherent cells from PacER and Pac'R stages.
Similar to the previous findings PacER spheroid cells initiated tumor formation from day 30
however spheroid cells from Pac'R stage initiated the tumor formation around day 100. This
suggests that SP fraction and spheroid cells from the same resistant cell line at early and late
stages might have different tumorigenic potential. This intriguing behaviour of the cancer stem
cell like population from different stages of resistance could be due to activation/inactivation
of different signalling cascades that might have resulted in differential growth kinetics of the
tumor development. Standard diagnosis of ovarian cancer in clinic is performed by MRI, CT
and PET/CT imaging. Same imaging modality (MRI, CT and PET/CT) has also been used to
differentiate ovarian cancer and benign adnexal lesion [170]. In another study, Prakash and
lagaru et al., showed FDG PET/CT in ovarian cancer as a critical tool for the preoperative
evaluation of women with primary ovarian cancer and for postoperative follow-up assessment
for evidence of recurrence in the patients [171, 172]. Hence available clinical imaging
modalities are utilized to monitor ovarian cancer management routinely. However multiple
imaging to monitor kinetics of tumor progression is not quite possible till now as we have
shown in our preclinical set up. We believe that if ovarian cancer specific biomarkers or probes
could be identified and developed in future, it would strengthen the diagnosis and disease
management in ovarian cancer. Next we wanted to monitor if there is any differential gene
regulation at early and late resistant stages of cisplatin, paclitaxel and combination model. This

part of work has been detailed in the next chapter.

72 |Page



Chapter: 4

Studying role of IGF-1R in maintenance of
ovarian cancer stem cell (OCSC) biology and

epithelial mesenchymal transition
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Introduction:

Insulin Like Growth Factor-1 Receptor (IGF-1R) tyrosine kinase is a member of the IGF axis
that mediates growth, differentiation, metabolic activities and developmental processes [111,
113, 173]. Deregulation of IGF axis is associated with many pathologic conditions ranging
from metabolic disorders, insufficient growth to cancers [174-176]. Activation of IGF-1R is
well known for its crucial role in the process of tumorigenesis, chemo resistance and metastasis
[5, 16, 113, 177-180]. This signalling constitutes a network of cellular and secreted proteins
with multiple ligands (IGF-1, IGF-2, Insulin and Insulin like growth factor binding proteins
(IGFBPs)). Strong homology with Insulin receptor adds another level of complicity on the
function and regulation of IGF-1R. Among all these ligands, IGF-1 and IGF-2 are the most
potent growth factors (ligands for IGF-1R) playing vital role in the developmental process and
tight regulation of tissue growth and wound healing [181, 182]. IGF-1 and IGF-2 ligands are
secreted from hepatocytes in an endocrine fashion to their respective cells and tissues. IGF-1
is known for years as a crucial mitogenic hormone and its overexpression has been strongly
correlated with cancer [183-185]. The expression of IGF-1 is not constitutive, rather its level
increases from prenatal to adult stage i.e. 20ng/ml to 100-200ng/ml in blood [186]. On the other
hand IGF-2 is more important during foetal growth and development of certain organs like
brain, liver and kidney. Though the levels of IGF-1 are 2-6 folds lower than IGF-2, yet IGF-2
alone is not sufficient for malignant transformation, however IGF-1 can independently lead
towards transforming events [187]. Both these ligands transmit their signal for the complex

cellular network through type 1 IGF receptor.
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Structure and function of IGF-1R:

IGF-1R is a tetrameric receptor tyrosine kinase primarily localized on the membrane. The
receptor is synthesized as a single polypeptide chain of 180 kDa having a 30 amino acid long
signal peptide which guides the nascent IGF-1R polypeptide chain to endoplasmic reticulum
where disulphide linkage occurs with simultaneous glycosylation and cleavage [188]. This
yields a mature a and B subunits of IGF-1R which later assemble to form fully functional
receptor in the membrane. IGF-1R is a non-canonical RTK which unlike other RTKs where
ligand binding is an essential event for dimerization, remains as tetramer on the membrane.
Ligand binding the activates the receptor activation by auto phosphorylation at Tyr1135,
Tyr1131 and Tyr 1136 amino acid residues that lie within the kinase domain of activation loop
[189]. (Figure 4.1). Auto phosphorylation of these tyrosine residues leads to conformational
change for different docking proteins, such as Src homology 2 domain-containing (Shc) protein
and insulin receptor substrates (IRS1-4). These substrates are further recruited within
phosphorylation sites in the cytoplasmic domain. Binding of the ligand to IGF-1R leads to IRS
phosphorylation and recruitment of regulatory (p85) and catalytic (p110) subunits of PI3K
followed by phosphorylation of AKT at threonine 308 and Serine 473 [111, 113, 114].
Activated AKT then promotes cell survival through multiple mechanisms that include
inhibition of apoptosis and induction of prosurvival gene expression via phosphorylation of
several downstream target proteins e.g. IKKa and CREB [190]. The other parallel pathway,
mediated by activated IGF-1R activation by IRS or Shc proteins is the RAS-RAF-MAPK or
JNK that results in increased cell survival, cell growth and proliferation [191, 192]. Recently
VM Macualay et al (2011) showed that IGF-1R can localize into nucleus through clatherin
mediated endocytosis, binds with Leukemia Inhibitory Factor (LEF) transcription factor and
increases expression of LEF downstream target genes like cyclin D1 and axin 2 [193, 194].

Another study by Sarfstein et al, (2012), using DNA affinity chromatography and ChIP showed
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that in breast cancer cells, IGF-1R translocates into the nucleus and auto regulates IGF-1R
expression in estrogen receptor (ER) negative cells but not in ER positive cells [195]. Thus
IGF-1R could perform its function both as RTK when present on the membrane and as a
transcriptional regulator when localized to the nucleus. All these actions exerted by IGF-1R
have a strong relation with generation of chemoresistance either by activating the cell survival
proteins or by upregulating the antiapoptotic machinery. Kurrey et. al. (2009) showed that
acquisition of EMT phenotype via upregulation of snail and slug could lead to generation of
chemoresistance and radioresistance in ovarian cancer [196]. In this study they have also
reported that snail and slug may indirectly upregulate the self-renewal programme and
acquisition of stem cell like phenotype. Though role of IGF-1R in promotion of drug resistance
is well researched in various malignancies (as detailed below), whether IGF-1R activation is
required for development of chemoresistance and EMT in ovarian cancer cells has not been
explored in detail. In this section, an attempt was made to explore potential role and underlying
mechanisms driven by IGF-1R in generation of chemoresistance in ovarian cancer cells.
Simultaneously association between activated IGF-1R signalling, EMT and cancer stem cells

were investigated.

Role of IGF-1R in chemo resistance and Cancer Stem Cells:

Generation of chemo resistance involves multiple events occurring sequentially and at the same
time as well. Activation of IGF-1R signalling through PI3K/AKT or MAPKSs promotes chemo
resistance in tumour cells [111, 113]. IGF-1R has been extensively studied for its role and for
the specific mechanisms through which it promotes resistance against various
chemotherapeutic drugs. There are three major ways through which IGF-1R can lead to chemo

resistance;
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1. Enhancement in the tumour growth and inhibition of apoptosis through upregulating
surviving signals: With increased IGF-1R signalling, rate of proliferation increases
which results in enhanced tumor growth. Additionally, active IGF-1R signaling protects
several cell types from a variety of apoptotic insults. IGF-1R-mediated protection from
apoptosis primarily depends upon the activation of PI3K, Akt/protein kinase B, and
phosphorylation and inactivation of BAD (member of the Bcl-2 family of
proteins)[197]. There is also mitochondrial translocation of Rafl and nedd4 in response
to the interaction of IGF-1R with 14.3.3 protein which result in BAD phosphorylation
and thus evading the mechanism of apoptosis[198].

2. Increased DNA repair mechanism: Several independent studies show that IGF-1R
signalling gets activated in response to ionizing radiations and inhibition of IGF-1R
either through IGF-1R deletion or using IGF-1R kinase mutant or antisense strategy act
as radio sensitizer[199, 200]. This modulation in radio sensitivity was achieved majorly
through IGF-1R interaction with ATM kinase and Ku DNA binding proteins. Macaulay
et al (2001) have shown that ATM can directly regulate IGF-1R expression[199] and
Peruzzi et al (2001) showed that tumour cells with defective ATM kinases expressed
low levels of IGF-1R and were found to be more radiosensitive[201].

3. Increased expression of multi-drug resistant (MDR) gene: MDR gene encoded ATP-
dependent drug efflux pump has broad substrate specificity. Its overexpression leads to
decreased drug accumulation in resistant cells. Guo et al (1998), showed that in
colorectal carcinoma, IGF-1R could lead to chemoresistance via the increased

expression of MDR1 [202].

Since hyper activation of IGF-1R has found to be a crucial pre-requisite for malignant
transformation in majority of the cancers like breast, prostrate, lung, central nervous system,

gastrointestinal, bone & soft tissue, Head & neck and in haematological malignancy [111, 113,
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114, 203-205]. Several inhibitors comprised of antibodies, small molecule kinase inhibitor or
ligand inhibitors are developed and used in clinical trials [121]. A comprehensive list of the

monoclonal antibodies and small molecule inhibitors of IGF-1R kinase[206] are listed below.

Examples of antibodies that target the extracellular domain of IGF-I R

Antagonistic and/or

Phase of

neutralizing antibody Company development
CP-751,871 Pfizer Phase |
EM164 ImmunoGen and Sanofi-Aventis Preclinical
IMC-Al14 ImClorie Preclinical
h7C 10 (F50035) Pierre Fabre and Merck Preclinical
19D12 Schering-Plough Preclinical
Examples of small molecule inhibitors that target IGF-1 R kinase
Small molecule kinase Phase of

inhibitor Company development
INSM18 Insmed Phase |
Karolinska Cancer Institute and
PPP Lo ..
Biovitrum Preclinical
NVP-ADW742 Novartis Pharma Preclinical
NVP-AEW541 Novartis Pharma Preclinical
BMS-536924 Bristol-Myers Squibb Preclinical
BMS-554417 Bristol-Myers Squibb Preclinical

Table 4.1: A comprehensive list of monoclonal antibodies and small molecule inhibitors of

IGF-1R kinase.

However, none of these inhibitors till date is adapted in clinical practice indicating further
validation on the mechanism, exact time of implementation and efficacy for single or

combinatorial treatment is required.

As mentioned earlier in the introduction (chapter 1), cancer stem cells have higher
chemoresistant property. However, role of IGF-1R signalling in maintaince of CSC phenotype
is less investigated. Till date there are only two reports available describing the role of IGF-1R

in CSC biology. Chang et al (2013) for the first time demonstrated that expression of
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phosphorylated IGF-1R was greater in Breast Cancer Stem Cells (BCSCs) than in non-BCSCs
from xenograft models of human breast cancer[207]. In another study, Hart et al (2011)
reported that post IGF-1 treatment there was an enrichment in the colon cancer stem cells and

anti IGF-1R monoclonal Ab (CP-751,871) can specifically target CSC population[208, 209].

IGF-1R and Ovarian Cancer:

The insulin-like growth factor (IGF) family proteins play a vital role in the the development of
tissues or organs and postnatal growth, and maintenance of normal function of many cell types
of the body including ovary [210-212]. IGF-1R axis is largely active during ovulatory process
when constant rupture and repare of surfce epithelium takes place. Liu et al (2007) showed that
Foxo3 (downstream target of IGF1) gene disruption in mice leads to inappropriate oocyte
activation and premature entry of primordial follicles into the growing pool leading to infertility
[213]. As expected that abnormal growth and carcinogenesis in ovary would be associated with
deregulation in IGF-1R signaling, several investigators found an active IGF-1R signaling in

Serous Epithelial ovarian carcinoma [214, 215].

However, very few reports exist to suggest that IGF-1R could be a crucial player in imparting
resistance against cisplatin and paclitaxel in ovarian cancer. Eckstein et al (2009) showed that
hyperactivation of IGF-1R signalling is required for gaining cisplatin resistance through
incremental increase in IGF-1R transcript levels with increasing resistance. AG 1024 (IGF-1R
inhibitor) could sensitize these resistant cells towards Cisplatin [16]. They also found that this
Cisplatin resistance was mediated by the activated PI3K/Akt pathway but not by the
MAPK/ERK pathway. In another study performed bu Huang et al., (2010) a taxol resistant
ovarian cancer cell line (Hey-T30) showed higher expression of IGF-11 and activated IGF
signaling. Inhibition of IGF-1R (by a small molecule inhibitor) or IGF-I1 (by sSiRNA) led to the

reversal of taxol resistance [17]. These two reports clearly indicated that IGF-1R has a vital
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role in acquirement of resistance towards both cisplatin and paclitaxol. Patel et al (2011)
showed indespensible role of IGF-1R signaling in the mainatainance of colon cancer stem cells
[118]. IGF-1R was also reoprted to play a crucial role in the maintainance of breast and hepatic
cancer stem cells [118, 207, 216]. But nothing was known about IGF-1R signalling in ovarian
cancer stem cell biology. This prompted us to investigate the role of IGF-1R signalling during

the acquirement of chemorsistance and maintainance of ovarian cancer stem cell phenotype.

Role of IGF-1R during epithelial to mesenchhymal transition:

A hallmark of EMT is loss of E-cadherin, a key mediator of cell-cell junctions and the gain of
vimentin. Down regulation of E-cadherin is mostly goverened by transcriptional repression,
mediated by zinc finger forkhead domain and bHLH transcription factors including
Zebl/TCF8/dEF1, Zeb2 (Sipl), Snail, Slug, FOXC2 and Twist [217]. Lorenzatti et al (2011),
showed that CCNG is a secretory protein that modulates insulin-like growth factor-1 (IGF-1)
signaling pathway and knockdown of CCNG6 in benign mammary epithelial cells triggers an
epithelial to mesenchymal transition via upregulation of transcription factor ZEB1[218]. Zhao
et al., (2011) showed that in a panel of six hepato cellular carcinoma cell lines exhibiting up
regulated IGF-1R and IR levels, treatment of OSI-906 (IGF1-R/IR dual inhibitor) resulted in
decreased expression of two epithelial markers E-cadherin and ErbB3 and up regulation of two
mesenchymal markers i.e. vimentin and zeb[129]. This suggested that IGF-1R and IR plays a
crucial role in the maintainance of EMT phenotype. Kajiyama et. al., (2007) established
paclitaxel resistant EOC cell lines to investigate the changes in the cellular morphology,
motility and EMT[219]. They found decreased expression of the epithelial adhesion molecule
(E-cadherin) and increased mesenchymal markers (vimentin and fibronectin) in the paclitaxel
resistant cells. Rosano et. al., (2011) showed that activation of Endothelin-1 (ET-1) and
Endothelin A receptor (ETAR) not only leads to the acquirement of EMT phenotype but also
resistance against cisplatin and paclitaxel suggesting that acquisition of EMT phenotype might
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lead towards generation of chemoresistance[220]. Role of IGF-1R has been linked to
acquirement of resistance against cisplatin and paclitaxel but its role in generation of EMT
phenotype in chemoresistant cells is still unknown. Since we know that IGF-1R axis is
significantly upregulated at an early resistant stages we intend to monitor the association of

IGF-1R in the regulation of epithelial and mesenchymal transition in chemoresistant cells.

Methodology:

Cell cultures and treatments

Ovarian carcinoma cells (A2780) were cultured in Dulbecco’s modified Eagle’s medium with
10% FBS and 1% pencillin-streptamycin (GIBCO, Carlsbad, CA). For PPP (Calbiochem,
Germany) alone or combinatorial (cisplatin+PPP/paclitaxel+PPP/cisplatin-paclitaxel+PPP)
treatments, cells starved for 12hrs were then treated with required concentrations of PPP for
48hrs and further processed.

Western blotting

Western blotting was performed as described earlier with antibodies against IGF-1R B-subunit,
AKT, pAKT and beta actin were obtained from Cell Signaling Technology (Danvers, MA) and
WT1, Vimentin from Abcam (Cambridge). Detailed protocol is given in materials and methods
section.

Quantitative real-time PCR (qRT-PCR) from cell line, primary cells and tumor:

Total RNA was extracted from cultured cells using RNease kit (Qiagen, Netherlands). 1-2ug
of total RNA was reverse transcribed using cDNA synthesis kit (Invitrogen, Carlsbad, CA).
QRT-PCR analysis was performed using SYBR Green method (Invitrogen). GAPDH was used
as an internal control. The relative expression levels of mRNAs were calculated by the ACt for
relative quantification and AACt method for fold change measurement.
Immunofluorescence: Immunofluorescence study by confocal microscopy was performed as

described earlier. Briefly, cells fixed with chilled methanol was probed with IGF-1R Ab for
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overnight at 4°C followed by Secondary Ab (anti rabbit Dylight 633). Cells were
counterstained with DAPI and mounted with vectashield medium. Images were observed under
Carl Zeiss, LSM 710 microscope.

MTT assay: Cell viability was assessed using the standard thiazolyl blue tetrazolium bromide
(MTT) method and percent viability was counted using the formula

[{Absorbance (™Y +Absorbance ")} x100]

Colony formation assay: Single-cell suspensions were plated in six well dishes at a density
of 1000 cells/ well. Once adhered, cells were serum starved for 12 hours followed by cisplatin,
paclitaxel, and Cis + Pac and PPP treatment either alone or in combination for 48 hours. The
plates were further incubated for 7-8 days and colonies were stained with 0.01% crystal violet
and counted under inverted microscope.

FACS: To monitor the membrane bound expression of IGF-1R at different resistant stages,
FACS was performed using IGF-1R monoclonal Ab (Cell Signaling) at dilution 1:200 in PBS.
Staining was performed in unfixed cells to monitor IGF-1R protein which is present only at the
membrane. Secondary Ab against IGF-1R, anti-rabbit FITC (Abcam) was used at a dilution
(1:200). Data analysis was performed using Flow-Jo software.

Statistical analysis: Assays were performed in triplicates and data were presented as the

mean + standard deviation. Statistical significance was assessed by two-tailed Student's t-test.

Results:
Differential expression of IGF-1R at sensitive, early and late stages of drug resistance:

Acquirement of drug resistance is a multifactorial event driven via various mutations in
resistance related genes, apoptosis and signalling pathways along with deregulated signalling

cascade. While investigating modulation in IGF-1R signalling pathways in our cisplatin,
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paclitaxel and dual resistant models, an interesting oscillatory pattern in IGF-1R expression
was observed during the course of resistance development irrespective of the nature of drug.
Significantly higher transcripts were found in CistR, PacER and Cis-PacER cells that

considerably decreased at Cis"R?, Pac'® and Cis-Pac'® stages in comparison to sensitive cells

(Table 4.2 & Figure 4.1 A).

Resistant Stage Fold Change

CisER

Early Resistant cells PacER 5.4
CombiER 11

CistR 0.6

Late Resistant Cells Pac'R 0.7
Combi‘R 3.8

Table 4.2: Fold change in the levels of IGF-1R transcripts: Quantitative PCR to measure
IGF1R was performed and fold change was calculated by 244¢ method across the resistant
models. Compared to the sensitive cells early resistant cells (CistR, PactR and CombitR)
showed increased expression of IGF-1R (3.8, 5.4 and 11 fold in) however late resistant cells
showed decreased expression in Cis-R and Pac'R (0.6 and 0.7 fold) except Combi'R cells where

3.8 fold increase was observed.

This oscillatory pattern of IGF-1R was also evident at protein level where early resistant cells
from all the three resistant models showed high level of IGF-1R protein whereas at their
respective late stages the levels of IGF-1R decreased (Figure 4.1F) [180]. The function of IGF-
1R is mediated via auto phosphorylation of the kinase domains upon ligand binding. Therefore

for proper and optimal activation to take place, membrane localization of IGF-1R is very
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important. Hence we investigated the status of IGF-1R qualitatively and quantitatively through

confocal microscopy and FACS (Figure 4.2 D-E).
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Figure 4.1. Expression analysis of IGF-1R at different stages of resistance in A2780 cells
and intrinsically cisplatin resistant cells: (A) Real time quantification of IGF-1R transcripts
in A2780, CistR, CistR, PactR, PactR, Cis-Pact® and Cis-Pac'® cells using IGF-1R specific
primers normalized to GAPDH showed high expression of IGF-1R at early and low expression
at late resistant stages. Fold change in IGF-1R expression in resistant cells compared to
control cells are shown graphically in the inset. (B) Real time quantification of IGF-1R
transcripts in OAW42, OAW42-PactR, OAW42-Pact?, OAW42-Cis-Pact® and OAW42-Cis-
Pac® cells showed significant increase at early stages which decreased at late stages. (C).

Basal level of IGF-1R transcripts in SKOV3 and HEY cells showed significant upregulation
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compared to A2780 and OAWA42 cells. (D) FACS analysis showing increased membrane
staining in early resistant cells (89.7%, 91.4% and 73.2% in CISER, PacER Cis-Pact®
respectively) compared to late resistant cells (54.3%, 29.8% and 5.8% in Cis‘®, Pac'R Cis-
Pac'® respectively) (E) Immunofluorescence study by confocal microscopy in cells probed with
an antibody against IGF-1Rf demonstrated increased membrane localization of IGF-1R at
early resistance (CisER, PactR Cis-PacER) cells. Error bars represent SE for triplicate
measurements. (F) Western blot analysis of IGF-1R showed an increased expression during
early stage of resistance (CISER, PacER Cis-PacE®) compared to sensitive cells and late resistant
cells. (G) Western blot analysis of IGF-1R during early stage of resistance in OAW42-PactR
and OAW42-Cis-PacER showed increased protein level compared to sensitive cells and late
resistant cells. Both SKOV3 and HEY cells showed increased IGF-1R expression compared to

A2780 and OAW42 cells at protein level.

In accordance with transcript and protein data, around 82.05% and 84% of the early paclitaxel
and dual resistant cells and 49.2% of early cisplatin resistant cells showed membrane
localization of IGF-1R in comparison to 15.5% in sensitive cells. A drastic reduction in
membrane localization of IGF-1R was observed in paclitaxel late resistant cells than cisplatin
and dual resistant cells (4.83% vs. 21.51% & 19.67%) (Figure 4.1E). Since microscopic
analysis provides a more qualitative and semi quantitative measurement of gene expression,
we checked the receptor level quantification by FACS in unfixed cells. Similar to microscopic
data 89.7%, 91.4% and 73.2% cells of cisplatin, paclitaxel and dual resistance at early stages
respectively were found positive in comparison to A2780 sensitive cells which showed only
8.7% positivity. Decrease in receptor positivity (54.3%, 29.8% and 5.8%) in cisplatin,
paclitaxel and dual late resistant cells respectively were observed. This data indicates that

acquirement of resistance to cisplatin, paclitaxel and dual drug actively requires hyper-
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activation of IGF-1R only during early phase of acquirement of resistance which later becomes
independent of IGF-1R signalling. For the biological relevance of this finding we investigated
the expression levels of IGF-1R in two naturally resistant cells towards cisplatin (SKOV3 &
Hey) and another endogenous cellular resistant model developed in OAWA42 cells (Serous
EOC). In OAW42 paclitaxel and dual resistant cells, IGF-1R expression was higher at early
stage and decreased at late stage at both transcript and translational levels. SKOV3 and Hey
cells showed higher IGF-1R expression compared to A2780 and OAW42 (cisplatin sensitive)

(Figure 4.1C, G)

Transcriptional regulation of IGF-1R:

IGF-1R signaling is a complex event which involves various transcriptional activators and
repressors. We performed string analysis using a software STRING V9.1 based on reported
interactors to find out possible key regulators of IGF-1R (Figure 4.2). We then categorized
these transcriptional regulators into transcriptional activators and repressors as per our analysis

and established literature [122, 124, 221].

““Activation

S Inhibition

\Binding
Phenotype

N Catalysis

"\ Post-transl. m

“Reaction
Expression

SP1 and FOXO03 WT]1, P53, BRCAl

86 |Page



Figure 4.2. String analysis for IGF-1R and its possible interactors: Based on available
literature, most probable interacting partners were used for the string analysis keeping the
confidence level 90 percent. String of potential regulators for IGF-1R as transcriptional
activators (SP1 and FOXO3) or repressors (WT1, P53 and BRCAL) were found where Blue

lines show direct binding, Green lines activation and red lines inhibition of IGF-1R.

Since we observed that IGF-1R expression was significantly high during early phase of
resistance, we intended to monitor the transcript levels of positive regulators; SP1 and FOXO3.
It was observed that SP1, a known potential regulator of IGF-1R that has strong affinity
towards GC rich region of IGF-1R promoter did not corroborate with the transcript levels of
IGF-1R. However expression levels of Foxo3 did show positive correlation with up regulated
Foxo3 transcripts at early stages of cisplatin and paclitaxel resistant cells but not in dual
resistant cells. In dual resistant cells the transcriptional and translational regulators could be
more complex and might be different which needs further investigation. WT1, a known
transcriptional repressor for IGF-1R remained unaltered across the resistant models as shown
in the figure 4.3. However, further studies are required to understand the level of activated Sp1,

Foxo3 in these resistant cells to estimate the actual correlation with IGF-1R level.
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Figure 4.3. Transcriptional regulators of IGF-1R expression in the resistant models. (A)
SP1 mRNA profile: Quantitative PCR with SP1 showed less expression in CistR cells
compared to CistR cells. However PacER, Pac'®, Cis-PactR and Cis-Pac® cells showed
marginal increase in SP1 expression. (B) FOX0O3 mRNA profile: Real time analysis of Foxo3
transcripts showed significantly high expression in CisER and PacER cells that decreased in
Cis*® and Pac'® cells. However, Cis-Pac® and Cis-Pac® cells did not show differential
expression pattern. (C) WT1 expression: Western blot analysis of total cell lysate did not

exhibit any significant change across the resistant models.

Next we wanted to find the effect of IGF-1R inhibition on the resistant characteristics of these
cells. Since IGF-1R has a strong homology with IR, we looked for specific inhibitiors of IGF-

1R in the available literature which have already entered in clinical trials (Table 4.3).
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Agent Company/Institute Phase Comments
IGF1R TKIs
A-928605 Abbott Preclinical Pyrazolopyrimidine TKI
BMS-536924 Bristol-Myers Squibb Preclinical ATP-competitive, equipotent inhibition of IGF1R and IR
BMS-554417
INSM-18 (NDGA) Insmed Phase I-1I Dual inhibitor of the IGF-I and HER2 receptor kinases
Phase I data suggest modest PSA responses in patients
with nonmetastatic prostate cancer
PPP Karolinska Cancer Preclinical Inhibits phosphorylation of Y1136 in the kinase activation
Institute and Biovitrum loop. Does not inhibit IR
Preferentially inhibits PI3K-Akt pathway, blocks growth
of a range of tumors in vitro and in vivo
Induces IGF1R down-regulation via involvement
of p-arrestin 1/MDM2
NVP-ADW742 Novartis Pharma Preclinical ATP-competitive inhibitor, shows ~ 15-fold selectivity for
IGF1R relative to IR in intact cells
In SCLC, inhibits PI3K-AKT and induces synergy in
combination with chemotherapy
NVP-AEWS541 Novartis Pharma Preclinical ATP-competitive inhibitor, shows ~ 27-fold selectivity for
IGF1R relative to IR within intact cells
Inhibits Akt/mTOR pathway, enhances growth inhibition
of MM cells in combination with dexamethasone
and bortezomib
0SI-906 OSI Pharmaceuticals Phase I Shows ~ 10-fold selectivity for IGF1R relative to IR.
Synergistic antiproliferative effects in combination
with erlotinib in CRC cell lines via blockade of AKT and
ERK phosphorylation
XL-228 Exelixis Phase 1 Inhibitor of IGF1R, BCR-ABL and Src
Agent Company/Institute Phase Comments
IGF1R antibodies
AVE1642 Sanofi-Aventis Phase I-11 Humanized version of murine EM164 1gG; antibody.
Phase | single agent in MM, with docetaxel in solid tumors,
well-tolerated, no DLT. Planned combination with
bortezomib in MM
SCH-717454 Schering-Plough Phase I-11 Fully human monoclonal antibody
(19D12)
Activity against IGF1R/IR hybrid receptors via interaction
with the IGF1R component
CP-751,871 Pfizer Phase I-111 Fully human IgG;. Phase I: mild hyperglycemia,
no DLT, MTD not achieved. At 20 mg/kg, 10 of 15 patients
had SD. Phase II in adrenocortical carcinoma, sarcoma:
SD in 60% patients, Phase 11 in NSCLC: RR 51% to
CP-751,871 with TC vs. 36% on TC alone.
Objective responses to TC with antibody in 72%
of squamous tumors, including “striking” responses in
bulky disease, and some PR/SD on CP-751,871 after
PD on TC alone
IMC-A12 ImClone Systems, Inc. Phase I-11 Recombinant human monoclonal 1gG; antibody, binds IGF1R
and IGF1R/IR hybrid receptors but not IR alone, Stable
disease In 46% of patients with solid tumors in phase 1
BIIB022 Biogen Idec Phase I-11 Fully human nonglycosylated version of 1gG4.P antibody
lacking Fc-effector function
MK-0646 Merck Phase I-111 Humanized monoclonal 1gG,. Phase I toxicity hyperglycemia
and thrombocytopenia. Current studies: phase 11
in neuroendocrine tumors and NSCLC; phase I11/111
in metastatic CRC with cetuximab and irinotecan
R1507 Roche Phase I-11 Human monoclonal 1gG, antibody. Phase I showed PR
in four of eight patients with sarcoma
AMG 479 Amgen Phase 1-11 Fully human monoclonal 1gG, antibody. Phase I activity: CR

in Ewing’s, PR in neuroendocrine tumor. Phase 1B with
panitumumab or gemcitabine: one DLT (hyperglycemia)

Table 4.3: List of IGF-1R specific inhibitors and antibodies which are under clinical trial.

Girnitaetal., in 2004 validated a small molecule inhibitor picropodophylin (PPP) derived from

picropodotoxin (PPT) as a specific inhibitor for IGF-1R kinase activity. We performed in silico

modelling of the kinase domain specifically for the residues Y1131, Y1135 and 1136

responsible for auto phosphorylation of the RTK with PPP. Similar to previous reports PPP

binds specifically in the docking pocket created by Y1135 and Y1136 (figure 4.4) in our model.

89| Page



PPP

Figure 4.4. Structure of PPP and docking site within the activation loop: A three dimensional
structure of a peptide constructed by Pymol software from the amino acid sequence 976-1238
of IGF-1R with along with PPP showing probable docking within the activation loop of
tyrosine kinase domain (Y1131, Y1135 and Y1136). Inset shows the surface view of the tyrosine

kinase domains and the PPP docking pocket.

PPP sensitizes cells to cisplatin/paclitaxel/cisplatin-paclitaxel only at early stages of

resistance:

Increased expression of IGF-1R at early resistant stages provided a therapeutic window for the
combination treatment approach. Biologically relevant dose used for PPP in preclinical studies
is 40mg/kg body weight [222]. We first intended to observe the effect of a specific IGF-1R
inhibitor, PPP on the resistant properties of the cells. Treatment with 1uM PPP for 48 hr was
sufficient to block the IGF-1R levels as evident from decreased pAKT levels in CisER, PacER
and Cis-PacER cells however treatment with 2uM PPP, Cis'R®, Pact®R and Cis-Pac'® cells showed
little/or no change in pAKT levels. Total AKT was used as loading control which showed equal
loading with no change in tAKT levels post PPP treatment (Figure 4.5A). Viability of the early
and late resistant cells was affected differentially with increasing doses of PPP that
corroborated with IGF-1R expression. While the early resistant cells (CisER, PacER and Cis-
PacER) showed dose dependent decrease in percent viability, Cis'® and Cis-Pac'R cells showed
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little change in viability and PacR cells were completely refractory to PPP even at the highest
dose (2.5uM) (figure 4.5B). We also monitored the effect of PPP on naturally resistant cells
i.e. SKOV3 and Hey which has increased basal expression of IGF-1R showing dose dependent

decrease in the percent viability as shown in the figure 6C.
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Figure 4.5. Effect of PPP treatment on chemoresistant models and intrinsically resistant
cells: (A-B) Treatment with 0.5 uM, 1 uM, 1.5 uM and 2 uM PPP CIS®R, Pac®R and Cis-Pac®
showed dose dependent decrease in pAKT levels with no change in tAKT; however, Cis‘R,
Pac® and Cis-Pac® did not show much decrease. (B) Treatment with PPP at different
concentrations (0.5 uM, 1 uM, 1.5 uM, 2 uM and 2.5 uM PPP), CIS®®, PacER and Cis-Pact?
showed most prominent effect where percent viability decreases in a dose dependent manner.
However late resistant cells (Cis'?, Pact® and Cis-Pac‘®) did not show any dose dependent
decrease. (C) SKOV3 and Hey (intrinsically resistant to cisplatin) showed dose dependent

decrease in percent viability in response to treatment with increasing concentration of PPP.

Since sole inhibition of a specific signalling may not exert maximum resistance reversal, we
investigated combinatorial effect of PPP along with the drugs. To avoid the toxicity produced
by each therapy, we chose to perform the combinatorial treatment at the lowest possible

concentrations. We stringently determined the 1Cio, 1C2, and 1Cs values for the
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chemotherapeutic drugs (IC10=250ng/ml, IC2=500ng/ml and ICs=1 pg/ml for CisER;
IC10=1 pg/ml, IC20=2 pg/ml and ICs0 =3 pg/ml for Cis'®; 1C10= 10 ng/ml, IC20 =20 ng/ml
and 1C40 =40 ng/ml for PacER and 1C10= 25 ng/ml, IC2 = 50 ng/ml and 1C4 =100 ng/ml for
PactR; IC10=0.875 ng/ml + 5 ng/ml, IC20=1.16 ng/ml + 6.66 ng/ml and
IC40=1.75 ng/ml + 10 ng/ml for Cis-PacER and IC10=2.33 ng/ml + 13.33 ng/ml,
IC20 =7 ng/ml + 40 ng/ml and IC40=17.5 ng/ml + 100 ng/ml for Cis-Pac‘® ) and 1C1o, I1Cy0 for
IGF-1R inhibitor (IC10=0.1 uM and IC20 = 0.2 pM for CISER; IC10=0.1 uM and IC20=0.2 uM
for CIS'R; 1C10=0.1 pM and IC20=0.2 uM for PacER and I1C10=0.2 pM, IC20=0.4 pM for
PactR; IC10=0.1 pM and IC20 = 0.2 pM for Cis-PacER and IC10=0.1 pM and IC20= 0.2 pM for
Cis-Pact®) as shown in the figure 4.6 A-B. All of the IC doses were calculated after 12 hours
of serum starvation followed by 48 hours of respective drug treatment

(PPP/Cisplatin/Paclitaxel/Cisplatin + Paclitaxel).
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Figure 4.6. (A) Determination of 1Cy and ICx for PPP in cisplatin, paclitaxel and dual
resistant model. MTT assay was performed to calculate the inhibitory concentrations of PPP
for 90 and 80 percent viability: 1C10 = 0.1 uM and IC2 = 0.2 uM for CISTR; 1C10 = 0.1 uM and

IC20 = 0.2 uM for CIS‘R; 1C10=0.1 uM and IC2=0.2 uM for PactR and 1Ci0=0.2 uM,
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IC20 = 0.4 uM for Pac®; 1C10 = 0.1 uM and ICa = 0.2 uM for Cis-PacE® and 1C1 = 0.1 uM
and 1C2 = 0.2 uM for Cis-Pac'® cells. (B) Determination of 1C1o, 1C2 and 1Cuo for all the
resistant models (cisplatin, paclitaxel and dual treatment): MTT assay was performed to
calculate the inhibitory drug concentrations for 90, 80 and 60 percent viability:
IC10=250ng/ml, 1Ca=500ng/ml and ICa=1ug/ml for Cis®; 1C10=1ug/mi,
IC20 =2 ug/ml and ICaxo =3 ug/ml for Cis®; 1Ciwo=10ng/ml, ICa=20ng/ml and
ICs0 = 40 ng/ml for Pact and 1Cio =25 ng/ml, IC2 =50 ng/ml and ICsx = 100ng/ml for
Pact®; 1C10=0.875 ng/ml + 5 ng/ml, 1C20 = 1.16 ng/ml + 6.66 ng/ml and
1C40 =1.75 ng/ml + 10 ng/ml for Cis-Pac®® and IC10=2.33 ng/ml + 13.33 ng/ml,

1C20 = 7 ng/ml + 40 ng/ml and I1Cs0 = 17.5 ng/ml + 100 ng/ml

Combination treatment of cytotoxic drugs with IGF-1R inhibitor:

In the combinatorial treatment study, I1C10 and 1C2o doses of PPP were combined with 1Cio,
IC20 and IC4o doses of cisplatin, paclitaxel and dual model for early and late resistant cells. In
all three resistant models, combinatorial treatments with PPP showed potentiating effects
which were more pronounced at lower doses and in early resistant stages (Figure 4.7 A-C). In
PacER cells, a combination of 1C1o paclitaxel and IC1o PPP demonstrated marginal effect
(11.72% cell kill) that increased to 25.6% reduction in viability (p<0.01) with IC2 dose of PPP.
This effect was more pronounced in combination of ICx paclitaxel and 1C10 & 1C2o of PPP
exhibiting a 20.15% and 34.92% reduction in cell viability. With higher concentration of
paclitaxel (IC40) we did not observe further reduction in cell viability rather the survival plot

became more flattened. In contrast, the Pac'® cells showed trivial response (2-8%) to
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treatments with all concentrations of paclitaxel (IC1o, 1C20 & 1C40) combined with PPP (ICyo
and 1C20). Thus paclitaxel and PPP induced significantly higher cell death in PacER cells than
in PactR cells (p>0.0005). In cisplatin resistant model, the CisER cells did not demonstrate any
significantly higher lethal effect than Cis'R cells by combinatorial treatments of cisplatin and
PPP. While the IC1o cisplatin with IC10 and 1C20 of PPP in CisER cells showed 43% and 54%
cell death respectively, similar treatments in Cis'® cells showed 42% and 45% cell death which
did not meet significance between the two groups. A similar trend was also observed with at
IC20 dose of cisplatin when combined with IC1o and 1C2o doses of PPP in both Cis= and Cis'®
cells. The combinatorial model interestingly showed similar response like the cisplatin model.
In Cis-PacER cells, 1C1o dose of dual drugs with IC1o and 1C0 doses of PPP induced 46% and
52% cell death and 1C2o dose of dual drugs with same doses of PPP induced 56% and 69% cell
kill. The Cis-Pac'® cells exhibited 22-37% cell death for 1C10 and IC2 doses of dual drugs in
combination with IC1o and IC2 doses of PPP. The IC4 dose of dual drug however showed
severe cytotoxicity (76-83%) in the early but mild response (2-10%) in late resistant cells after

combinatorial treatments.
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Figure 4.7. Effect of combinatorial treatments of Cisplatin and Paclitaxel with PPP. (A)

Combinatorial treatment in Cisplatin resistant cells: Graphical representation of MTT assay

of the combinatorial treatments of Cisplatin demonstrated potentiated cell killing effects which

was more pronounced in CisER than Cis'® cells. Maximal effect was found at 1C20 of Cisplatin

and IC10 and IC20 of PPP in CisER cells when compared with Cis'® cells. Table represented

the percent cell killing by different combinations of Cisplatin and PPP in early and late

resistant stages. (B). Combinatorial treatment in Paclitaxel resistant cells: Graphical

representation of MTT assay of the combinatorial treatments of Paclitaxel demonstrated

potentiated cell killing effect in PacE® cells. The Pac'® cells showed negligible toxicity at all
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these combinatorial treatments. Table represented the percent cell killing by different
combinations of Paclitaxel and PPP in early and late resistant stages. (C). Combinatorial
treatment in Cis-Pac resistant cells: Graphical representation of MTT assay of the
combinatorial treatments of Cisplatin + Paclitaxel demonstrated potentiated cell killing effect
in Cis-PacE® cells. The Cis-Pac'R cells showed lesser toxicity at all these combinatorial
treatments. Tabular representation shows the percent cell killing of Cis-PacE® and Cis-Pac®

cells under various combinatorial treatments

Effect of combinatorial treatments of PPP and cisplatin/paclitaxel on clonogenic

potential:

Long term survival of the resistant cells was monitored with single and combinatorial regimens
through clonogenic assay. Both cisplatin/paclitaxel (IC20) and PPP (IC2) in individual
treatments resulted in ~75% surviving fraction (Figure 4.8A-B), however, PPP treatment
resulted in reduced size of the colonies. The most significant effect was seen after
combinatorial treatments with 1C2 doses of both cytotoxic drugs and PPP. The surviving
fraction for CistR, PacER, Cis-PacER cells with hyperactive IGF-1R signalling dropped to 20%
after combinatorial treatments. Interestingly, Cis'R, PacR, Cis-Pac'® cells did not exhibit any
reduction in surviving fraction (0.7) even after combination treatment but colony size was

significantly reduced (Figure 4.8B).
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Figure 4.8. Effect of combination treatment on clonogenic potential of resistant cells. A
graphical representation showing surviving fraction of CisER/Cist®, PacE?/Pac® and Cis-
Pact®/Cis-Pac'® cells treated with ICz of Cisplatin and Paclitaxel either alone or in
combination with 1Cx PPP for 7 days. B. Representative images of colonies formed after

individual and combination treatment.
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Role of IGF-1R signalling in maintenance of ovarian CSC phenotype:

In chapter 2 we have shown that with the acquirement of resistance against cisplatin, paclitaxel
and dual treatment there was gradual enrichment in the CSC phenotype (SP fraction) in A2780
early and late resistant cells. We also observed that the transcript levels of core transcription
factors (Oct4, Sox2 and nanog) which are responsible for the maintenance of stemness
phenotype increases from A2780 sensitive cells to early and late resistant stages of cisplatin,
paclitaxel and dual resistant models. To investigate the role of IGF-1R in the maintenance of
cancer stem cell phenotype in chemoresistant cells we monitored the levels of stemness genes
(Oct4, Sox2 and nanog) as a function of CSC phenotype after inhibition of IGF-1R with small
molecule inhibitor (PPP). We investigated the expression levels of these stemness genes in
paclitaxel early and late resistant cells after PPP treatment. In PacER cells, 1.5uM PPP treatment
resulted in 16.6, 18.1 and 17.2 fold decrease in the expression of Oct4, Sox2 and nanog
respectively. PactR cells also showed significant decrease in the expression levels of Oct4, Sox2
and nanog (2.9, 4.3 and 3.5 fold respectively) however the fold decrease was more significant
in case of early resistant cells (Figure 4.9A-B). Spheroid formation assay was performed with
IGF-1R inhibitor (PPP) at 1.5 uM concentration. Number of spheroids formed in the ER & LR
cells were significantly lower after PPP treatment compared to their respective parental cells

(Figure 4.9 C-D).
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Figure 4.9. Effect of IGF-1R inhibitor (PPP) on CSC phenotype. (A-B). Quantitative real
time PCR for Oct4, Sox2 and nanog was performed after PPP treatment (1.5uM) for 48 hrs,
where PacER cells showed highly significant decrease in the levels of Oct4, Sox2 and nanog
expression (16.6, 18.1 and 17.2 fold respectively) however Pac'® cells showed only 2.9, 4.3
and 3.5 fold decrease in the expression of Oct4, Sox2 and nanog respectively. (C-D) To monitor
the effect of PPP on self-renewal property of sensitive ad resistant cells, spheroid formation
assay was performed with 2000 cells/well. Bar graph showing significant decrease in the
number of spheroids in A2780 sensitive, cisplatin, paclitaxel and combination resistant cells
after PPP treatment.A2780= 2.8 fold; Cist*= 8.19 fold, Pact?=17.3 fold, Combi=R= 4.46 fold

however CistR= 6.3 fold, Pac-R= 5.7 fold and Combi‘R= 4.2fold
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Role of IGF-1R in epithelial and mesenchymal transition (EMT):

Since EMT of the resistant cells enable them for distant metastasis, we wanted to investigate if
IGF-1R has any role in the process of epithelial and mesenchymal transition. First we
monitored the basal level of E-Cadherin (Epithelial marker) in A2780, OAW42 and MCF7
(Positive control) through immunofluorescence. It was observed that in comparison to MCF-7
which showed membrane localized E-Cadherin, A2780 showed no membrane staining for E-
Cadherin however OAWA42 did show membrane localized E-cadherin (Figure 4.10A). Next we
monitored the expression of vimentin (a mesenchymal marker) in the A2780 resistant model.
Interestingly it was observed that expression of vimentin increased from sensitive to early
resistant stages and then becomes constant till late resistant stages (Figure 4.10B). To test the
hypothesis if IGF-1R plays any role in EMT phenomenon, we treated CisER cells with
increasing concentration of PPP (0.5uM, 1uM, 1.5uM and 2uM) for 48 hours. A dose
dependent decrease in the levels of pAKT with no change in the tAKT was observed as before.
Interestingly the levels of vimentin also showed a dose dependent decrease with no change in
the b-actin levels (Figure 4.10 C). This suggests that IGF-1R might play a crucial role in the

process of epithelial and mesenchymal transition.
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Figure 4.10. Expression analysis of E-Cadherin, Vimentin and pAKT (A) Confocal
microscopy showing the localization of E-cadherin in MCF-7, A2780 and OAWA42 cells. (B)
Confocal imaging of expression and localization of vimentin in A2780 sensitive, CistR, Cis‘®,
PacER and Pac'® cells. (C) Western blot analysis showing the levels of pAKT, AKT, Vimentin

and f-actin at different doses of PPP (0.5uM, 1uM, 1.5uM and 2uM) for 48 hours.

Since E-cadherin levels were very low in A2780 cells we sought to monitor the known
transcriptional repressors for E-cadherin i.e. snail, slug, twist and zeb1 in the resistant models.
These transcriptional repressors are known to bind E-box region in the E-cadherin promoter
and suppress the expression of E-cadherin favouring epithelial to mesenchymal transition. In
our resistant models we performed quantitative transcript analysis for snail, slug, zeb1 and twist

through real time PCR (Figure 4.11 A-B).
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Figure 4.11. Quantitative PCR analysis for EMT genes: (A-B) Quantitative Real Time PCR
was performed to monitor the transcript levels of EMT genes (snail slug, Zeb1 and twist) across
the resistant models. Quantified data (relative gene expression) showed marginal increase in
the expression of snail in all resistant stages (Cis'R, PacER/Pact® and Cis-PactR/Cis-Pac‘F)
except CisE® and the expression of slug showed increase only in Cis'R cells. However
expression of Zebl and twist was consistently and significantly higher in all of the late resistant

cells except Cis-Pact®.
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Quantitative PCR analysis across the resistant models (cisplatin, paclitaxel and combination)
showed that there was marginal increase (>1.5 fold) in the level of snail except CisER cells
compared to A2780 sensitive cells, however there was no trend observed across the resistant
model. Although the basal level of slug was higher in A2780 cells as compared with snail, there
was decrease in the expression levels of slug across the resistant models, except Cis-? which
showed and increased expression. Expression of Zebl showed significant increase only in
Cis'R and Pac'® cells however Cis-Pac'® cells showed significant decrease. Among all of the
mentioned EMT regulators (snail, slug, zeb1 and twist), only expression of twist followed a
similar trend across all the models where its expression showed significant increase compared
to the A2780 sensitive cells (2.4, 5.6 and 1.7 fold increase in Cis‘R, Pac‘® and Cis-PactR

respectively).
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Discussion:

Ovarian cancer is the one of the deadliest gynaecological malignancy, where the recurrence
and relapse of the disease are the major concern. Clinically, recurrent and the relapsed disease
are chemo resistant in nature hence the basic understanding about mechanism for generation
of chemo resistance is of higher priority in ovarian cancer management. There is an imperative
need for the identification of chemoresistance generation at early stages. Identification of early
molecular events in generating chemo resistance, would probably be beneficial for developing
future therapeutic strategies for enhanced efficacy. In order to dissect the acquired
chemoresistance into different stages we developed cellular resistant models (cisplatin,
paclitaxel and cisplatin + paclitaxel) of ovarian cancer cells. These cells were divided into early
and late stages of resistance based on their percent viability at ICso of sensitive cells. We found
gradual increase in the SP phenotype and spheroid forming ability with the acquirement of
resistance against cisplatin, paclitaxel and cisplatin+paclitaxel. However there was a prominent
difference in tumorigenic ability between early and the late resistant cells as shown in chapter
3, where SP cells from early resistant cells (PacER) initiated tumor formation much earlier (Day
15) compared to SP cells from late resistant cells (Cis-®) (Day 50). This intriguing finding led
us to investigate the statuses of major signalling pathways involved in cell proliferation and
tumor growth. As discussed in the introduction, IGF-1R signalling plays an important role in
normal ovarian function and dysregulation of this pathway is often associated with ovarian

cancer.

In this chapter we monitored the expression of IGF1-R at transcript and protein level across
the resistant models. Interestingly, it was observed that IGF-1R expression were significantly
higher at all the early resistant stages. At later stages of chemoresistance the expression of IGF-
R was significantly lower showing an oscillatory pattern of IGF-R signalling during the

acquirement of chemoresistance. Confocal analysis of IGF-1R staining showed increased
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membrane localization in early resistant cells, an essential event for ligand binding and
activation of IG F-1R. At late resistant stages hyper-activation of Akt was observed in all of
the resistant models. Hyper-activation of Akt is known to phosphorylate and negatively
suppress the regulation of EGFR, IGF-1R and Her3 receptor tyrosine kinases. Thus it is
possible that higher p-Akt level in late resistant cells might be suppressing the IGF-1R
expression. Further investigation is required to investigate this feedback loop between Akt and
IGF-1R. Transcript analysis of Foxo3 corroborated with IGF-1R expression which also
indicates a probable feedback loop between Akt, Foxo3 and IGF-1R in the cisplatin and
paclitaxel resistant models where higher levels of pAKT might phosphorylate Foxo3 and
sequester them in the cytoplasm. This would lead to inability of foxo3 to shuttle into the nucleus
and upregulate the IGF-1R transcripts[223]. However such corroboration was not observed in

the case of dual resistant model which could be due to more complex regulatory mechanism.

Since IGF-R expression was higher at early resistant stages, we used this stage as a therapeutic
window to understand therapeutic potential of IGF-R inhibition in single and in combination
with cytotoxic drugs. We used a small molecule inhibitor picropodophylin (PPP) either alone
or in combination with cisplatin and/or paclitaxel. Interestingly, PPP showed a dose dependent
decrease in percent viability at early stages but had little effect at late stages. In combinatorial
treatments of very low doses of PPP (I1C20) along with lowest possible doses of cisplatin and
paclitaxel (1C2o) early resistant cells showed significant reversal of chemo resistance. Long
term survival of the early and late resistant cells was also monitored through clonogenic assay
under combinatorial treatment. Early resistant cells (CisER, PacER, Cis-PacER) showed even
more promising effects in terms of higher efficacy and lower toxicity compared to late resistant
cells (CistR, PactR, Cis-Pact®) which did not shown promising cell killing. Till today, there
were only two studies which reported about association of hyper activated IGF-1R signalling

with platinum and taxol resistance in ovarian cancer cells. However the kinetics of IGF-1R
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expression and its association with CSC and EMT phenotype at different resistant stages during

the acquirement of chemoresistance has never been investigated.

In this chapter we for the first time are documenting the differential expression of IGF-1R
expression at early and late resistant stages and its essential role in maintaining the CSC and
EMT phenotype. To investigate if IGF-R plays any role in maintaining CSC and EMT
phenotype we inhibited the IGF-R signalling with PPP. Interestingly we observed that spheroid
forming ability and stemness gene expression of early resistant cells were highly compromised
in response to PPP treatment suggesting that IGF-R might play a crucial role in the maintenance
of CSC phenotype at early resistant stages. To investigate effect of IGF-1R on epithelial
mesenchymal transition, we monitored the levels of snail, slug, zebl and twist across the
resistant models but we did not see any corroboration with IGF-1R expression. However post
PPP treatment in CisER cells we did see a significant decrease in the levels of vimentin in a
dose dependent manner. A2780 cells show more mesenchymal features like low and
cytoplasmic e-cadherin and strong vimentin expression indicating that these cells might have
passed the transition phase. Thus our data suggests that IGF-1R signalling might play an
indirect role in epithelial mesenchymal transition in these A2780 cells that requires further

investigation.

To the best of our knowledge, this is the first identification of a therapeutic window for IGF-
1R expression in early chemo resistant ovarian cancer cells that could be utilized for

potentiating the cytotoxic effects at lowest possible doses as an adjuvant chemotherapy.
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Chapter 5

Summary and conclusion
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Ovarian cancer is one of the deadliest gynaecological malignancy where early diagnosis and
generation of chemoresistance are of major concerns. This disease is initially asymptomatic in
nature and thus remains unnoticed while the cancer progresses. Unfortunately at the time of
diagnosis, patient already attains stage I11 and stage 1V disease. Another level of complexity in
ovarian cancer is due to presence of different histological types namely Epithelial Ovarian
Carcinoma (EOC); Ovarian Germ cell Carcinoma and stromal Cell Carcinoma. Among all
mentioned types, epithelial ovarian cancer is the predominant one comprising of 80-85% of
ovarian cancer cases. Among epithelial subtype high grade serous is the most predominant one
which constitutes about more than 80 percent of the disease. Rest other subtypes constitutes
mucinous, Clear Cell Carcinoma, endometroid and transitional ovarian carcinoma. Clinical
management of the disease largely depends upon surgery and chemotherapy where Platinum
and Taxol based drugs like cisplatin, carboplatin, oxaloplatin, paclitaxel and docetaxel are the
main line of chemotherapeutic drugs which are given to the patients either alone or in
combination. However the module of treatment varies for upfront surgery and neoadjuvant
chemotherapy depending upon the extent of disease. In an initiative made by group of scientist
and clinicians at MD Anderson Centre under moon shot programme have developed an
algorithm for defining a treatment plan with personalized surgical approach. This algorithm
includes diagnostic laparoscopy followed by Ro scoring performed by two independent
surgeons. If there is disagreement in the Ro scores 3 surgeon does the scoring. Depending
upon the Ro score; if Ro <8, patient undergoes for upfront surgery and if Ro > 8, patient

undergoes three cycles of chemotherapy before surgery.

Apart from regular chemotherapy, few targeted therapies like PARP inhibitors (Olaparib), are
available in the clinics against epithelial ovarian carcinoma which has shown a great promise
in the patients specifically carrying mutations in either of BRCAL or BRCAZ2 genes[44]. This

targeted therapy has also been used in combination with platinum and taxol based drugs to
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improve the therapeutic efficacy and improved progression free survival with acceptable and
manageable tolerability profile [224, 225]. Bevacizumab targeted therapy has also been used
in high grade advanced disease to overcome the angiogenesis with increased progression free
survival [11]. However these targeted therapies cannot be used for all of the patients, it is
restricted to only BRCA1/BRCA2 mutated and advanced ovarian carcinoma patients. Despite
of all these efforts, the mortality rate is still very high in India and across the globe. The major
reason behind higher mortality rate in ovarian cancer is late diagnosis and the acquirement of
chemoresistance against both conventional chemotherapeutic drugs and targeted therapy which
eventually leads to tumor recurrence. Even though patients show good response initially
towards chemotherapeutic regimen but later they fail to respond to the same drugs. Thus
acquirement of resistance towards platinum and taxol based drugs are very common and a
major hurdle in combating this disease. Unfortunately, chemoresistance cannot be reversed by
altering any single target because acquirement of resistance against these drugs involves
multifactorial events occurring simultaneously to give rise to a chemoresistant phenotype. So
it becomes more important to diagnose the acquirement of chemoresistance early. In recent
time both from clinical and pre-clinical studies, it has been observed that a small population of
cells (termed Cancer Stem Cells) residing in the heterogeneous tumor cells are intrinsically
resistant towards chemotherapeutic drugs. During chemotherapy these cells remain unaffected
and get enriched over a period of time and due to their higher propensity to initiate tumor
formation, give rise to recurrence and relapse of the disease. However the time of relapse varies
among individuals as in some of the disease has an early relapse and in others relapse occurs
after a long period of time. Why does an early and late relapse of the disease happen is still

enigmatic and an intensive area of research.

In this study, we aimed to longitudinally monitor acquirement of drug resistance and cancer

stem cell properties against single drugs (cisplatin and paclitaxel) and in combination (cisplatin
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+ paclitaxel) in ovarian cancer cells. We also attempted to identify differentially regulated
signalling cascade/s during development of resistance. In order to monitor the early events for
acquirement of resistance in real time, we used A2780 ovarian carcinoma cell line
(undifferentiated cell type), stably expressing a bi-fusion reporter construct (FI2-Tdt) and
cellular resistance models were developed against cisplatin, paclitaxel and combinatorial
treatment by giving escalated drug dosage[156]. Development of resistance was monitored
after every cycle of treatment for its percent survival at IC50 dose of sensitive cells till it
attained greater that 90 percent viability. Depending upon the survival fraction the whole
resistant models were further categorized into sensitive (parental cells), early and late resistant
stages according to resistance index. To investigate the association of CSCs during the course
of resistance generation, we critically examined the CSC phenotype across the resistant models
with different techniques which involved both functional assays and expression of surface
biomarkers. It was observed that CD133, a well-known OCSC marker gradually increased with
increasing resistance across all the resistant models, suggesting that there is enrichment of
CSCs with increasing resistance irrespective of the drugs given. We also looked at other surface
biomarkers e.g. CD44 and CXCR4 in A2780 sensitive and Cis'® cells which showed that
compared to A2780 sensitive cells cisplatin late resistant cells has marked increase in the
expression of CD44 and CXCR4. We also chose two functional assays (Side population and
spheroid formation assay) for isolation and characterization of these ovarian cancer stem cells
from different stages of resistance against cisplatin, paclitaxel and combination. We majorly
used side population assay for isolation of putative CSCs because the method is based on innate
cellular ability to efflux the dye due to overexpression of multi-drug membrane transporters
which play a very significant role for resistance development. Hence this isolation strategy was
highly appropriate to study both chemoresistant and CSC phenotype. Secondly this isolation

method is a functional assay which is more homogenous compared to the cell surface
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biomarkers which are highly heterogeneous in nature and varies between cell lines. Spheroid
formation assay is based on the self-renewal property of stem cells and cancer stem cells and
thus determine a critical functional property of CSCs. In our study both SP fraction and
spheroid forming ability significantly increased from sensitive to early and from early to late
resistant stages of each chemoresistant models. However this enrichment was much higher in
case of dual resistant cells compared to cisplatin and paclitaxel resistant cells. Suggesting the
combination treatment (Cisplatin + Paclitaxel), which is a regular treatment modality in the
clinics might have an adverse outcome in chemoresistance generation and tumor relapse. To
monitor the CSC phenotype, one of the gold standards for the validation is to assay their
differentiation property. In our study we critically monitored the differentiation ability of SP
cells in vitro. Both SP and NSP cells sorted from A2780 sensitive and Cis'® cells passaged
longitudinally with interim FACS analysis for SP and NSP phenotype. Interestingly while SP
cells were significantly enriched in successive passages, they were still able to differentiate
into NSP cells. This result unequivocally proves that SP cells can divide asymmetrically to
give rise to both SP and NSP phenotype. However the NSP fractions failed to form any SP
population during serial passaging suggesting that NSP cells do not have further differentiation
properties. These NSP cells did not form spheroids beyond 2" passage and whatever spheroids
formed were significantly smaller and distorted. The SP cells were able to form spheroids till
passage seven. These results indicated that SP fractions were indeed enriched with CSC like
cells and were able to self-renew and differentiate at multiple passages. Importantly, across the
different resistant models, dual resistant cells showed maximum self-renewal ability compared
to cisplatin and paclitaxel resistant cells. However when we compared the resistant properties
of SP, NSP and MP cells isolated from A2780 sensitive and late resistant cells, only SP cells
showed higher resistance but very little or no difference was observed between NSP and MP

population. Thus our data suggests that a cancer non-stem cell population might remain
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resistant towards drugs but does not possess self-renewal and differentiation properties. This is

an important finding towards the contribution of CSC in disease recurrence.

Since there were increased SP phenotype and self-renewal ability, we also monitored the
expression of pluripotent transcription factors (Oct4, Sox2 and nanog) in resistant cells. The
expression of Oct4 and Sox2 significantly increased from sensitive to early resistant stage and
then remained constant at later stages. Thus we can imply that stemness gene expression is an
early and essential event in CSC population during resistance acquirement. In order to find the
association of cancer stem cell phenotype, chemoresistance and pluripotency, we sought to
monitor the effect of Oct4 knockdown in these resistant cells. Oct4 was chosen as its expression
has been well correlated with both CSC and chemoresistance phenotype both in cellular model
and in patient samples (Samardzija et al., Journal of Ovarian Research, 2012). Additionally
oct4 also regulates the transcription of sox2 and nanog (Chew et. al., Molecular and cellular
Biology, 2005). Lentiviral mediated knock down resulted in significant decrease oct4 levels at
transcriptional and translational level in all the resistant cells (sensitive, ER and LR) compared
to the mock control. Silencing of oct4 led to significant decline in spheroid forming abilities in
both sensitive and resistant cells. Interestingly marked decrease in the SP fraction was found
in these Oct4 silenced cells suggesting that this pluripotent transcription factor might regulate
the SP and self-renewal properties in the resistant cells. However no significant effect of Oct4
knockdown on the resistant phenotype was found which indicates that chemoresistance

property is not be attributed by Oct4 expression alone.

Tumorigenic ability and tumor growth kinetics of SP and spheroid cells in comparison to NSP
and adherent cells were tested in immune-compromised mice. We implanted 50,000 cells from
SP & NSP fractions and 10,000 cells from spheroid & adherent cells from early (PacER) and
late (PactR, Cis‘®) resistant cells in NOD/SCID mice. Development of tumors in each group
was monitored through in vivo bioluminescence imaging at regular time interval. Interestingly
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we found that SP and spheroid cells were able to initiate and propagate the tumor formation,
however, both NSP and adherent cells could not even initiate tumor formation. Most
importantly it was found that SP and spheroid fraction from early resistant stages initiated the
tumor formation much earlier (within 15-20 days) whereas SP and spheroid cells from late
resistant stages showed much delay in the tumor initiation (within 80-90 days). This data
showed existence of functional heterogeneity in the cancer stem cell population isolated at
different stages. We believe existence of such functional heterogeneity in CSC ultimately
govern the kinetics of tumor relapse and a detailed investigation this mechanism of functional
heterogeneity is required in future to explain why some patients show early tumor relapse while
others experience disease relapse years after. These intriguing results also pointed that there
might be some differential gene regulation at early and late resistant stages, which had resulted

in differential tumor growth and functional heterogeneity in these SP and spheroid cells.

IGF-1R signaling is one of the important signaling which is required for the normal
development of ovary and its functioning. There are couple of reports which suggest that IGF-
1R active signaling can give rise to cisplatin and paclitaxel resistance and help in the process
of EMT. However the exact mechanism is still unknown how IGF-1R mediates resistance and
EMT phenotype. We intended to monitor the role of IGF-1R during acquirement of
chemoresistance and its association with EMT phenotype. Interestingly while monitoring the
transcript level of IGF-1R at different stages of resistance we observed an oscillating
expression pattern of IGF-1R. Increased levels of IGF-1R were observed at early resistant
stages, which decreased at later stages. However levels of activated AKT were significantly
higher at late resistant stages in all of the resistant models suggesting the presence of a feedback
loop in the IGF1R/PIBKCA/Akt axis during development of chemoresistance which is
independent of the nature of drugs. As expected higher membrane localisation of IGF1R were

found in early resistant cells compared to the sensitive and late resistant stages.
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This up regulated IGF-1R signalling at early stages of resistance provided a therapeutic window
to investigate the plausibility of reversing resistant phenotype. We chose a specific tyrosine
kinase inhibitor (PPP) which specifically inhibits IGF-1R but not Insulin Receptor. It was
observed that with increasing doses of PPP, there was dose dependent decrease in the pAKT
levels in early resistant cells but not in sensitive and late resistant cells. It is well recognized
that many targeted therapy works better when combined with a cytotoxic drug. To investigate
such potential of combination treatment strategy, we used very low concentrations of PPP and
chemotherapeutic drugs (IC10 and IC20) to monitor cellular viability through MTT (short-term
survival) and long term survival through clonogenic assay. Both the assays revealed that
combinatorial treatment of PPP and chemotherapeutic drugs (cisplatin/paclitaxel alone or in
combination) at their respective 1C1o and IC2o had a drastic effect in cell killing only in the
early resistant stages. Treatment of PPP also resulted in significant decrease in the stemness
gene expression and spheroid forming ability. All these data suggests that IGF-1R signalling
actively regulate chemoresistance and cancer stem cell properties in ovarian cancer cells
acquiring resistance. Our study thus opens up a new horizon for testing IGF1R related

inhibitors in neoadjuvant therapeutic settings in future.

Epithelial Mesenchymal Transition is yet another phenomenon which can give rise to
resistance. Our cellular resistant model is developed in A2780 cells which show predominant
mesenchymal state with no E-cadherin on the membrane and high vimentin expression. We
monitored the expression of E-box binding proteins snail, slug, zeb1 and twist which supresses
the expression of E-cadherin and favour EMT. Quantitative PCR data showed that neither snail
nor slug showed any positive corroboration with the IGF-1R status. However expression of
zeb1 and twist were significantly higher in late resistant stages. To check if IGF-1R inhibition
can affect the mesenchymal phenotype we treated early resistant cells with PPP with increasing

doses and performed western blotting for vimentin and found that IGF-1R inhibition lowered
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down the level of vimentin in a dose dependent manner. Thus inhibition of IGF1R signalling
might partially downregulate mesenchymal phenotype and thereby stalling metastatic potential
of cancer cells. Further studies are ongoing with stable knockdown of IGF-1R which would

provide more insight into the role of IGF-1R in maintaining the CSC and EMT phenotype

All together our study shows that acquirement of chemoresistance in ovarian cancer cells is
highly dynamic in nature, require an active IGF1R signalling and associated with enhanced
CSC phenotype. We also demonstrate that IGF-1R signalling is critical in early phases of
resistance, however, cells at late resistance are independent of IGF-1R signaling. This provides
a therapeutic window where IGF-1R inhibitors could possibly be used as combination therapy

for ovarian cancer treatment.
Clinical relevance of our current findings:

e Enrichment of chemoresistant cells with higher CSC phenotype (chemoresistance, self-
renewal and differentiation) during different cycles of chemotherapy unequivocally
suggest contribution of CSC towards disease recurrence and relapse.

e Existence of heterogeneous CSC population (with differential tumorigenicity) might be
the cause for early and late relapse which are assisted with increased IGF-1R signalling.

e Use of IGF-1R inhibitor during early resistance as a neoadjuvant chemotherapy
provides a better therapeutic window for increased efficacy and lower toxicity.

e Use of umbrella trials for targeted therapy using IGF-1R and AKT inhibitor in

combination with chemotherapeutic drugs.
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Future Directions:

e To investigate and identify differential regulators of IGF-1R protein at early and late
resistant stages.
e To monitor the role of IGF-1R in the maintenance of cancer stem cell phenotype by

stable knockdown of IGF-1R followed by monitoring its tumorigenic ability.
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Cell culture

1.  Reagents and chemicals

S. No. Reagent Name Source
1 DMEM, MEM, RPMI* Gibco/Invitrogen, USA
2 Fetal Bovine Serum (FBS) Hi media, India
3 Penicillin-Streptomycin Gibco/Invitrogen, USA
4 Trypsin-EDTA Gibco/Invitrogen, USA
5 G418 Sigma, USA
6 DMSO Sigma, USA
7 Superfect transfection reagent Qiagen, Valencia, CA
8 Lipofectomine 2000 Invitrogen
9 Phosphate buffered saline (PBS) pH 7.4** | In-House

*Cell culture media are supplemented with 10% FBS and 1% Penicillin-streptomycin.
**PBS Composition: 137mM NaCl, 2.7mM KCI, 10mM Na;HPO4, 2mM KH2PO4 (pH

7.4).

2. Celllines
The different ovarian cancer cell lines used in the present study are mentioned below

with their respective culture media.

S. Cell Line Origin Source | Culture Media
No. Name

1 A2780 Undifferentiated EOC ATCC | DMEM

2 SKOV3 Serous adenocarcinoma ATCC | RPMI

3 OAWA42 Serous adenocarcinoma ATCC | MEM
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3.1.

b)

d)

9)

Method

All of these cell lines are adherent and were maintained their respective media
supplemented with 10% FBS, 100U/ml penicillin and 100 pg/ml streptomycin
solutions as shown in the Table. For every experimental procedure cells with 70
percent confluency were used.

Procedure for sub culturing

Cell culture media from culture plates were aspirated and gently washed with

1X sterile PBS twice.

1ml trypsin (for 10cm dish) was added and the cells were incubated at 37°C for

5 to 7 min (till all cells started detaching from substratum) as per requirement.
Further trypsin were neutralise with 3ml complete medium.

Single cell suspension was made by gently pipetting and cells were centrifuged

at 1200 rpm for 5min. Supernatant was discarded and the cells were washed

with 1X PBS and centrifuged again at 1200 rpm for 5 minutes.

Cells were either sub cultured with 1:3 split ratio into new culture vessel(s) or
required number of viable cells seeded according to the requirement for
experimental purpose.

Cell viability was estimated by trypan blue dye exclusion method. In brief, 10l

of cell suspension were diluted with trypan blue dye (1:1 ratio) and viable cells
(bright cells due to exclusion of dye) were counted using haemocytometer and
number of cells per ml were calculated using following formula:

No of cells/ml = average number of cells per WBC chamber x 10,

Cells were fed with complete medium and incubated at 37°C in 5% CO- with

95% humidity.
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3.2.

b)

d)

3.3.

b)

d)

Procedure for cryopreservation

Cryopreservation media generally consists of a base medium, cryoprotective
agent (DMSO) and a protein source (serum). Cryoprotective agents reduce the
freezing point of the medium and reduces the risk of ice crystal formation, which
can damage cells and cause cell death during freezing.

Cells were trypsinized as described above and single cell suspension was made
by gently aspirating the cells. Viable cell count was calculated using Trypan
blue dye exclusion method described earlier.

Subsequently freezing medium was prepared by adding 50-70% serum to
complete medium along with 5%-8% of DMSO as per requirement.

About 1 x 10° - 2 x 10° cells were gently resuspended in 1ml of chilled freezing
medium with gentle pipetting and immediately transferred to a cryopreservation
vial (cryo vials).

Further cryo vials were slowly cooled approximately at a rate of 1-2%hr till it
reaches first at -20°C for 2 hours and overnight at -80°C and then transferred to
liquid nitrogen for cryopreservation.

Revival of cryopreserved cells

Cryo vial from the liquid nitrogen was thawed using water bath at 37°C.

Since DMSO is toxic to cells, after thawing the cryovial 5 ml media was added
to it. Cells were then centrifuged at 800 rpm for 5 minutes at 4°C and the cell
pellet was resuspended in complete media with gentle pipetting.

Then the cell suspension was transferred to a new culture vessel or plate.

Cells were then incubated at 37°C in 5% CO..

145|Page



3.4. Procedure for transient/stable transfection of cell lines:

Transfection is the process of introduction of foreign DNA into eukaryotic cells
by non-viral methods. Transfection was performed using Superfect or
Lipofectamine transfection reagent as per manufacturer's instructions.

a)  Prior to the day of transfection, a required amount of viable cell were seeded in
culture vessel, primarily in 24 well plate.

b)  DNA-Superfect reagent complex were prepared by adding required amount of
plasmid/s and transfection reagent as per instructed in definite volume of
incomplete medium with gentle mixing. This mixture was then incubated for 10
minutes at room temperature.

c) Inthe meantime the medium was aspirated from the culture vessel and washed
twice with 1X PBS twice.

d)  Definite amount of complete media was added to the transfection mixture and
this was administered in the culture vessel. The plate was swirled gently to
uniformly distribute the complex and incubated at 37°C, 5% CO..

e)  After 3 hours, the transfection media was aspirated, washed with 1X PBS and
complete media was added to the cells.

f)  For stable transfection, after 24-48 h of transfection, the cells are trypsinized

and are sub cultured in the selection media containing antibiotics like G418.

MTT Assay

MTT assay is a colorimetric assay in order to monitor cellular viability and
proliferation rate. Cellular enzymes like NAD(P)H-oxidoreductase enzyme
reflects the number of viable cells present. These enzymes are capable of

reducing the tetrazolium dye MTT 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
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b)

d)

9)

diphenyltetrazolium bromide) into its insoluble formazan crystals. The
absorbance of the coloured solution can be quantified by the spectrophotometer
at wavelength 560- 670nm.

Reagents and chemicals

S. No. Reagent Name Source
1 DMSO Sigma, USA
2 MTT Sigma, USA
Method

The cells were seeded in 96 well plate at density of 2000 cells per well. The
experiment was performed in quadruplet.

According to the need of experiment either cytotoxicity of drugs or cell
proliferation the cells were proceeded for the experiment and incubated for
required duration at 37°C, 5% CO». All the cytotoxicity test were performed
after drug treatment and the cells were incubated for 72 hours.

For cell proliferation assay, the cell were seeded in required amount and
incubated for different time points like (0, 24, 48 h, etc.)

At end point, cells were treated with 20ul of 5mg/ml MTT and incubated for 3
hours.

Post MTT incubation, the spent media from each well were removed completely
and formazan crystals were dissolved by adding 100l DMSO per well.

The absorbance of solubilise dye were estimated at wavelength 560nm and
670nm.

Note- The absorbance at560nm is subtracted from the absorbance at 670nm to

remove the background caused by the presence of DMSO.
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Real-Time Quantitative PCR

1.

2.

Reagents and chemicals

S. No.

Reagent Name Source

1

2X Syber green master mix

Invitrogen

Primers Used

The table shows the primer sequences used in the gPCR in present study.

S. No. Gene Name Sequence
1 Oct4 Forward GTGGAGAGCAACTCCGATG
2 Oct4 Reserve TGCAGAGCTTTGATGTCCTG
3 Sox2 Forward AACCCCAAGATGCACAACTC
4 Sox2 Reverse GCTTAGCCTCGTCGATGAAC
5 Nanog Forward AAAGCTTGCCTTGCTTTGAA
6 Nanog Reserve AAGTGGGTTGTTTGCCTTTG
7 IGF-1R Forward CTGGACTCAGTACGCCGTTT
8 IGF-1R Reserve GGAACTGAAGCATTGGTGCG
9 SP1 Forward TCATACTGTGGGAAACGCTT
10 | SP1 Reverse GACACTCAGGGCAGGCAAA
11 | FOXO 3 Forward TCTACGAGTGGATGGTGCGTT
12 | FOXO 3 Reverse CGACTATGCAGTGACAGGTTGTG
13 | GAPDH Forward TGCACCACCAACTGCTTAGC
14 | GAPDH Reverse GGCATGGACTGTGGTCATGAG
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b)

d)

Method

All the PCRs were carried out in a final volume of 10 pl containing 10 ng of

cDNA, 10 Picomole of each primer and 1X Power SYBR Green PCR Master

Mix (Applied Biosystems, Foster City, CA).

The gPCR reactions for each sample and each gene were performed in

triplicates.

The PCR conditions were as follows:

S. No. Step Temperature °C | Time (sec)

1 Initial Denaturation 95 600
2 Denaturation 95 15
3 Annealing 60 60
4 Repeat steps 2 and 3 40 cycles

5 Sybr Green dissociation step 1 95 15
6 Sybr Green dissociation step 2 60 15
7 Sybr Green dissociation step 3 95 15

Specificity of each amplified reaction product were confirmed by melting curve

analysis.

Data analysis and representation in terms of relative and fold change i.e. 2-4¢t

and 2-4ACt respectively:

Relative expression of each target gene were estimated by ACt method as

follows with GAPDH as a normalisation control.

AC;= Ct Gene — Ct GAPDH

AACi= ACt control — ACt Test
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Bacterial Cell Culture

1.  Reagents and chemicals
S. No. Reagent Name Source
1 LB broth Hi media, India
2 LB agar Hi media, India
3 Yeast extract Hi media, India
4 Bactotryptone Hi media, India
5 Kanamycin Sigma, USA,
6 Ampicillin Sigma, USA,
7 DMSO Sigma, USA,
2. Method

2.1. Preparation of Luria-Bertani (LB) medium and agar

a) Powdered Luria Broth (20g) was dissolved in 800 ml deionized ‘MilliQ’
processed water (D/W) and the volume was adjusted to 1 litre (L) with D/W and
sterilized by autoclaving.

b)  For making LB-agar plates, 359 Luria agar powder was dissolved/ L sterilized
by autoclaving and poured in 90 mm sterile plates.

c)  Specific antibiotic either ampicillin or kanamycin was added in the medium
according to the plasmid antibiotic marker.

2.2. Preparation of ultra-competent cells

a)  Composition of Transformation Buffer (TB)
The following components were added to 100 ml of distilled water; 10mM
PIPES, 15 mM CaCl2, 250 mM KClI, adjusted pH to 6.7 with 5N KOH, 55 mM

MnCI2, filter sterilized through 0.2 p© membrane filter.

b)  Composition of Super Optimal Broth (SOB)
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2.3.

d)

9)

2.4.

b)

d)

Following components were mixed in the required volume of D/W; 2%
Bactotryptone, 0.5%Yeast extract, 10 mM NacCl, 2.5 mM KCI, 10 mM MgCI2,
10 mM MgSO4;

Procedure

E.coli strain DH5a strain was streaked on a LB agar plate without antibiotics
and incubated overnight at 37°C.

Single colony was suspended into 1ml SOB and inoculated in 250 ml SOB broth
and incubated at 18°C/250 rpm till O.D. reach to ~0.4 at 600nm (Approximately
3-4 days of incubation are required).

The cells were harvested by pelleting down at 4°C and resuspended in 80 ml of
TB followed by incubation on ice for 10 min and centrifuged at 4°C for 10
minutes at 3000 rpm.

The cell pellet was resuspended in 18.6 ml TB. 1.4 ml (7%) DMSO was added
to the cells and mixed completely.

100ul aliquots of the cells were made in sterile microfuge tubes and snap frozen
in liquid nitrogen followed by storage at -80°C.

Procedure for bacterial transformation

Competent cells (100ul) were thawed on ice and mixed with 1-5ng of plasmid
DNA or 20ul of ligation mixture and incubated on ice for 30 min.

Heat shock is given to the mixture at 42°C for 60 sec and the sample was snap
chilled on ice.

LB medium was added to the cells and incubated at 37°C for 60 minutes at 170
rpm.

The cells are then plated on an LB agar plate with the appropriate antibiotic.
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2.5. Plasmid DNA isolation from bacterial cells by mini-preparation
The plasmid isolation was performed following the procedure described in the Qiagen
mini prep kit. Briefly following steps were performed.

a)  Overnight grown, 1-5 ml of bacterial cultures transformed with plasmids were
centrifuged at 3500 rpm for 15-20 minutes at 4°C.

b)  Bacterial pellet was resuspended in 250ul of Buffer P1 (Re-suspension buffer
containing RNase (10mg/ml)).

c)  The cells were incubated at room temperature (RT) for 5 min and 250ul Buffer
P2(lysis solution) was added followed by invert mixing.

d)  The cells were incubated at RT for 5 min and 350ul of Buffer N3 (neutralizing
solution) was added and incubated at RT for 5 min. after complete invert
mixing.

e)  The above mixture was then centrifuged at 12,000Xg for 10 min.

f)  The supernatants from step 5 was applied to the QIlAprep spin column by
decanting or pipetting.

g)  The column was centrifuged for 30—60 s and the flow-through was discarded.

h)  QIAprep spin column was washed by adding 0.75 ml Buffer PE and centrifuging
for 3060 s.

i)  The flow-through was discarded and centrifuged at full speed for an additional
1 min to remove residual wash buffer.

J)  The QIlAprep column was placed in a clean 1.5 ml micro centrifuge tube. DNA
was eluted by addition of b50 ul Buffer EB (10 mM Tris CI, pH 8.5) or water to

the centre of each QIAprep spin column for 1 min and centrifuged for 1 min
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Cloning

1.  Reagents and chemicals

S. No. Reagent Name Source
1 Tris Borate—EDTA buffer (TBE)* In-house
2 Agarose powder Hi media, India
3 6X gel loading dye Fermentas
4 Ethidium bromide (EtBr) Fermentas
5 DNA marker: 100 bp Fermentas
6 DNA marker: 1 Kb or Mass ruler Fermentas

*Composition of the TBE: 0.9 M Tris base, 0.9 M Boric acid, 0.02 M EDTA

(10X buffer stock was made and diluted to 1X for use)

2. Method

2.1. Protocol for agarose gel electrophoresis

a)  The agarose gel percentage varying from 0.7% — 2% (according to the size of
the DNA to be resolved) was prepared along with EtBr as an intercalating agent.

b)  Solidified gel was transferred to the electrophoresis tank that has electrode fitted
to it at the two ends.

c)  The required 1X TBE buffer is then poured into the tank. Before loading the
PCR product into the wells, the PCR product is mixed with the 6X loading dye
containing glycerol for viscosity and bromophenol blue as a tracking dye.

d)  An appropriate reference DNA ladder were run in parallel. The gel was run at
80V for lhour.

e) EtBr stained DNA bands were visualized and documented with Gel

documentation system.
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2.2. Protocol for Gel extraction

The PCR amplified product/restriction digested DNA was gel extracted and
purified by using QIAGEN gel extraction Kit. Briefly, the following procedure
was followed:

a)  The DNA fragment from the agarose gel was excised with a clean, sharp scalpel.

b)  The gel slice was weighed in a micro centrifuge tube. Buffer QG was added
three time to 1 volume gel (100 mg ~ 100 pl).

c)  Reaction was incubated at 50°C for 10 min (or until the gel slice has completely
dissolved). Vortex the tube every 2—-3 min to help dissolve gel.

d) 1 gel volume of isopropanol was added to the sample and mixed. Thereafter, a
QIAquick spin column were placed on a 2 ml collection tube and the above
reaction mix was added in the column.

e)  The tube was incubated for 1-2 minutes and centrifuged for 1 min at 13000 rpm.

f)  The flow-through was discarded and further washed with 0.5ml of buffer QG
by centrifugation for 1min at 13000rpm.

g) Buffer PE (0.75 ml) was added to QIAquick column and was incubated for 5
minutes before centrifuging for 1 min at 13000 rpm. The flow-through was
discarded and was given another wash with buffer PE.

h)  Anadditional dry spin was given to the column and the column was placed in a
clean 1.5 ml micro centrifuge tube.

i)  To elute DNA, 50 ul Buffer EB (10 mM Tris-Cl, pH 8.5) or water was added to

the centre of the QIAquick membrane and centrifuged at 13000 rpm for 1 min.
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2.3. Protocol for restriction digestion
One unit of restriction endonuclease (RE) activity is defined as the amount of
enzyme required to completely digest 1ug of substrate DNA in a total reaction
volume of 50uL in one hour using the buffer provided. Restriction digestion is
a tool for many molecular applications like ligation, gene isolation, etc.

a)  Source of RE enzymes: Hpal, Notl, Nhel, Bam HI, and EcoRI was used from
NEB, UK.

b)  Both insert and vector were digested with two RE enzymes simultaneously.
NEB buffer that results in maximum activity of both the enzymes was chosen
using the enzyme activity chart.

c)  Before beginning with digestion the recommended buffer was allowed to thaw
completely on ice also the water bath was set at 37°C.

d) A typical restriction digestion mix consists of following components:

Reaction Mixture
10 X NEB buffer
DNA (insert/ vector)

Enzyme/(s)

Distilled water

e)  The reaction mixture was incubated at 37°C water bath, overnight.

2.4. Protocol for Ligation

Ligation is performed by using DNA ligase is a special type of enzyme that
catalyses the formation of phosphodiester bond between juxtaposed
5’phosphate and 3’hydroxyl terminal in duplex DNA or RNA. This enzyme
joins blunt and sticky ended termini as well as repair single stranded nicks in

duplex DNA, RNA or DNA/RNA hybrids. The ligation reaction was set
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depending upon the concentration of the insert. Ideally the vector to insert ratio

is (1:3) which is essential for carrying out successful ligation reaction.

a)  Source of reagents: Quick ligase enzyme and its 10 X buffer was obtained from
NEB, UK.

b)  The ligation reaction was carried out at room temperature and incubated for 10-
15 minutes before performing bacterial transformation.

c)  After transformation the LB agar plates were placed in the incubator for
overnight. After 16-18 hrs of incubation, the plates were checked for colonies.

d)  Colonies were cultured in LB broth and plasmid were isolated. Screening for
the positive clone was performed by restriction digestion.

e)  Positive clone obtained by cloning was further verified by DNA sequencing.

f)  Sequencing was performed using the ABI automated DNA sequencer available

with Genomics facility of ACTREC.

Total RNA Isolation, Visualisation and Quantification

Total RNA was isolated from different cell lines using Qiagen total RNA
isolation kit. Isolated RNA was further visualized on gel and quantified using
Nano drop. Isolated RNA is further used to synthesize cDNA by reverse
transcription PCR and used to estimate transcript levels of different genes.

1.  Reagents and chemicals

S. No. Reagent Name Source
1 DEPEC Sigma, USA
2 Total RNA isolation kit BIOLINE
3 Formaldehyde Sigma, USA
4 Formamide Sigma, USA
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2.1.

b)

f)

9)

5 Ethidium bromide Sigma, USA
6 6X RNA loading dye Sigma, USA
7 Agarose Hi media, India
8 MOPS Sigma, USA

10X MOPS buffer: 0.2M MOPS, 50mM sodium acetate, 10mM.

Preparation of Tank buffer: 30 ml 10X MOPS buffer+ 30ml formaldehyde
and Volume was made up to 300ml.

Preparation of RNase Free MQ: 1ml of Diethyl Pyrocarbonate (DEPEC) was
added to 1000ml of fresh MilliQ water and incubated overnight at 37°C

followed by autoclaving.

Method

Procedure for total RNA isolation

Four million of cells were harvested and washed with 1X PBS for 5mins at
1200rpm 4°C. The supernatant was discarded.

The pellet was resuspended in Lysis buffer R (400ul) by pipetting and incubated
for 3mins.

The lysed solution was transferred to spin column R1 placed in a collection tube
and it was spun at 10,000Xg for 2 minutes.

The filtrate was saved and the Spin column R1 was discarded.

Equal volume of 70% ethanol (400pul) was added in the filterate, mixed well and
transferred to spin column R2 placed in a fresh collection tube.

The column was spun at10,000Xg for 2 minutes. The filterate was discarded.
The spin column R2 was placed in the fresh collection tube. 500ul of wash
buffer AR was added in the column and spun at 10000Xg for 1min. The filterate

was discarded.
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h)

)

K)

b)

Wash buffer BR (700ul) was added in the column and spun at 10000Xg for
Iminute.

The filterate is again discarded and the column is placed in the collection tube.
A dry spin of 10000 X g for 3 minutes was given to the Spin column R2.

The Spin column R2 was placed in the 1.5cm3 elution tube and 30-80ul (50ul)
of RNase free water to spin column R2.

The column was incubated for 5-10 mins and spun at 6000Xg for 1 minute to
elute the RNA. The

RNA was stored at -80°C. The RNA was quantified by using nanodrop.
Preparation of denaturing gel for visualisation of RNA (90ml):

Agarose (1.08g) + RNase free water: 76.5 ml was boiled to melt agarose
completely.

10X MOPS buffer (9ml) and formaldehyde (4.5ml) and EtBr was added.

The gel is poured in the gel casting tray with a comb and allowed to solidify.

Preparation of RNA sample for gel loading

Reagent Quantity (ul)
Formaldehyde 1
Formamide 3
10X MOPS buffer 2
RNA sample 1-2

The following components are added to form a reaction mix:
The reaction mix is incubated for 5-10min a 65°C for denaturation. 6X RNA
loading dye (1-2 ul) was added to load on a gel. The gel was visualised on UV

trans-illuminator.
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cDNA Synthesis From Total RNA

b)

d)

A good quality total RNA isolate has an O.D 260/280 ratio of 1.8-2 and O.D
260/230 ratio of 1.8 or more. The cDNA was synthesized from total RNA using
a cDNA synthesis kit from NEB,UK, according to the manufacturer's protocol.
Reagents and chemicals

Superscript ™ First-Strand Synthesis System for RT-PCR from Invitrogen
Method for First-Strand Synthesis Using Random Primers

Starting material: 1 ng-5 g total RNA or 50-500 ng poly(A)+ RNA

Control reactions: Use 1 pl of Control RNA (50 ng/pul

For each reaction, combine the following in a sterile 0.5-ml tube:

S. No. Component Amount
1 | RNA (1-2 pg) X pl
2 10mM dNTP mix 1l
3 Random hexamer (50ng/ul) 1l
4 DEPC treated water to make volume 10 pul

Incubate the RNA/primer mixture at 65°C for 5 minutes, then place on ice for at least
1 minute.
In a separate tube, prepare the following 2X reaction mix, adding each component in

the indicated order.

S. No. Component Amount
1 | 10X RT Buffer 2 ul
2 | 25 mM MgCl, 4 pl
3 0.AMDTT 2 ul
4 RNaseOUT (40U/ pl) 1l

Add 9 pl of the 2X reaction mix to each RNA/primer mixture from step 3, mix gently,
and collect by brief centrifugation.
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9)
h)

)
K)

Incubate at room temperature (~25°C) for 2 minutes.

Add 1 pl of SuperScript™ II RT to each tube.

Minus RT Control: Add 1 pl DEPC-treated water instead of the RT.

Incubate at room temperature for 10 minutes.

Incubate at 42°C for 50 minutes.

Terminate the reaction at 70°C for 15 minutes. Chill on ice.

Collect the reaction by brief centrifugation. Add 1 pl of RNase H to each tube and

incubate for 20 minutes at 37°C. The reaction can be stored at -20°C.

Protein isolation from cells and estimation procedure

1.

2.1.

b)

Reagents and chemicals

S. No. Reagent Name Source
Passive Lysis buffer (5X) Promega
2 Protease inhibitor cocktail (10X) Sigma,USA
3 Bradford reagent Sigma,USA
Method

Preparation of lysates

Cells were trypsinized and harvested by centrifugation at 1200 rpm for Sminutes at
4°C.

The cell pellet were resuspended in 1X PBS by centrifugation at 1200 rpm for 5
minutes.

Supernatant was discarded and approximately 50ul of 1X passive lysis buffer per one

million cells was added.
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d)

9)

2.2.

b)

c)

Thereafter, 1ul of 10X protease inhibitor per 100ul of 1X passive lysis buffer was
added in the cell lysate.

The reaction was thoroughly mixed by vortexing and incubated at RT for 10-15
minutes.

After incubation the reaction mixture was centrifuged at 13,000 rpm for 25 minutes at
4°C.

The supernatant was collected and protein estimation was performed using Bradford
reagent.

Bradford assay

Bradford is a colorimetric protein assay based on the absorbance shift of the dye
Coomassie Brilliant Blue G-250 in which under acidic conditions the red/brown form
of the dye is converted into its bluer form to bind to the protein being assayed. This
colour change is estimated by using the formula obtained by plotting the absorbance

of standards (1-5 pg/ml) in a linear regression analysis.

The procedure for the Bradford assay is as follows.

BSA standards were made by serially diluting 1mg/ml BSA stock.

S.No. | Concentration (pg) BSA stock (ul) 1X PBS (ul)
1 1 5 20
2 2 10 15
3 3 15 10
4 4 20 5
5 5 25 0
6 Blank 0 25

Standards and sample were taken in triplicates.
250ul of Bradford reagent was taken per well in a 96 well plate.
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d)  Lysates were diluted 1:5 using 1X PBS.

e) 5 pl of each standards and 1:5 diluted samples were added to 250ul of Bradford
reagent.

a)  Absorbance was measured at 595nm, values were subtracted against the blank and a
standard curve was plotted by using the linear regression analysis.

f)  Protein concentration for lysate samples were calculated using equation derived from
the standard curve.

g) Lysates were diluted 1:5 using 1X PBS.
Western Blotting/ Immunoblotting

Immunoblotting is a technique used for analysis of individual proteins in a
protein mixture (e.g. a cell lysate). The protein mixture is applied to a gel
electrophoresis in a carrier matrix (SDS-PAGE, native PAGE, isoelectric
focusing, 2D gel electrophoresis, etc.) to sort the proteins by size and charge in
individual protein bands. The separated protein bands are then transferred to a
carrier membrane (e.g. nitrocellulose membrane (NCM), nylon or PVDF). This
process is called blotting. The proteins adhere to the membrane in the same
pattern as they have been separated due to interactions of charges. The proteins

on this immunoblot are then accessible for antibody binding for detection.

1.  Reagents and chemicals

NS(')_ Reagent Name Source
1 Acrylamide and Bisacrylamide Sigma,USA
2 SDS Sigma,USA
3 Ammonium Per sulphate (APS) SRL Chemicals, India
4 N,N,N',N'-tetramethylethylenediamine (TEMED) | Sigma,USA
5 Glycine Sigma,USA
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b)

d)

9)

h)

)

6 Butanol Qualigens

7 Pre-stained protein marker Fermentas

8 Tris base Sigma,USA

9 Nitrocellulose Membrane (NCM) Mdi, India

10 | Beta mercaptoethanol Sigma,USA

11 | Tween20 Sigma,USA

12 | Sodium chloride SRL Chemicals, India
13 | Gel cast, run unit with power pack BioRad

Composition of 30% Acrylamide: (29.2% acrylamide / 0.8% bisacrylamide)
weight/volume in distilled water

Composition of Resolving Buffer: 1.5mM Tris base, adjust the pH to 8.8 using
IN-HCI

Composition of Stacking Buffer: 0.5mM Tris base, adjust the pH to 6.8 using
IN-HCI

Composition of Running Buffer: 256mM Tris-Cl- 3.208g; 200mM Glycine-
15.012¢g;0.1%w/v SDS-1g

Composition of Gel loading Dye: 50mM Tris HCI, pH 6.8, 2% SDS, 20%
Glycerol, 12.5mM EDTA, 0.02% Bromophenol blue.

Composition of Transfer buffer: 25mM Tris base, 190mM Glycine, 0.04% SDS,
20% methanol

Composition of Tris Buffered Saline: (TBS) Tris base, 150mM NaCl, adjust the
pH to 7.6 using IN-HCL.

Composition of blocking buffer: 1X TBS with 5% BSA

Composition of Wash buffer (TBSt): 1X TBS with 0.05% Tween 20
Composition of stripping buffer: 20%SDS, 100uM B-mercaptoethanol and

50uM Tris, pH6.8
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2.

Method

2.1. Gel casting

a)

b)

d)

2.2.

b)

2.3.

Contents of resolving gel

S. Gel | MilliQ acri?;{; 4o | L5MTrisCl | 10% (whv)
No. | percentage (ml) (ml) pH-8.8 (ml) SDS (ul)

1 8 4.7 2.7 2.5 100

2 10 41 3.3 2.5 100

3 12 3.4 4 2.5 100

4 15 24 5 25 100

This mixture were degassed and 50uL of APS and Sul. TEMED was added

followed by gentle mixing.

Contents of stacking gel.

S No Gel MilliQ | 30% acrylamide 0.5 M Tris-ClI 10% (w/v) SDS
"7 | percentage (ml) (ml) pH-6.8 (ml) (uh)
1 4 1.26 ml 260 pL 500 uL 10 uL

This mixture were degassed and Syl of APS and 2uL. TEMED was added

followed by gentle mixing.

Preparation of sample

Appropriate volume of protein lysate for the desired concentration was taken

and mixed with protein gel loading dye.

The reaction mix was heated at 100°C on dry bath for 3 minutes and a short spin

was given. The samples were kept on ice until they were loaded on the gel.

Procedure of Western blotting

Glass plates were cleaned thoroughly and were set up carefully in the casting

stand.
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b)

9)

h)

)

K)

As per the requirement suitable percentage of resolving gel was prepared.
Immediately the resolving gel solution was loaded between the glass plates
using the pipette and the gel was overlaid with 200uL of water saturated butanol.
The gel was allowed to polymerize for 35-40 minutes.

After the resolving gel was solidified completely the butanol layer was washed
thoroughly and the stacking gel was prepared.

The wells for loading the samples were formed by placing the 10-well comb.
The gel was allowed to polymerize for 15-25 minutes.

The solidified gel was placed in the cassette and fitted with electrodes in the
tank.

The tank was filled with 1X running buffer till (1/4)th of its volume. The comb
was then gently removed and the wells were washed with the buffer to remove
the traces of any acryl/bisacrylamide deposits.

The sample prepared was then loaded into respective wells and 4uL of pre-
stained ladder was also loaded in one of the wells.

The gel was then allowed to run at 60V, 400mA. After the sample entered the
resolving gel the voltage was gradually increased to 80V. The run was stopped
as soon as the dye reached the bottom of the gel.

The gel, blotting paper and NCM were then soaked in 1X transfer buffer and
incubated for 10 minutes.

Onto the base of the Trans blot system the two soaked blotting papers were
placed one after another, the transfer buffer was poured on top of the membrane
and the air bubbles were removed carefully. Then, the NCM was placed and the

gel was placed over it properly.
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P)

q)

b)

d)

The remaining two blotting papers were placed on the top of the gel and same
as before the transfer buffer was poured, ensuring that the bubbles were
removed. Then, the system was started and the transfer was set to 13V, 400mA
for 1 hr.

After complete transfer the membrane was removed carefully and then
incubated in 40 ml of 5% blocking buffer for 1 hr on a shaker.

After blocking, the membrane was probed with primary antibody(s) and
incubated overnight at 4°C with gentle shaking.

Next day, the membrane was washed thrice with the wash buffer (1X TBSt) and
then incubated with the secondary antibody for 2 h.

After the secondary Ab incubation the membrane was again washed thrice with
the wash buffer.

The proteins present on the membrane could be visualized by using the
Enhanced Chemiluminiscence (ECL) detection system.

Stripping and reprobing the membrane:

In order to reprobe the membrane with another primary antibody stripping
protocol is used.

For stripping the membrane was incubated with the stripping buffer for 10
minutes at RT.

The membrane was then washed thrice with 1X TBSt, blocked with the blocking
buffer for 1 hour, then incubated with primary antibody overnight at 40C with
gentle shaking.

The next day, the membrane was again washed with 1X TBSt, incubated with
secondary antibody for 1-2 h at RT with continous shaking and then washed

with wash buffer and developed in dark with the ECL detection system.
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Immunofluorescence

Immunofluorescence is an antigen-antibody reaction where the antibodies are tagged
(labelled) with a fluorescent dye and the antigen-antibody complex is visualized using
ultra-violet (fluorescent) microscope. Immunofluorescence can be used to determine
the localization, abundance and co-localization with another proteins.

Reagents and chemicals

S. No. Reagent Name Source
1 Paraformaldehyde Sigma,USA
2 Bovine Serum Albumin Sigma, USA
3 DAPI Sigma, USA
4 Vectashield (Mounting media) Vector Labs, USA
5 Triton X 100 Sigma, USA
6 Anti-Mouse FITC Sigma, USA
7 Anti-Rabbit FITC Sigma, USA
8 Anti- Rabbit Dy Light 633 Sigma, USA
9 Anti-Mouse Dy Light 633 Sigma, USA
Method

Preparation of 4% paraformaldehyde

Paraformaldehyde was weighed equal to 4% volume of the final solution (for
100 ml final volume, weigh 4 g of paraformaldehyde) and added in 1X PBS
(volume equal to slightly less than 2/3 of the final desired volume).

The mixture stirred at 60°C using a magnetic stirrer and after complete dilution
of PFA the final volume was made up.

The solution was filtered by Watman filter paper and was chilled on ice before
use. Freshly prepared paraformaldehyde solution was usually preferred for the

experiment.
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2.2.

b)

d)

9)

h)

Staining procedure

Different staining and fixation procedures were followed to stain the cells with
different antibodies. The general procedure for immuno-fluorescence was as

follows:

80% confluent plate was trypsinized and 30,000 - 40,000 cells were seeded per
cover slip in a 6 well plate. Two cover slips per sample: One for secondary
antibody control (without primary antibody) and the other as a test sample for
staining were seeded.

Cells were then incubated in 5% CO2 at 37°C for 24h.

After 24h, the spent medium was aspirated and cells were washed twice with
1X PBS.

Cells were fixed on coverslip with 2ml of 4% PFA and incubated at room
temperature for 10min. PFA was then removed and cells were washed thrice
with PBS.

Permeabilization is often required for nuclear staining. Coverslips containing
cells were then incubated in Triton X 100 (0.025 to 0.3%) in 4% PFA. The
permeabilization solution was removed and cells were washed thrice with PBS.
The cells were now incubated with 5% BSA for 60 min at room temperature
(blocking).

Each cover slip (containing cells) was then incubated with 50ul of primary
antibody (1:100 dilution in 1X PBS) on a clean glass slide. Cover slip was
placed with cell surface facing downward.

Cells were incubated with the primary antibody overnight in a moist chamber at

4°C.
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)

K)

On the next day, cover slips were washed thrice with PBS. Each cover slip
(containing cells) was then incubated with 50ul of secondary antibody (1:200
dilution in 1X PBS) on a clean glass slide. Cover slip was placed with cell
surface facing downward.

Incubation was carried out for 2 hours at room temperature in dark after which
cells were washed thrice with PBS.

Cells were counter stained with 50ul of DAPI (0.05%) for 30 seconds and after
washing for three times with PBS, coverslips were mounted on clean glass slide
(cell surface facing downward) using Vectashield mounting medium.

Cells were observed under confocal laser scanning microscope within lhour.
Argon, Helium/Neon and diode lasers were used to capture images on a Carl
Zeiss LSM 510 Meta confocal microscope and the images were analysed using

LSM Image Browser.

In Vivo Bioluminescence Imaging in NOD/SCID mice

b)

In vivo bioluminescence imaging (BLI) is sensitive tool that is based on
detection of light emission from cells or tissues. BLI allows a non-invasive, and
real-time analysis of biological processes at the molecular level in living
organisms. In vivo imaging allows longitudinal monitoring of disease like tumor
formation in the same animal and offers desirable alternative to analyse number
of animals at many time points during the progression of tumor formation. The

in vivo BLI in mice uses the following procedure.

Reagents and chemicals
D luciferin

Isoflurane
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2.1.

b)

d)

9)

h)

Method

Cell preparation

Luciferase (firefly luciferase) expressing ovarian cancer cell lines (PacER, Pact®,
Cis'®) were established in the laboratory.

These cells are highly tumorigenic and can be used in pre-clinical mouse
models.

The cells were sorted through FACS (SP and NSP)/grown as spheroid under
non adherent culture condition followed by implantation in NOD/SCID mice.
Animal Injection

A 70-80% confluent flask cells were harvested by trypsinisation and counted
using trypan blue.

10,000-50,000 cells per mouse were used for implantation.

Accordingly total number of cells required for all the mice were counted and
collected in a microfuge tube.

The final count of the cell number was dissolved in 50pl of 1X PBS and the
cells were kept in ice.

Care should be taken that the mice should be kept ready for implantation to
avoid loss of viable cells and cells should be immediately implanted in mice.
Usually, in order to facilitate optimal formation of tumor NOD/SCID
immunocompromised mice were preferred for implantation.

Animal care and euthanasia were performed with the approval from Institutional
Animal Ethics Committee of ACTREC.

If SCID (Severe Combined Immuno-deficiency) mice were used, then the fur of
the mice were removed by razor, to facilitate proper implantation and optical

imaging. For nude mice no such pre-treatment is required.
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) Prior to implantation, animals were anesthetized by Isoflurane in the incubation
chamber.

)i Required amount of cells were loaded in a syringe with 26 guage needle.

k)  The skin of the mice was lifted to make a tent and the cells were injected at the
base to get a subcutaneous injection.

I)  The newly injected mice can be imaged immediately.

2.3. Animal imaging

a)  Foreach imaging session, D-luciferin (100 pl of 30mg/ml per mouse) was given
through intraperitoneal.

b)  After substrate injection the animals were imaged with optical imaging system
or IVIS-Spectrum optical imager.

c)  In both the system, the bioluminescence signals from the animal were captured
by a back-thinned charge coupled device camera cooled to -90°C.

d)  Imaging was performed through IVIS-SPECTRUM, ROIs were drawn over the
tumors and quantified by using the LIVING IMAGE 4.4 software.

e)  Bioluminescence signals were recorded as maximum (photons/s/cm2/sr).
Photon flux (bioluminescence signal) from the tumor is proportional to the
number of live cells expressing luciferase so bioluminescence correlates directly
with tumor size.

f)  InLIVING IMAGE 4.4 software, exposure time, aperture size (f-stop) and pixel

binning can be optimized based on the expression level of the cell line.

DCV Staining: FACS instrument provided by the institute is not equipped with UV laser,
rather it has violet laser. Hence the choice of DCV was made over Hoechst dye during side

population assay
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1.  Reagents and chemicals
a) DCV
b)  Verapamil 50uM
2. Method
a)  Use cells at 75% confluency for DCV staining.
b)  Trypsinize the cells and take cell count using trypan blue dye.
c)  Make three aliquots cells as described below:
J Tube 1 = 0.5 million cells unstained
o Tube 2 =1 million cells Verapamil+ DCV (Cover with foil)
o Tube 3 =1 million cells for DCV staining (Cover with foil)
d)  Centrifuge these 3 tubes at 1200 rpm for 5 min at 4°C to get rid of trypsin.
e)  Discard the supernatant and re-suspend cells in PBS.
f)  Centrifuge these 3 tubes at 1200 rpm for 5 min at 4°C.
g) Discard the supernatant and re-suspend cells in 1 ml of media
h)  Add 1ul of 50uM stock verapamil to tube 2 for 15 minutes.
i)  After 15 minutes add 1ul of DCV dye to tube 2 and 3, keep them at 37°C for 90
min (every 15 minutes mix the cells by tapping).
j)  After 90 minutes centrifuge these 3 tubes at 1200 rpm for 5 min at 4°C.
k)  Discard the supernatant and re-suspend cells in PBS.
)  Re-suspend tube 1, 2 and 3 in 500ul PBS in FACS tube and acquire within 3

hours.

Clonogenic Assay

1. Method
a)  Use cells at 75% confluency for starting the experiment.

b)  Trypsinize the cells and take cell count using trypan blue dye.
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c)  Seed equal number of cells in 6 well dish or 60mm dish

d)  After 12 hours add drug in appropriate dilution for stipulated time.

e)  Change the media and allow the cells to grow for 1-3 weeks.

f)  Monitor the plates for colony formation.

g) Give 1 PBS wash followed by fixation of colonies with chilled methanol for 10
minutes.

h)  Give two more PBS wash and then stain with 0.5% w/v crystal violet stain for
10 minutes.

i)  Wash out the extra stain with tap water.

j)  Count the colonies and calculate surviving fraction according to following

formula;

The plating efficiency (PE) is the ratio of colonies to cells.
PE= x100%

The number of colonies that arise after treatment of cells is called surviving fraction
(SF).

SF = PE of treated sample/PE of control X 100
Soft Agar Assay

1.  Reagents and chemicals

a) 2X DMEM with 20% FBS

b) 1X DMEM with 10% FBS

c) 2% Low Melting Agarose (autoclaved)

d) 35mm plate
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2.

2.1.

9)
h)

Method

Preparation of basal layer (1% Agarose)

Mix 0.5ml 2% low melting agarose and 0.5ml 2X DMEM. With 20% FBS.
For 3 plates make 4 ml basal layer solution and pour 1ml media in 35mm plate
without getting any air bubble.

Let it solidify properly in the culture hood fir 60 min, once it gets solidified it
can be stored at 40C.

Preparation of uper layer (1% Agarose)

Mix 0.2ml 2% low melting agarose and 0.5ml 2X DMEM with 10% FBS.
Mix them properly and make 1ml aliquots of this mix

Add required number of cells to be seeded to each aliquot.

Pour drop wise on the basal layer.

Let it solidify in the culture hood for 40 minutes.

Put the plates in the CO2 incubator.

After every two days add 2-3 drops of 1X DMEM

Monitor it on daily basis, count the no. of clones

Spheroid formation assay

Spheroid media composition:

J Serum free medium

o EGF: 10ng/ml

o Rh-FGF: 10ng/ml

o Insulin: 10ng/ml

o Pen-Strept- 1%

o LIF- 10ng/ml

o Spheroid Plates: Low adherent plates are used or 1% agarose coated plates

174 |Page



1. Method

a)  Number of cells seeded: 2000cells/ml.

b)  Spheroid Plates: Low adherent plates are used or 1% agarose coated plates.

c)  Trypsinize the cells and give one PBS wash at 1200 rpm for 5 minutes at 4°C.

d)  Take the cell count using trypan blue staining and seed at a density of 2000
cells/ml in spheroid media.

e)  Replenish the spheroid media every three days and then monitor for spheroids
to form.

f)  To test the self-renewal ability of spheroids it has to be serially passaged.

g)  For serial passaging collect the spheroids and centrifuge at 1200 rpm for 5
minutes at 40C.

h)  Add 10 ul of trypsin to the pellet and incubate for 1-2 minutes.

i)  Add complete media to neutralize the trypsin and again centrifuge and give one
PBS wash.

j) Take the cell count using trypan blue staining and seed at a density of 2000
cells/ml in spheroid media.

k)  Repeat the assay at multiple passages.
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