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Abstract:

Chemoresistance is one of the major hurdles to induce a cure in patients
with epithelial ovarian cancer (EOC). RUNX3, belonging to the family of RUNX
transcription factors, has been shown to act in an oncogenic manner by promoting
proliferation and colony formation when overexpressed, in EOC. However, to
date the role of RUNX3 in chemoresistance in EOC has not been studied. Based
on its oncogenic role in EOC, we want to determine whether RUNX3 contributes

to chemoresistance in EOC.

In our study we found that RUNX3 expression is elevated in human EOC
samples when compared to non-cancerous ovarian cells. RUNX3 expression is
variable in EOC cell lines. Interestingly A2780s cells, a cisplatin-sensitive ovarian
adenocarcinoma cell line, show little expression of RUNX3 at the protein level.
A2780cp cells, which were derived from A2780s cells by exposure to step-wise
increasing doses of cisplatin, show high expression of RUNX3. In A2780s and
A2780cp cells, treatment with carboplatin increases the expression of RUNX3 at
the protein level. When RUNX3 is overexpressed in EOC cells, cells become
slightly more resistant to carboplatin treatment. When we knock down the
expression of RUNX3 in A2780cp cells, no effect on cell sensitivity to
carboplatin is observed. However, dominant-negative (dn) expression of RUNX3
in A2780cp cells made cells more sensitive to the effects of carboplatin. The dn
form may be binding to and occupying the sites that RUNX family members
recognize, or binding to the common co-factor CBFf. Based on these results, we

conclude that RUNX3 plays a minor role in chemoresistance when overexpressed



in EOC and that other factors, such as other RUNX family members, may be
compensating for the loss of RUNX3 when it is knocked down. In the future, it
would be interesting to block all the RUNX family members, and observe

whether chemoresistant cells become more sensitive to carboplatin treatment.

Next we took a systematic approach to understanding chemoresistance by
examining the paired human EOC cell lines, A2780s and its derivative A2780cp,
using a microarray analysis. To identify networks and pathways that may be key
during acquired chemoresistance we conducted an extensive literature search and
put the data into Ingenuity Pathway Analysis (IPA) software. Our microarray and
IPA suggest that Wnt signaling may be upregulated in A2780cp cells, although
further experiments are needed to confirm this. In the future we plan to modulate
the canonical Wnt pathway in A2780cp and A2780s cells, and determine whether
activation of the canonical Wnt pathway is playing a role in chemoresistance in

EOC.



Table of Contents:
Section 1: Introduction
1.1 Ovarian Cancer
1.1.1 Classification
1.1.2  Diagnosis and treatment
1.2 Platinum Agents
1.2.1 Cisplatin and carboplatin
1.2.2  Mechanism of action
1.2.3 Molecular basis of resistance in ovarian cancer
1.3 The RUNX family of transcription factors
1.3.1 Overview of the RUNX family
1.3.2 Diversification of roles
1.3.3 Regulation of gene expression of the RUNX family
1.3.4 Biological processes regulated by the RUNX family
1.4 RUNX3 and Cancer
1.4.1 RUNX3"s tumor suppressive potential
1.4.2 RUNX3"s oncogenic potential
1.4.3 RUNX3 and ovarian cancer
1.4.4 RUNX3 and cell sensitivity to chemotherapeutic agents
1.5 Hypothesis
Section 2: Methods and Materials
2.1 Cell culture and tumor specimens

2.2 Generating RUNX3 overexpression cells

10

10

16

17

17

20

20

26

28

31

33

34

34

34



2.3 Generating RUNX3 knockdown cells 35

2.4 Generating RUNX3 dominant-negative cells 37
2.5 Neutral red uptake assay 37
2.6 Collection of cell lysates 38
2.7 Western blotting 38
2.8 RNA isolation and real-time PCR analysis 39
2.9 Statistics 40
Section 3: Results 42

3.1 Expression of RUNX3 in normal OSE, IOSE, primary EOC cells and EOC

cell lines 42

3.2 RUNX3 is localized to the nucleus of EOC cells 46

3.3 RUNXA3 protein level is increased after carboplatin treatment in EOC cells 46

3.4 RUNX3 overexpression in EOC cell lines confers resistance to carboplatin

treatment 49

3.5 Silencing RUNX3 expression in A2780cp cells has no effect on cell viability

52

3.6 Dominant-negative mutant of RUNX3 in A2780cp cells sensitizes cells to

carboplatin treatment 56
3.7 Expression of the RUNX transcription factors in EOC cell lines 59
Section 4: Discussion and Future Directions 61
4.1 RUNX3 and chemoresistance in ovarian cancer 61



4.2 Systematic approach to identify gene expression and signaling pathways

affected during acquired chemoresistance

4.3 The Wnt signaling pathway

Section 5: Conclusion

Section 6: References

67

70

78

80

Vi



List of tables:

Table 1: List of PCR primer sequences 40

Table 2: Clinical information on primary serous EOC tissues 43

Table 3: Clinical information on primary EOC cells derived from patient ascites
44

Table 4: Genes involved in Wnt signaling that are differentially expressed

between A2780s and A2780cp cells 73

Table 5: Validation of microarray by qRT-PCR 74

Vii



List of Figures:

Figure 1: Activation and mode of action of cisplatin 6
Figure 2: Mechanisms of acquired chemoresistance in ovarian cancer 11
Figure 3: The RUNX family of transcription factors 13
Figure 4: Interaction between RUNX3 and the TGFf pathway 22
Figure 5: RUNX3 expression is elevated in human EOC 42
Figure 6: RUNX3 expression is variable in human EOC cell lines 46
Figure 7: RUNX3 is localized to the nucleus in EOC cells 47

Figure 8: A2780s cells are more sensitive to carboplatin treatment than A2780cp
cells 49
Figure 9: Carboplatin increases RUNX3 expression in EOC cell lines 50
Figure 10: Overexpression of RUNX3 makes SKOV3 cells slightly more resistant
to carboplatin treatment 52
Figure 11: Overexpression of RUNX3 makes A2780s cells slightly more resistant
to carboplatin treatment 53
Figure 12: Knockdown of RUNX3 by shRNA in A2780cp cells has no effect on
cell viability following carboplatin treatment 54
Figure 13: Knockdown of RUNX3 by siRNA in A2780cp cells has no effect on
cell viability following carboplatin treatment 56

Figure 14: Dominant-negative mutant of RUNX3 sensitizes A2780cp cells to

carboplatin treatment 57
Figure 15: Expression of RUNX genes in EOC cell lines 59
Figure 16: Microarray analysis setup 68

viii



Figure 17: The canonical Wnt/B-catenin signaling pathway

Figure 18: Wnt target genes are upregulated in A2780cp cells

71

75



Abbreviations: Full name:

AML: Acute myeloid leukemia
APC: Adenomatous polyposis coli
APS: Ammonium persulfate

ATM: Ataxia telangiectasia mutated protein
ATR: ATM- and Rad3-related protein
BCC: Basal cell carcinoma

BMP: Bone-morphogenetic proteins
CBF: Core-binding factor

CCD: Cleidocranial dysplasia
CDK: Cyclin-dependent kinase
CHEK: Checkpoint kinase

CKlo/e: Casein kinase lo/e

CMV: Cytomegalovirus

CTR1: Copper transporter 1

DKK: Dickkopf

DN: Dominant-negative

dNTP: Dinucleotide triphosphate
DOC: Sodium deoxycholate

DSB: Double strand breaks

DSH: Dishevelled

DTT: Dithiothreitol

EOC: Epithelial ovarian cancer



EMT:

ERCC:

FACS:
FBS:
GFP:
GSH:
GSK38:
HBS:
HOSE:
HNSCC:
HR:

I0SE:

LEF/TCF:

LOH:

LRP:

MDR:

miRNA:

MLH:

MLV:

MMR:

NER:

NHEJ:

Epithelial to mesenchymal transition
Excision repair cross-complementing rodent repair
deficiency, complementation group
Fluorescence-activated cell sorting
Fetal bovine serum

Green fluorescent protein

Glutathione

Glycogen synthase kinase 33
Hepes-buffered saline

Human ovarian surface epithelial

Head and neck squamous cell carcinoma
Homologous recombination
Immortalized ovarian surface epithelial
Lymphoid enhancer factor/T-cell factor
Loss of heterozygosity
LDL-receptor-related protein
Multidrug resistant

MicroRNA

MutL homolog

Moloney murine leukemia virus
Mismatch repair

Nucleotide excision repair

Non-homologous DNA end joining

Xi



OSE:

P/S:

PBS:

PEBP2:

PIC:

qRT-PCR:

R-Smads:
RIPA:
RUNX:
SDS:
SEM:
SFRP:
TEMED:
TGFp:
UTR:
VEGF:
WHO:
WIF:
WT:

B-TrCP:

Ovarian surface epithelial
Penicillin-streptomycin

Phosphate buffered saline

Polyomavirus enhancer binding protein 2

Protease inhibitor cocktail

Quantitative reverse-transcription polymerase chain

reaction

Receptor-regulated Smads

Radioimmuno-precipitation assay buffer

Runt-related

Sodium dodecyl sulfate
Standard error of mean

Secreted Frizzled-related protein
Tetramethylethylenediamine
Transforming growth factor-3
Untranslated-region

Vascular endothelial growth factor
World Health Organization

Wnt inhibitory factor

Wild-type

B-transducin repeat-containing protein

xii



Sectionl: Introduction

1.1: Ovarian cancer

1.1.1: Classification

The World Health Organization (WHO) classifies ovarian tumors into
three major categories according to their derivation: epithelial ovarian tumors,
germ cell tumors and sex cord stromal tumors'. The majority of ovarian cancers
are of epithelial origin (approximately 90%)*. Epithelial ovarian cancer (EOC) is
a heterogeneous group of diseases made up of different tumor types, with distinct
clinical outcomes and defining features®. Traditionally, classification was largely
based on histological characteristics, although a better understanding of the
changes occurring at the molecular level has led to an integrated classification
system based on histological and molecular features. Histological categories are
classically divided into 4 subtypes: serous, which is the most common type of
EOC, endometrioid, clear cell and mucinous subtypes®. Other subtypes such as
Brenner (transitional cell), mixed epithelial, undifferentiated and unclassified
ovarian cancers are now also recognized as distinct histological subtypes>. EOC
can also be classified as type I (low-grade) and type II (high-grade) cancers based
on histological and molecular changes®. Histological tumors classified as type I
include low-grade serous, low-grade endometrioid, clear cell and mucinous
carcinomas’. Genetic changes common in type I tumors include mutations in
KRAS, BRAF, ARIDIA, PTEN and PIK3CA*®. Type II tumors include high-
grade serous, high-grade endometrioid and undifferentiated carcinomas’. Changes

in type II tumors include aberrations in p53 and BRCA1 and BRCA2 genes’.



BRCA1 and BRCA2 mutations can arise from somatic mutations or, in the case of
hereditary disease, be inherited through germline mutations®. Type I tumors
generally respond poorly to platinum-based therapy whereas type II tumors are

initially responsive to platinum therapy™*°.
1.1.2: Diagnosis and treatment

EOC is the leading cause of death from gynecologic malignancies’.
Diagnosis at advanced stages of the cancer, combined with ineffective current
therapies contribute to the recurrence and chemoresistance displayed by the
disease®. When diagnosed and treated at stage 1 (tumor is limited to the ovaries),
the majority of patients can be cured using current therapies’. However, most
patients with early-stage disease do not present symptoms and when symptoms
are present they are often nonspecific, making early diagnosis challenging®. Thus,
the majority of cases are detected after the disease has metastasized to the pelvic
region (stage 2), the abdomen or lymph nodes (stage 3) or to distant organs (stage

4), making the cure rate for EOC approximately 30%°.

Currently cytoreductive surgery followed by a combination of platinum-

- . . : 10-12
paclitaxel agents is used as the first-line treatment for ovarian cancer

. Despite
an initial positive response to first-line chemotherapy, most women eventually
relapse®®. If patients relapse, they can be re-treated with the same drugs given
during first-line chemotherapy (paclitaxel and carboplatin)'®. The decision to use

platinum therapy or to pursue a regimen with non-platinum cytotoxic agents for

relapsed patients depends on the length of the remission®. Generally, patients that



relapse after more than six months are considered to have “platinum-sensitive”
disease and can be re-treated with carboplatin alone or carboplatin in combination
with other agents. Patients that relapse after less than 6 months are considered to
have “platinum-resistant” disease, whereas patients who do not respond to
platinum chemotherapy from the beginning are considered to have “platinum-
refractory” disease™®. Patients with platinum-resistant or platinum-refractory
disease can be treated with other agents in place of platinum chemotherapy which
include anthracyclines, topoisomerase inhibitors, nucleoside analogues, taxanes,
vinca alkaloids or hormonal therapies'®. However, the rate at which patients
respond to these other agents is fairly low and relatively short in duration, and
falls each time a patient relapses'*. Moreover, it is not well established which
treatment or combination of treatment options are the most effective in relapsed

. 4
disease”.

As a consequence of the chemoresistance and recurrence, the S5-year
survival rate is only 30% in patients with advanced EOC’. A better understanding
of the changes occurring at the molecular level during acquired drug resistance is

necessary to better manage this disease'*.

1.2: Platinum agents
1.2.1: Cisplatin and carboplatin

Cisplatin has been used for the treatment of numerous cancers''®. In

specific tumor types, treatment with cisplatin can initially lead to tumor regression

15,16

or stabilization ™°. Nonetheless, many patients are intrinsically resistant to



platinum therapies, or develop acquired resistance after the initial positive
response'>'°, as seen in ovarian cancer (reviewed by Agarwal er al.'*). Cisplatin
has numerous toxic side effects including nephrotoxicity and neurotoxicity. The
intrinsic and acquired resistance displayed by cancer cells to cisplatin, as well as
the severe side effects, led to the development of platinum derivatives. In the mid-
1980°s carboplatin was discovered and shown to cause almost no nephrotoxicity,
and less gastrointestinal tract toxicity and neurotoxicity. The main side-effects
noted involve the bone marrow, and more specifically reversible
thrombocytopenia (as reviewed in Kellan et al.'’). The survival rates for

carboplatin and cisplatin were the same in ovarian cancer patients, leading to the

approval of carboplatin for ovarian cancer treatment'®.
1.2.2: Mechanism of action

Cisplatin is a square planar complex that interacts with DNA to exert its
cytotoxic effects'”. Cisplatin is activated when it enters into the cell, due to the
low amount of chloride atoms found in the cytoplasm compared to the
extracellular space®. Upon entry into the cell, one or both chlorine ligands are
removed and replaced with water molecules, leading to the creation of a highly

20,21

reactive electrophilic species™ . Reactive cisplatin preferentially interacts with

purine bases in DNA, and forms inter- and intrastrand crosslinks®**’

, although it
can also interact with intracellular stores of nucleophiles, such as reduced

glutathione (GSH) or methionine'>** (as reviewed in Galluzzi ef al."® and Siddik

et al.”®). Carboplatin, a derivative of cisplatin, undergoes similar processes in the



cell as cisplatin and forms the same adducts in DNA, although carboplatin reacts

with slower kinetics>®.

DNA repair pathways can recognize adducts formed by cisplatin in DNA,
and consequentially signal for repair or cell death. Nucleotide excision repair
(NER) is the main pathway responsible for the removal of cisplatin adducts®’>*,
while the mismatch repair (MMR) system is key in triggering apoptosis®’. If the
damage caused by cisplatin is limited, cell cycle arrest will occur and allow repair
mechanisms to attempt to repair the damaged DNA. However, if there is
extensive damage and it cannot be repaired, cells will undergo apoptotic death'.
The key signaling cascade involved in triggering apoptosis following cisplatin-
induced DNA lesions includes the activation of ATM (ataxia telangiectasia
mutated protein), ATR (ATM- and Rad3-related protein) and Chek1 (checkpoint
kinase 1). This in turn leads to the phosphorylation and activation of p53.
Activated p53 can act through intrinsic and extrinsic apoptosis, leading to cellular

death (as reviewed by Galluzzi ez al."”, and Siddik et al.*). (Mechanism of action

summarized in Figure 1).
1.2.3: Molecular basis of resistance in ovarian cancer:

Uptake of cisplatin into cells was believed to solely occur through passive
diffusion. However, using yeast and mouse cells it was shown that copper
transporter 1 (CTR1), a protein involved in the uptake of copper, also participates

in cisplatin uptake™. Increased expression of CTR1 leads to greater accumulation
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Figure 1. Activation and mode of action of cisplatin. Cisplatin is activated upon entry into the
cytoplasm, where one or both of the chloride groups spontaneously become aquated, due to the
relatively low concentration of chloride ions in the cytoplasm, compared to the extracellular space.
Activated cisplatin can interact with and deplete cytoplasmic substrates including endogenous
nucleophiles (eg. reduced glutathione (GSH), methionine, metallothioneins), causing oxidative
stress. The oxidative stress can amplify cisplatin-induced DNA damage or trigger intrinsic
apoptosis. The main mechanism by which cisplatin induces cell death is through the formation of
DNA inter- and intrastrand adducts. These adduct cause distortions in the DNA that are
recognized by DNA repair pathways that try and repair the DNA. If the DNA damage is beyond
repair, apoptotic death is triggered through a signaling cascade involving ATM, ATR and Chek1
that phosphorylates and stabilizes the tumor suppressor p53. p53 exerts cell death via intrinsic and
extrinsic apoptosis. Figure and text adapted from "°.



of cisplatin in ovarian cancer cells’'. Moreover, ovarian cancer cells downregulate
the expression of the CTRI in a time-dependent manner when exposed to

cisplatin®**?

, implicating CTRI in cisplatin resistance. Other proteins involved in
mediating copper homeostasis were also investigated and found to be altered in
cisplatin resistant cells®®. Specifically, the copper-extruding P-type ATPases,
ATP7A and ATP7B, mediate resistance to platinum agents®>~°. High expression
of ATP7A has been correlated with poor survival in patients’’, while high

expression of ATP7B has been correlated with a poor response to

chemotherapy’®.

Cisplatin can interact with and deplete the cellular stores of nucleophiles*,
and thus cause oxidative stress'>. The oxidative stress can promote the DNA
damage created by cisplatin adducts. However, these endogenous stores of
nucleophiles can also lead to the inactivation of cisplatin'®. GSH is synthesized by
consecutive reactions involving two key enzymes. First, y-glutamylcysteine is
synthesized from L-glutamate and cysteine by the enzyme y-glutamylcysteine
synthetase. Next lysine is added by the enzyme glutathione synthetase, forming
GSH. Glutathione transferase catalyzes the interaction between GSH and
electrophilic species, making GSH necessary for antioxidation®. Studies have
shown increased levels of GSH and enzymes involved in GSH synthesis in cell
lines obtained after the acquisition of drug resistance in ovarian cancer,
implicating high levels of GSH and GSH synthesis in chemoresistance in ovarian

canc CI‘40’41 .



The ability of ovarian cancer cells to repair damaged DNA can also be
altered and promote acquired drug resistance. In particular, the NER system is
responsible for repairing the majority of cisplatin adducts from DNA®. Cisplatin
adducts are recognized by the binding and assembly of NER proteins, followed by
an incision on both sides of the lesion. Damaged nucleotides are excised and
DNA synthesis occurs to re-establish the integrity of the previously damaged
DNA*. ERCCI (excision repair cross-complementing rodent repair deficiency,
complementation group 1) is an endonuclease that participates in NER and is
responsible for incising the 5 side of DNA adducts™. Clinical studies in ovarian
cancer have demonstrated a role for enhanced NER, and in particular ERCC1
expression, in drug resistance™**. One study analyzed the RNA levels of ERCC1
in tumor tissue derived from ovarian cancer patients, and found that patients who
were clinically resistant to platinum-based therapy had a higher expression level
of ERCC1, compared to patients who responded to therapy43. The MMR system is
key in repairing misincorporations of DNA bases that can arise during normal
cellular processes such as replication or recombination, or due to DNA damage™.
The MMR system can also detect cisplatin-adducts, but it cannot repair them, and
will thus signal for apoptosis. The mechanism by which MMR proteins transmit a
pro-apoptotic signal is unknown, although it is speculated that they may
physically interact with ATM and ATR to activate pro-apoptotic signaling®. In
line with this, a study found lower expression of hAMLH1 (human MutL homolog),
a protein involved in the MMR system, in samples collected from ovarian cancer

patients after treatment with cisplatin, compared with samples from untreated



patients*®. The group suggested that loss of hMLHI may be a step in the
development of chemoresistance in ovarian cancer™. Cisplatin adducts can also
lead to double-strand breaks (DSBs), which can be repaired by homologous
recombination (HR) or non-homologous end joining (NHEJ)*. Two components
of HR are encoded by BRCA1 and BRCA2*, which as previously mentioned, are
genes frequently mutated in a subset of familial ovarian tumors®. In general,
BRCA1/2-deficient ovarian cancers have a high rate of metastasis beyond the
peritoneal cavity, while sporadic EOCs are usually confined to the peritoneal
cavity®’. Nonetheless, patients with BRCA1/2 mutations have a higher rate of

48,49
148

surviva and better response rates to first and subsequent lines of platinum-

based therapy’"".

Another mechanism of drug-resistance in ovarian cancer involves the
decreased ability of cells to undergo apoptosis following exposure to cisplatin.
p53 is a key mediator in the process. In ovarian cancer, patients that have p53
mutations generally respond poorly to platinum-based regimens, when compared
to patients without p53 mutations™. The study emphasized the need to determine
the status of p53 when choosing a therapeutic regimen to treat ovarian cancer
patients™. Expression of factors important in blocking apoptosis, including Bcl-2
and Bcl-xl, have also been implicated in poor-response to cisplatin-based

chemotherapy**

, although another study demonstrated an association between
high expression of Bcl-2 and improved survival™. The latter group proposed that

the relative levels of anti-apoptotic and pro-apoptotic proteins may be more

important in determining a cells ability to transmit apoptotic signals, rather than



the absolute levels of Bcl-2”°. Other factors involved in blocking apoptosis, such
as survivin’®, have also been shown to be important in mediating drug resistance

in ovarian cancer (Mechanism of cisplatin resistance summarized in Figure 2).
1.3 The RUNX family of transcription factors
1.3.1. Overview of the RUNX family

The RUNX (Runt-related) family are a group of transcription factors that
are important in regulating cell proliferation and differentiation (reviewed in
Coffman et al’’). The RUNX family is made up of three members
RUNX1/AMLI (acute myeloid leukemia 1 protein), RUNX2 and RUNX3. All
members share a conserved runt domain, which is located at the N-terminus of the
protein®’. The runt domain is responsible for binding with the common cofactor of
the RUNX family (described in the following paragraph), and for recognizing and
binding DNA>® at the common consensus sequence PyGPyGGT’’™’. The
specificity of the RUNX family in gene regulation is determined by binding to
this consensus sequence in the promoter or enhancer region of target genes®.

1% and will be

Genes targeted by the RUNX family are reviewed in Otto et a
discussed in more detail below. The C-terminus is important in the regulation of
DNA binding, and activation and repression of transcription, through the
activation and inhibition domains®’ (Figure 3). The expression of RUNX genes
starts from two promoters, the P1 and the P2 promoter, which gives rise to two

isoforms of proteins®! (reviewed in Levanon et al.%?). Each isoform has a distinct
p

N-terminal sequence®. Moreover, the RUNX family can also undergo alternative
q y g
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Figure 2. Mechanisms of acquired chemoresistance in ovarian cancer. Chemoresistance
occurs at multiple levels in ovarian cancer. Decreased levels of copper importers (which can also
import cisplatin), and increased levels of copper exporters such as ATP7A and ATP7B have been
observed in resistant cells. Alterations in DNA repair mechanisms, such as increases in nucleotide
excision repair (NER) proteins, and decreases in mismatch repair proteins (MMR) are present in
resistant cells. Increases in the endogenous levels of nucleophiles such as reduced glutathione
(GSH), or enzymes that aid in the production of GSH exist in resistant cells. Mutations in the
status of p53 and alterations in the apoptotic pathway are also evident in platinum resistant ovarian
cancer cells. Figure adapted from'’.
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splicing, which generates multiple splice variants >,

The RUNX family share a common co-factor named CBFf (core-binding
factor B) or PEBP2J (polyomavirus enhancer binding protein 23), which binds to
the runt domain of the RUNX transcription factors and enhances DNA binding®.
The free form of CBFf normally interacts with the actin cytoskeleton and is thus
located in the cytoplasm. In order for CBFf to translocate to the nucleus, it must
interact with the runt domain present on the RUNX transcription factors®”®®. The
RUNX family binds to the promoter or enhancer region of target genes and can
act as transcriptional activators or repressors on their own, or by interacting with
transcriptional co-activators and co-repressors®. Durst ef al. provides examples of
the transcriptional co-activators and co-repressors that are known to interact with
the RUNX family®”. In general, the RUNX family members act as weak

.. . .. . 69.70
transcriptional activators and potent transcriptional repressors, on their own” "

RUNX transcription factors play important roles in cell proliferation and
differentiation. For instance, in the sea urchin the Runx gene, spRunt, has
different functions depending on the cell type under examination and the time in
development. Early in development it is needed for cell division whereas later, it
is necessary for the expression of genes involved in differentiation’' . In myeloid
progenitor cells RUNX1 has been shown to promote proliferation, and accelerates

the entry of cells from G1 into S phase’.

As mentioned above, the RUNX genes can undergo alternative splicing

leading to the generation of multiple splice variants. These splice variants can

12
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Figure 3. The RUNX family of transcription factors. The RUNX family is made up of three
members RUNX1, RUNX2 and RUNX3. All members share a conserved runt domain, located
near the N-terminus of the protein. The domain is important for recognizing and binding to
specific DNA sequences at the promoter or enhancer region of target genes, and for binding to the
common co-factor CBFp (core-binding factor ). The c-terminus is important for the regulation of

DNA binding and activation or repression of transcription. Figure adapted from °'. Text adapted
from 576162
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have antagonistic functions in terms of proliferation and differentiation,
depending on the levels of each splice variant’’. One example involves RUNX1
(previously referred to as AML1). When alternatively spliced it can give rise to
two forms of proteins referred to as AML1a and AML1b. Both forms contain the
runt domain that is responsible for binding DNA. However, AML1a lacks the
transcriptional activation domain present in AMLI1b, due to alternative splicing.
When AMLIa is overexpressed in a murine myeloid cell line, proliferation is
stimulated while differentiation of cells is suppressed. However, the effects of

AML1a can be canceled by overexpression of AML1b%.

The RUNX family can undergo post-translational modifications, which
affect the levels of RUNX proteins and the activity of the RUNX family as
summarized in Bae er al.®'. For instance, all RUNX family members undergo
phosphorylation at various sites, which can disrupt or promote the interaction
between RUNX proteins and transcriptional activators or repressors, or affect the
levels of RUNX protein degradation, and thus modulate the activity of RUNX
proteins®’. A ubiquitin ligase-mediated pathway degrades RUNX proteins”. Bae
et al®" proposed a model where the cellular levels of RUNX proteins are
regulated by the amount of acetyl transferase and deacetylase activity. Since
acetylation and ubiquitination of RUNX proteins both recognize the same lysine
residues, when there are high levels of deactylase activity, the lysine residues on
the RUNX protein can be ubiquitinated thus leading to protein degradation. This
would occur when the cell requires low amounts of RUNX activity. However, if

high amounts of RUNX activity are necessary, lysine residues undergo

14



acetylation due to relatively high amounts of acetyl transferase, protecting the

RUNX protein from degradation®'.
1.3.2: Diversification of roles

Gene knockout mice have been used to determine the specific function of
each RUNX family member. Runx1 is essential for hematopoiesis’®. Runx2 is
necessary for bone formation’”’®, Runx3 is needed for the development of dorsal

780 T_cell differentiation® and growth of the gastric

root ganglia neurons
epithelium™, although growth of the gastric epithelium was not confirmed in a
study conducted by Levanon et al.**. The RUNX family has also been implicated
in a variety of human diseases with the most well studied being the association
between mutations in RUNXI1 and human leukemia®. Frequently, mutations
consist of chromosomal translocation between the N-terminal half of RUNXI,
where the runt domain is located, and the C-terminus of another gene™.
Cleidocranial dysplasia (CCD) is a disease associated with dysregulation of
RUNX2. The disease is characterized by bone malformation which can lead to
skeletal abnormalities®. RUNX3 has also been implicated in human diseases with
the main one being cancer®. This topic is the focus of the thesis and will be
discussed in more detail below. The importance that this family of genes has
during development is evident by the variety of diseases arising from the

dysregulation of the RUNX family. In broad terms, the diseases are associated

with an imbalance between cell proliferation and differentiation.
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1.3.3: Regulation of gene expression of the RUNX family

As previously mentioned, transcription of all three family members is

initiated from either the P1 or P2 promoter®"®?

. The sequences of the P1 and P2
promoter regions contain binding sites for the RUNX proteins, indicating that
auto regulation of RUNX proteins by either themselves or other family members
is possible®***#"#¥ There is convergence between the vitamin D and retinoic acid
pathway at a common hormone response element that is present in the promoter
region of RUNX genes, and controls their expression. Expression of RUNX1 and

89,90

RUNX3 is positively regulated by retinoic acids™ >, while the expression of

RUNX2 is downregulated by vitamin D!

. Distinct signaling pathways and
transcription factors can also modulate the expression of each RUNX gene, as

summarized by Otto ez al.*® and Levanon et al.*.
1.3.4: Biological processes regulated by the RUNX family

The TGFP (transforming growth factor ) pathway regulates cellular
growth, differentiation and migration. In cancer, the TGFf pathway has been
shown to play a tumor suppressive role, although it can also promote tumor
growth and metastasis, when pathological forms of the pathway are active
(reviewed in Massague ef al.’?). Two main branches of the TGFP super family
exist, consisting of the TGFB and the BMP (bone-morphogenetic proteins)
pathways. When bound by the appropriate ligands, TGF[ receptors are activated
and act as serine/threonine kinases to phosphorylate downstream signal

transducers called R-Smads (receptor regulated Smads). R-Smads include Smad2
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and Smad3 (act downstream of the TGFf branch) and Smadl, Smad5 and Smad8
(act downstream of the BMP branch). R-Smads bind the common Smad, Smad4,
and together form complexes that control the transcription of downstream target
genes’>. The RUNX family interacts with the TGFB superfamily at multiple
points and can modulate the activity of the pathway”. In a study conducted by
Hanai et al.”, they determined that all three RUNX family members can interact
with Smadl, Smad2, Smad3 and Smad5”*. RUNX3 has been shown to play a
tumor suppressive role in gastric cancer by interacting with and modulating the
activity of the TGFP pathway™. Conversely, in a recent study, RUNX2 was
shown to induce EMT (epithelial to mesenchymal transition) in a breast cancer
cell line, in part by stimulating SNAI2 (a family member in a group of
transcription factors shown to promote EMT and tumor dissemination), in a TGFf
dependent manner’”>. These findings implicate RUNX2, SNAI2 and TGFp in

EMT and invasiveness in breast cancer’.

The canonical Wnt signaling pathway is important in numerous biological
processes. Activation of the canonical Wnt pathway requires p-catenin to
accumulate in the cytoplasm and translocate into nucleus, where it associates with
lymphoid enhancer factor/T-cell factor (LEF/TCF) transcription factors, and
activates the transcription of Wnt-target genes’®. One study found that the runt
domain was necessary for interaction between LEF1 and RUNX1 or RUNX2"".
Moreover, LEF1 disrupted the activity of RUNX2 on the osteocalcin promoter®’.
Since all RUNX family members contain the conserved runt-domain, it is

hypothesized that LEF1 may interact with all the RUNX transcription factors, and
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possibly modulate their activity’®. The interaction between RUNX3 and Wnt

signaling has been studied in more detail and will be discussed below.

The RUNX family can interact with and influence the progression of the
cell cycle. For example, RUNXI accelerates the progression of myeloid cells
from G1 to S phase’™, and the protein level of RUNXI increases at the G1 to S
phase transition®. In osteoblastic MC3T3 cells, the expression of RUNX2
increases upon induction of quiescence, while low levels are found during late
G1/S phase and mitosis, supporting an antiproliferative role for RUNX?2 in these
cells'”. In addition, RUNX3 can induce the expression of the key cell cycle
regulator p21'"', in cooperation with Smads, in gastric epithelial cells'®>. CDKs
(cyclin-dependant kinases) and cyclins have also been shown to affect the
function of RUNX transcription factors by phosphorylation of RUNX proteins

and by kinase independent mechanisms as summarized in Chuang et al.’®.

The RUNX family is also important during stress response in cells. The
NHEJ pathway is one of the main pathways for repairing DSBs. When DNA
DSBs occur, the two broken DNA ends are brought into close proximity so that
they can be repaired. The Ku protein, which is a heterodimer consisting of Ku70
and Ku80, binds to the ends of the DSB and is important in maintaining the
proximity of the DNA ends and recruiting other factors in the NHEJ pathway'®.
RUNX3 has been shown to bind with Ku70'®". Interestingly, binding of Ku70
with RUNX3 negatively regulates the transactivation of p21 by RUNX3'"". The
group suggested that Ku70 might interrupt the activity of RUNX3 as a

transcription factor, since it was shown to bind to the transcriptional activation
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domain of RUNX3'""". In line with this, RUNX2 and Ku70 have also been shown
to interact'®™. However, this group found that RUNX2 and Ku70 synergistically
activate the transcription of osteocalcin gene expression'™, demonstrating the
multifaceted role of RUNX transcription factors. Neither of the two studies

101104 indicated that the RUNX-Ku70 complex plays a role in

summarized above
the response to DSB. Nonetheless, the fact that the RUNX family members can
interact with the Ku70 protein suggests that the family could be involved in the
DNA damage response. RUNX transcription factors also induce cell cycle

. 1 102 . 105 . 106, 1 :
inhibitors'"?, and proapoptotic genes such as Bax'®’ and Bim'** '"’, demonstrating

their importance in detecting and responding to cellular stress.
1.4: RUNX3 and Cancer
1.4.1: RUNX3s tumor suppressive potential

Like the other RUNX family members, RUNX3 has been implicated in
human diseases, and has been shown to play a key role in cancer development.
The first study to examine RUNX3 in the context of cancer demonstrated that
RUNX3 is an important regulator of gastric epithelial cell growth, and that
approximately half of human gastric cancer cells do not significantly express
RUNX3™. Since then several groups have shown that RUNX3 is inactivated in
various human cancers, and the idea of RUNX3 as a tumor suppressor has
emerged. RUNX3 inactivation occurs due to numerous mechanisms*®. One of the
most common mechanisms of inactivation involves silencing via

hypermethylation of the CpG island at the RUNX3 promoter, which has been
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reported in numerous types of tissues as summarized by Subramaniam ez al.*.
RUNX3 function is also dysregulated by protein mislocalization from the nucleus
to the cytoplasm and hemizygous deletion®®, and in one study a mutation in the

. 2
runt domain was found®?.

Much work supporting a tumor suppressive role for RUNX3 comes from
studies in gastric cancer. Runx3”" mice were generated by Li et al.*, and died
soon after birth 2. They observed that the stomach wall of the knockout mice was
thicker than the stomach wall of the wild-type (WT) animals, and found that
gastric epithelial proliferation was stimulated while apoptosis was reduced in the
knockout mice. Moreover, Runx3'/'epithelial cells were less responsive to the
growth-inhibitory effects of TGFp treatment. Since Runx3” mice died soon after
birth, no tumor growth was observed®. In order to determine whether RUNX3
acts as a tumor suppressor in gastric cancer, Li ef al.®® generated cell lines from
epithelial cells of the stomachs of RUNX3"p53” mice and RUNX3""p53™ mice.
RUNX3"p53™ cells led to tumor formation in nude mice, while RUNX3""p537

cells did not*?.

In gastric cancer, RUNX3 acts in a tumor suppressive manner by
interacting with the TGFB pathway to activate downstream genes (Figure 4).
Specifically, RUNX3 can interact with the Smad2 and Smad3, and the
transcriptional co-activator p300°>. When gastric cancer cells were treated with
TGFB1, cells expressing RUNX3 demonstrated higher levels of p21 as well as
reduced growth. RUNX3 binding sites were found on the p21 promoter. RUNX3

was found to regulate p21 expression in cooperation with Smad3'®*. Another
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study found that in a gastric cancer cell line (SNU16), TGFB-induced apoptosis
was RUNX3-dependent. Increased levels of Bim were found in cells treated with
TGFp, and were further induced by exogenous expression of RUNX3. Putative
RUNX3 and Smad binding sites were located on the Bim promoter'®. In support
of this, a previous study also found that RUNX3 binds to the Bim promoter via
two RUNX-binding elements, and activates the transcription of Bim'"". RUNX3
can also downregulate the expression of vascular endothelial growth factor
(VEGF), by binding to RUNX3 response elements on the VEGF promoter in
gastric cancer cells, and suppresses the angiogenic potential of endothelial

1
cells!®.

The TGFP pathway can interact with RUNX3 in other cancers as well. For
example, the SEG1 cell line is an esophageal cell line that does not respond to the
growth-inhibitory effects of TGFB. TGFp receptors are present in SEGI cells as
well as normal levels of Smad3 and Smad4'®”. In a study conducted by Torquati
et al.', they demonstrated that SEGI cells do not express RUNX3''".
Interestingly, exogenous expression of RUNX3 restored an antiproliferative and
pro-apoptotic effect, when cells were treated with TGFB. This effect was not
noted in cells transfected with RUNX3 in the absence of TGFB''’. In a study by
Sakakura er al''', the expression of RUNX3 was downregulated by
hypermethylation of the promoter in radioresistant esophageal cancer cell lines.
Exogenous expression of RUNX3 induced cell sensitivity to radiation and
increased Bim expression, as well as enhanced the apoptotic effects of TGFf

treatment. The study concluded that when RUNX3 is inactivated, the cells
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Figure 4. Interaction between RUNX3 and the TGFp pathway. RUNX3 activates the
transcription of target genes by interacting with R-Smads (Smad2 and Smad3) and p300,
downstream of the TGFP (transforming growth factor B) pathway. RUNX3 activates the
expression of Bim and p21, thereby exerting an effect on apoptosis and cell growth, respectively.
RUNX3 also interacts with Ku70, a protein involved in non-homologous end joining (NHEJ)
repair. CBFB (core-binding factor p). Figure and text adapted from *¢.
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become resistant to radiotherapy, whereas induction of RUNX3 promotes

radiosensivity in esophageal cancer''".

In colorectal cancer, the tumor suppressive capability of RUNX3 seems to
negatively regulate the oncogenic Wnt pathway. Specifically Ito er al''
demonstrated that TCF4, B-catenin and RUNX3 interact with one another, by co-
immuoprecipitation. Moreover, in Runx3” intestinal epithelia, increased Wnt
signaling was demonstrated by an upregulation of Wnt target genes''’.
Inactivation of the adenomatous polyposis coli (APC) gene, a key regulator of the
canonical Wnt pathway that binds to and destabilizes B-catenin, is a known step in
the progression of colon carcer’®. In the study conducted by Ito et al.''?, they

Min/+

. +/- .
examined Runx3" and Apc mice (a mouse model used for colon cancer

studies that mimics the inactivation of one APC gene in humans and leads to the

113

development of adenomatous polyps ~). They found that adenomas developed in

the small intestine at similar rates between the two mice. In Apc™™"

mice,
accumulation of nuclear B-catenin was observed, whereas in Runx3"" mice, f-
catenin was not localized to the nucleus in significant amounts. Either inactivation
of RUNX3 or Apc can lead to intestinal adenomas independently. Next, Runx3 ™"

Min/+

Apc mice were investigated and invasive adenocarcinomas and adenomatous
polyps were observed in the small and large intestine. The study concluded that
RUNX3 affects that “strength” of activated Wnt signaling. When the Wnt
pathway is active, either by binding of Wnt ligands or through pathological

activation (eg. inactivation of Apc), RUNX3 can interact with TCF-4/B-catenin,

and affect the strength of Wnt signaling. However, when RUNX3 is absent and
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the Wnt pathway is active, the TCF-4/B-catenin complex may have enhanced or
prolonged activity. The study suggests that both RUNX3 inactivation and (-
catenin activation are necessary for the progression of intestinal tumors, and that
RUNX3 can modulate the strength of Wnt signaling and act as a “brake” to

oncogenic Wnt signaling in colorectal cancer™.

RUNX3 is located on chromosome 1p36, which is a region that commonly
undergoes changes in various types of cancers''*''*>. Moreover, in colon cancer
cells, introduction of a normal human chromosome 1p36 reduced the
tumorigenicity of these cells, suggesting that this region carries a tumor
suppressor gene for colon cancer''®. Such observations have led researchers to
believe that the 1p36 region may contain several tumor suppressors, and that

RUNX3 may be one of those tumor suppressors.

To summarize, several groups have found inactivation of RUNX3s
function by hypermethylation, hemizygous deletion, functional mutations or
protein mislocalization to the cytoplasm®. Researchers have also found strong
evidence for a tumor suppressive role, with key studies being conducted in
gastric®> and colon cancer''? (Summarized by Subramaniam et al.*®).
Furthermore, RUNX3 is located on chromosome 1p36, which is a region believed
to contain numerous tumor suppressors''". Such observations led to the widely
accepted paradigm of RUNX3 as a tumor suppressor in human cancers. However,

evidence demonstrating the oncogenic potential of RUNX3 also exists.
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1.4.2: RUNX3’s oncogenic potential

Moloney murine leukemia virus (MLV) commonly integrates at the Dsil
locus in rat thymic lymphomas. The Dsil locus is 30kb upstream of the Pl
promoter of the Runx3 gene on mouse chromosome 4, which is homologous with
human chromosome 1, where RUNX3 is located. When cells are infected with the
MLV virus and integration occurs at the Dsil locus, high levels of Runx3
transcripts arise from the P1 promoter''®. Moreover, by examining common
retroviral integration sites in murine tumors, Runx3 was also identified as a
“candidate cancer gene”, amongst other transcription factors''’. Runx3 was also
identified as playing a role in disease persistence in a retroviral insertional
mutagenesis assay performed with the goal of “identifying genes that contribute
to disease persistence in cells treated with imatinib”. Imatinib is a kinase inhibitor
that targets the oncoprotein Ber-Abl in chronic myeloid leukemia'?’. In this study,
bone marrow cells were transduced with the Ber-Abl oncogene and transplanted
into mice. Next, animals were treated with imatinib to select for cells where
integration of Bcr-Abl had affected genes that could affect the response to
imatinib. Integration near the Runx3 promoter was observed as well as increased
Runx3 expression. The study concluded that expression of Runx3 in Ber-Abl
positive cell lines protected cells from imatinib-induced apoptosis'?’. Such
insertional mutagenesis screens implicate RUNX3 in tumor development and

suggest that RUNX3 can play an oncogenic role in a context dependent manner.

In support of the retroviral insertional work''*'* RUNX3 can also

function as an oncogene when overexpressed in specific human tissues. The first
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observation suggesting an oncogenic role for RUNX3 occurred in basal cell
carcinoma (BCC) tissues'?'. A tissue microarray comparing BCC and normal skin
samples was performed to examine the expression of B-catenin and RUNX3.
Approximately half of samples analyzed expressed nuclear B-catenin, whereas all
of the samples analyzed showed nuclear localization of RUNX3. The study found
that the overexpressed RUNX3 protein was normal and full length'?'. This was
the first study to find overexpression of RUNX3 localized to the nucleus of cells.
Next, RUNX3 overexpression was observed in head and neck squamous cell
carcinoma (HNSCC) samples, when compared to normal tissues'*>. A separate
study examined the levels of RUNX3 in HNSCC cell lines, and found high
expression of RUNX3 at the mRNA and protein level, with little or no
methylation detected at the promoter region'>>. Moreover, RUNX3 was localized
to the nucleus, where it can act as a transcription factor. When a HNSCC cell line
was transfected with a RUNX3 expression vector, increased proliferation and
tumorsphere formation were observed, as well as an inhibition of apoptosism.
Interestingly, overexpression of RUNX3 made cells resistant to the apoptotic
effects of adriamycin. Results were confirmed by knocking down RUNX3
expression in a HNSCC cell line that endogenously expresses high levels of

RUNX3!3,

124-126 4 cancerous

Previous studies had found RUNX3 overexpression
cells, but in those studies they determined that RUNX3 was mislocalized from the

nucleus into the cytoplasm®™. However, in BCC and HNSCC, RUNX3 was
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overexpressed and localized to the nucleus and in HNSCC, is implicated in the

promotion of cancer as an oncogene.
1.4.3: RUNX3 and ovarian cancer

The understanding of RUNX3 as either an oncogene or tumor suppressor
in EOC has evolved. Initial observations on the methylation status of RUNX3
suggested that it was silenced by hypermethylation of the promoter region in
EOC'’. Specifically, “RUNX3 methylation was detected in 53.1% of primary
EOC tumors, 16.7% of benign epithelial ovarian tumors and 28% of
nonmalignant tissues surrounding ovarian cancers”. Non-cancerous ovarian
tissues displayed no methylation. The data supported the notion of RUNX3 as a
tumor suppressor and the group concluded that inactivation of RUNX3 may lead
to impairment of the TGFp pathway and other tumor suppressive functions'>’. It
is important to note that this group performed no functional studies supporting

. . 12
RUNX3S role as a tumor suppressor in ovarian cancer 7

Next, RUNX3 expression and localization were examined by
immunohistochemical and immunofluorescent staining in ovarian cancer cell lines
and tissues, and cytoplasmic localization was determined'*®. The group found
high expression of RUNX3 in primary ovarian cancer samples, when compared to
non-cancerous samples. A subgroup of patients with serous ovarian cancer was
examined, and a “difference in the five-year survival of 75% versus 32% in
weakly and strongly expressing groups”, was observed. When examined at the

mRNA and protein level, RUNX3 expression was upregulated in approximately
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50% of the ovarian cancer cell lines, when compared to human ovarian surface
epithelial (HOSE) cell lines. Next, to evaluate the potential oncogenic role of
RUNX3 in ovarian cancer, an ovarian cancer cell line that did not express
detectable levels of endogenous RUNX3, OVCAR429, was transduced with
lentivirus containing RUNX3 or an empty vector, as a control. OVCAR429 cells
transduced with RUNX3 showed a significant increase in cell proliferation when
compared to the control cells. When RUNX3 was silenced in ovarian cancer cells
expressing high levels of RUNX3, SKOV3 cells, a slight decrease in proliferation
was noticed, when compared to control cells. The group concluded that RUNX3
is overexpressed and plays a growth stimulatory role in EOC although the
mechanism by which it promotes growth is unknown. The group also determined

that RUNX3 is mislocalized to the cytoplasm'*®.

Soon after, another group investigated the expression and functional role
of RUNX3'*’. Endogenous levels of RUNX3 were examined in five ovarian
cancer cell lines, and the levels of expression were variable. By cellular
fractionation and Western blotting, the group observed strong nuclear localization
of RUNX3 with no cytoplasmic RUNX3 detected. These results were confirmed
by immunofluorescence. Ovarian cancer cells, which express high levels of
endogenous RUNX3 (TOV112D and SKOV3 cells), were stably infected with
lentivirus delivering control shRNA or an shRNA specifically targeting RUNX3.
A major reduction in the growth rate was observed in cells infected with a vector
encoding an shRNA targeting RUNX3, when compared to control cells. RUNX3-

overexpressing A2780 cells were established using a lentivirus construct. A
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modest increase in cell proliferation was observed in A2780 cells expressing
RUNX3 when compared to control cells. Reduction of RUNX3 expression
decreased the ability of ovarian cancer cells to form soft agar colonies, while
stable overexpression led to a modest increase in colony formation. Lee ef al.'”
concluded that RUNX3 is overexpressed and functions as an oncogene in ovarian
cancer. In reference to the discrepancy between RUNX3 localization in this

129

study'” and the study by Nevadunsky et al.'*®, (referred to in the previous

paragraph), the group stated that it was likely due to differences in the procedure

of immunofluorescent staining used to detect endogenous RUNX3'?.

RUNXI1 and RUNX2 have also been found to act in an oncogenic manner
in serous EOC by contributing to cell proliferation, migration and invasion'>*"',
Specifically, a study compared the methylation status of early and late stage
ovarian tumors, and found that advanced ovarian tumors generally display DNA
hypomethylation in several genes that have been implicated in tumor progression
and chemoresistance'*”. Specifically, they found that RUNX1 and RUNX2 are
among the genes that are hypomethylated in serous EOC samples obtained post-
chemotherapy treatment, when compared to samples derived from the same
patients pre-chemotherapy'*>. The group went on to examine the role of RUNXI1
and RUNX2 in serous EOC"**"*!, They found significantly higher expression in
EOC tissue samples, when compared to normal ovarian tissue samples.
Knockdown of RUNX1 or RUNX2 in EOC cells caused a decrease in cell

proliferation, colony formation, cell migration and invasion. Next, gene

expression profiling and pathway analyses were performed to compare RUNX
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expressing and knockdown cells, and distinct molecular profiles confirmed the
role of RUNXI and RUNX2 in cell proliferation, migration and invasion in

EOC130,131

The RUNX family of transcription factors have been shown to act in an

oncogenic manner in EOC'**'%

. More specifically, RUNX3 is an oncogene that
promotes proliferation and colony formation in ovarian cancer'>*'®. However,

the role that RUNX3 plays in chemoresistance of EOC remains unknown.
1.4.4: RUNX3 and cell sensitivity to chemotherapeutic agents

To date, no group has studied the role of RUNX3 in chemoresistance in
EOC. However, RUNX3 has been shown to play a role in promoting cell
sensitivity to chemotherapeutic agents in other tumor types, when it acts as a

313 In hepatocellular carcinoma patients, the levels of miR-

tumor suppressor
130a were significantly increased in tumors following treatment with cisplatin
chemotherapy. miR-130a levels were higher in cisplatin-resistant Huh7-R cells, a
cisplatin-resistant hepatocellular carcinoma cell line, than in parental Huh7 cells.
Overexpression of miR-130a in Huh7 made the cells cisplatin-resistant, while
knockdown of miR-130a in Huh7-R cells made the cells more sensitive to
cisplatin treatment. Upregulation of miR-130a directly inhibited expression of
RUNX3, when examined at the transcriptional level and at the protein level.

Wnt/B-catenin signaling was also activated in Huh7-R cells, compared to Huh7

cells. The group speculated that upregulation of miR-130a, through its inhibition
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of RUNX3 expression, can activate Wnt/p-catenin signaling and lead to increased

cisplatin resistance' .

In gastric cancer, the levels of miR-106a are frequently upregulatedl36, and
it has been suggested as a potential biomarker to diagnose gastric cancer' .
Recently, elevated levels of mir-106a have been observed in two MDR (multidrug
resistant) human gastric cancer cell lines (SGC7901/ADR and SGC7901/VCR),
when compared to the parental gastric cancer cell line (SGC7901)"**. SGC7901
cells transfected with miR-106a mimic were more resistant to the cytotoxic
effects of adriamycin, cisplatin and 5-fluourouracil. In contrast, suppression of
miR-106a in SGC7901/VCR cells resulted in enhanced sensitivity to the same set
of drugs. When SGC7901 cells were transfected with miR-106a mimic, the efflux
of adriamycin was enhanced along with an increase in the mRNA levels of MDR1
and the protein P-glycoprotein, which is encoded by the MDR1 gene. Conversely,
when SGC7901/ADR cells were transfected with a miR-106a inhibitor, the efflux
of adriamycin decreased. Using TargetScan, RUNX3 was predicted as a target of
miR-106a. SCG7901 cells were cotransfected with miR-106a mimic or control
mimic, and WT or mutated RUNX3 sensitive promoter luciferase construct.
SGC7901 cells cotransfected with miR-106a mimic and WT RUNX3 luciferase
promoter showed decreased luciferase activity compared with control mimic. The
protein level of RUNX3 was significantly decreased in SGC7901/ADR and
SGC7901/VCR cells, when compared to SGC7901 cells. Overexpression of
RUNX3 in SGC7901 cells transfected with miR-106a mimic reversed the effect

of miR-106a, and made the cells more sensitive to anticancer drugs, suggesting
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that miR-106a might induce MDR in gastric cancer cells by inhibiting RUNX3

. 134
expression ~ .

Taken together, these studies suggest that RUNX3 plays an important role
in promoting cell sensitivity to chemotherapeutic agents when it acts as a tumor
133,134

suppressor . However, the role that RUNX3 plays in chemoresistance in

ovarian cancer, where it acts as an oncogene, has yet to be studied.
1.5: Hypothesis

The main focus of our research is to identify the molecular mechanisms
underlying chemoresistance in ovarian cancer. RUNX3 has been shown to play an
oncogenic role in ovarian cancer, but its role in chemoresistance in ovarian cancer
remains unknown. Based on its oncogenic role in ovarian cancer, we hypothesize
that RUNX3 contributes to chemoresistance in ovarian cancer. By targeting
RUNX3 expression, we expect ovarian cancer cells to become more sensitive to

platinum agents.

32



Section 2: Materials and methods
2.1: Cell culture and tumor specimens

Human ovarian cancer cell lines SKOV3 (human adenocarcinoma),
A2780s (human adenocarcinoma), and A2780cp (human adenocarcinoma) cells
were cultured in DMEM/F12 supplemented with 10% heat-inactivated fetal
bovine serum (FBS) (Gibco®) and 100U/ml penicillin-streptomycin (P/S)
(Gibco®). OVCAR3 (human adenocarcinoma) cells were cultured in RPMI 1640
with the same supplements. 293T (human embryonic kidney) and Phoenix-
Ampho (human kidney) cells were cultured in DMEM with the same
supplements. 13 primary cultures of normal human ovarian surface epithelial
(OSE) cells were collected and prepared by scraping the surface of the ovary from
patients with benign gynecologic diseases as described in'**. Two immortalized
ovarian surface epithelial (IOSE) cell lines were used. Cells were immortalized by

SV40 large T-antigen'”.

11 primary EOC cells isolated from ovarian cancer
patients® ascites were collected. Cells were cultured in M199/MCDB105 with the
same supplements listed above. Cells were maintained in a humidified 37°C

incubator with 5% CO,. 22 primary serous EOC tissues were kindly donated by

the CBCF Tumor Bank.
2.2: Generating RUNX3 overexpression cells

All vectors were obtained from the BC Cancer Research Institute.
Phoenix-Ampho cells were transfected with an empty retroviral vector

(MSCVpac) or a retroviral vector containing the human RUNX3 gene
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(MSCVpac-hRUNX3) by the calcium phosphate method as follows. At least 1
hour prior to transfecting Phoenix-Ampho cells, the medium was changed. 10 pg
of the expression plasmid (MSCVpac or MSCVpac-hRUNX3) was added to
dH,O to a final volume of 450 pL. Tubes were vortexed 4-5 times and then
briefly spun. 50 pL of 2.5 M CacCl, was added to each tube dropwise. Next, 500
puL of 2 X HBS (hepes-buffered saline) was added dropwise to the solution, and
mixed by pipetting. The solution was incubated at room temperature for 5
minutes. The solution was added dropwise to the Phoenix-Ampho cells, and cells
were incubated overnight at 37°C. The next day, the medium was removed and
fresh medium was added. 48 and 72 hrs post-transfection, the medium from the
Phoenix-Ampho cells was filtered (Millex ® Syringe-driven Filter Unit 0.33 pm)
and added to target cells (SKOV3 or A2780s cells). Polybrene (Sigma) (8 pg/mL)
was added to the target cells (1/1000 dilution). SKOV3 and A2780s cells were
infected with retrovirus containing either MSCVpac or MSCVpac-hRUNX3.
Infected cells were selected by treatment with puromycin (Sigma) to generate
pooled SKOV3/MSCVpac, SKOV3/hRUNX3, A2780s/MSCVpac and

A2780s/hRUNX3 cells.

2.3: Generating RUNX3 knockdown cells

All vectors were obtained from the BC Cancer Research Institute. 293T
cells were transfected with a lentivirus vector (pLentiLox) containing an shRNA
targeted against a random sequence (shRandom: 5-GTT GCT TGC CAC GTC
CTA GAT-3) or an shRNA targeted against the RUNX3 gene (shRUNX3D: 5

GGA CCC TAA CAA CCT TCA AGA-3“ or shRUNX3E: 5-GCC GTC TCA
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TCC CAT ACT TCT-3%) by the calcium phosphate method as follows. At least 1
hour prior to transfecting 293T cells, the medium was changed. 10 pg of the
expression plasmid (shRandom or shRUNX3D or shRUNX3E), 5 ug of RRE, 5
pg of REV and 5 pg of VSVG were added to dH,O to a final volume of 450 pL.
Tubes were vortexed 4-5 times and then briefly spun. 50 puL of 2.5 M CaCl, was
added to each tube dropwise. Next, 500 pL of 2 X HBS was added dropwise to
the solution, and mixed by pipetting. The solution was incubated at room
temperature for 5 minutes. The solution was added dropwise to the 293T cells,
and cells were incubated overnight at 37°C. The next day, the medium was
removed and fresh medium was added. 48 and 72 hrs post-transfection, the
medium from the 293T cells was filtered (Millex ® Syringe-driven Filter Unit
0.33 um) and added to target cells (A2780cp cells). Polybrene (Sigma) (8 pg/mL)
was added to the target cells (1/1000 dilution). A2780cp cells were infected with
either shRandom or shRUNX3D or shRUNX3E. Infected cells were purified by
fluorescence-activated cell sorting (FACS) for green fluorescent protein (GFP)
positive cells; the lentiviral vector contains a cytomegalovirus (CMV)-driven
GFP. Pooled A2780cp/shRandom, A2780cp/shRUNX3D and

A2780cp/shRUNX3E cells were generated.

A mixture of 4-pooled siRNAs targeted against RUNX3 (On-
TARGETplus human RUNX3) was used to transiently knock down the
expression of RUNX3 in A2780cp cells. An siRNA targeted against a scrambled
sequence was used as the control (On-TARGETplus non-targeting pool). Cells

were transfected using Lipofectamine® RNAiIMAX reagent. The procedure was
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carried out according to the Lipofectamine ® RNAIMAX Reagent Protocol 2013
(96-well plate for cytotoxicity assays and 6-well plate for collection of cell

lysate).

2.4: Generating RUNX3 dominant-negative cells

A2780cp cells were transfected with pcDNA3.1 vector or pcDNA-Flag-
RUNX3 (1-187) (kindly provided by Dr. Yoshiaki Ito, Cancer Science Institute of
Singapore) using the Novagen GeneJuice ® Transfection Reagent according to
Novagen User Protocol TB289 (10 cm dish format). Transduced cells were
selected by treatment with multiple rounds of G418 (Invitrogen). 6 colonies of
A2780cp-pcDNA and 6 colonies of A2780cp-Flag-RUNX3 (1-187) were picked

using cloning rings and expanded.

2.5: Neutral red uptake assay

Cell viability assays determining the cytotoxic effects of carboplatin were
performed using the neutral red uptake assay. Cells were seeded into 96-well
plates at a density of 3000 cells per well (unless otherwise indicated). The next
day, cells were left untreated or treated with increasing concentrations of
carboplatin (Sigma). 48 or 72 hrs post-treatment the medium was replaced with
new medium containing 33 pg/ml of neutral red dye (Sigma) and incubated at
37°C for 3 hrs. The cells were washed once with phosphate buffered saline (PBS)
and lysed with 100 pl of lysis buffer (98% ethanol and 2% acetic acid).

Absorbance was read at 540 nm using the FLUOstar Omega microplate reader.
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2.6: Collection of cell lysates

Whole cell lysates were prepared using modified radioimmuno-
precipitation buffer (RIPA) as described previously'*’. RIPA buffer (50 mM Tris
pH 7.4, 150 mM NaCl, I mM EDTA, 0.1% SDS (sodium dodecyl sulfate), 1.0%
DOC (sodium deoxycholate), 1.0% Triton X-100, 10 mM NaP,07, 10 mM NaF ,
I mM Na3;OV,, 1 X PIC (protease inhibitor cocktail)) was added to cells, and cell
lysate was scraped and collected. Cell lysates were briefly sonicated and
centrifuged at 13000 rpm for 15 minutes at 4°C. Supernatant containing the whole
cell lysate was collected. Cytoplasmic and nuclear fractions were extracted using
Buffer A (10 mM Hepes-KOH pH 7.8, 1.5 mM MgCl,, 10 mM KCI) and Buffer
C (50 mM Hepes-KOH pH 7.8, 50 mM KCI, 300 mM NaCl, 0.1 mM EDTA, 10%
glycerol), respectively. Briefly, cells were rinsed with PBS and Buffer A was
added. Cell lysates were scraped and collected. Cell lysates were incubated on ice
for 10 minutes, and then centrifuged for 10 minutes at 12000 rpm at 4°C. The
supernatant containing the cytosolic fraction was collected. The remaining pellet
was resuspended in Buffer C and rotated for 20 minutes at 4°C. The cell lysate
was centrifuged for 10 minutes at 12000 rpm at 4°C, and the supernatant
containing the nuclear fraction was collected. Protein concentration was

quantified using the DC protein assay (Bio-Rad).
2.7: Western Blotting

50 pg of protein were loaded into each lane of a 10% SDS polyacylamide

gel (Stacking gel: 4X Upper Buffer, 30% Bis-Acrylamide, 10% APS (ammonium
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persulfate), TEMED (tetramethlethylenediamine), dH,O; Separating gel: 4X
Lower Buffer, 30% Bis-Acrylamide, 10% APS, TEMED, dH,0). Gels were run at
a constant 100 V for 30 minutes and then at 150 V for approximately 60 minutes.
Proteins were transferred onto nitrocellulose paper at a constant 100 V for 90
minutes. Immunoblotting was performed using an anti-RUNX3 monoclonal
antibody (Abcam R3-5G4, 1:1000 dilution). Protein loading was normalized by
immunoblotting with an anti-B-actin (Abcam, 1:1000), anti-tubulin (Abcam,
1:1000), anti-PARP (Cell Signaling, 1:1000) or anti-GAPDH (Cell Signaling,
1:1000) antibody. Membranes were scanned and analyzed using an Odyssey® IR

scanner and Odyssey® imaging software 3.0.

2.8: RNA isolation and real-time PCR analysis

Using the RNeasy Mini Kit (Qiagen), total RNA was isolated. To remove
DNA contamination, 2.5 pg of RNA was incubated with 2 p of DNase I
Amplification Grade (Invitrogen), 2.5 ul of 10 X DNase I Reaction Buffer
(Invitrogen) and RNA free dH,O (final volume 25 pl) and incubated at room
temperature. 2.5 pl of 25 mM EDTA was added to RNA and heated to 70°C from
10 minutes in the Verti® 96 well thermal cycler (Life Technologies). 5 ul of 10 X
random primers (Invitrogen) were added and the samples were heated to 70°C for
10 minutes in the Verti® 96 well thermal cycler (Life Technologies). First strand
cDNA was reverse transcribed using 1 pl of SuperScript ® II Reverse
Transcriptase (Invitrogen) in the presence of 1 pl of RNaseOUT Recombinant
Ribonuclease Inhibitor (Invitrogen), 5 pl of 0.1 M DTT (dithiothreitol)

(Invitrogen), 1 ul of 25 mM dNTP (dinucleotide triphosphate) (Invitrogen) and 10
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ul of 5 X First Strand Buffer (Invitrogen). Reverse transcriptase PCR was done in
the Verti® 96 well thermal cycler (Life Technologies). The PCR reaction
conditions for Quantitative Reverse Transcription-Polymerase Chain Reaction
(QRT-PCR) were 10 pl of 2 X SYBER green buffer, 1 pl of 10 puM
forward/reverse primers, 1 pl of 50 ng/ul cDNA and 8.5 pl of dH,O. qRT-PCR
was carried out using the Mastercycler® ep Realplex real-time PCR system

(Eppendorf). PCR primers are listed in Table 2.

2.9: Statistics

Where applicable, data are expressed as mean = SEM (standard error of
mean). Unpaired two-tailed t tests were used for the comparison of mean values.
Statistical significance was determined at P value <0.05. Experiments were
repeated a minimum of 3 times. Statistical analyses were performed using Prism

Software.
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Table 1. List of PCR primer sequences.

Gene Sequence (Forward) Sequence (Reverse)
RUNX1 | 5ACT ATC CAG GCG CCT TCA 5“TAG TAC AGG TGG TAG GAG
CCT ACT-3* GGC GAG-3~
RUNX2 | 5“ACG AAT GCA CTA TCC AGC 5“ATA TGG AGT GCT GCT GGT
CAC CTT-3* CTG GAA-3
RUNX3 | 5“TGG CAG GCA ATG ACG AGA 5*“TGA ACA CAG TGA TGG TCA
ACT ACT-3 GGG TGA-3*
APC2 5*“GCT GTT ATG AAG CTG TCC 5“GGG TCA TCT TGT GCA TCT
TTT G-3* CAT A-3¢
DKK1 5*“AGC GTT GTT ACT GTG GAG ““CTG ACA AGT GTG AAG CCT
AAG-3 AGA A-3"
DKK3 5"“GAA GAG ATG GAG GCA GAA ““CGT GTC TGT GTT GGT CTC AT-
GAA G-3¢ 3
FRZB 5“CCC ATC TGC ACC ATT GAC TT- | 5-GTG GCG GTA CTT GAT GAG
(SFRP3) | 3“ TAT G-3¢
SFRP1 5“GCT TGT GCT GTA CCT GAA 5“TCT TGT CCC ACT TGT GGA TG-
GA-3“ 3«
WNT3 5“TGA CTT CGG CGT GTT AGT G- 5“GTG CAT GTG GTC CAG GAT
3« AG-3*
WNT3a | 5“GAC TTC CTC AAG GAC AAG 5“GGC ACC TTG AAG TAG GTG
TAC G-3* TAG-3*
WNTI11 5 AAC AGG ATC CCA AGC CAA 5“CCA TGG CAC TTA CACTTC
TAA-3“ ATT TC-3*
c-MYC 5“AGC GAC TCT GAG GAG GAA-3* | 5“TGT GAG GAG GTT TGC TGT G-
3
CCND1 5“CTC GGT GTC CTA CTT CAA 5“TTC CTC GCA GAC CTC CA-3*
(Cyclin D) | ATG T-3*
c-JUN 5“AAC GAC CTT CTA TGA CGA 5*“TCA GGG TCA TGC TCT GTT
TGC CCT-3* TCA GGA-3*
GAPDH | 5“GGA CCT GAC CTG CCG TCT 5“GGT GTC GCT GTT GAA GTC
AGA A-3° AGA G-3¢
18S 5 GTA ACC CGT TGA ACC CCA ““CCA TCC AAT CGG TAG TAG
TT-3 CG-3~
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Section 3: Results

3.1: Expression of RUNX3 in normal OSE, IOSE, primary EOC cells and

EOC cell lines

To confirm the elevated expression of RUNX3 in EOC reported in the two

. . 128,12
previous studies'?*'*

, we examined the protein expression of RUNX3 in 22
serous EOC tissues and compared them to 2 IOSE cell cultures, which were used
as non-cancerous controls. As shown in Figure 5a, RUNX3 was expressed in the
majority of cancerous samples, but in none of the IOSE cells. All of the samples
were serous EOC, and the majority was stage Il (Table 2). Next we evaluated
RUNX3 protein expression in primary EOC cells isolated from patient™s ascites. 6
out of 10 of the samples expressed high levels of RUNX3, when compared to
non-cancerous primary OSE cells (Figure 5b). All cancer samples were serous
EOC and stage III or IV tumors, with the exception of samples 12 and 16. Sample
12 was found to be benign and sample 16 was found to be an adenocarcinoma that
metastasized from the colon (Table 3). Similar to IOSE cells, the ten OSE cell
cultures did not express RUNX3 (Figure 5b). A panel of 4 EOC cell lines was
evaluated for RUNX3 expression. One normal OSE cell culture and two IOSE
cell lines were used as non-cancerous controls. Low RUNX3 expression was
detected in OVCAR3, SKOV3 and A2780s cells (Figure 6). Interestingly
A2780cp cells, which were derived from A2780s cells by exposing A2780s cells

141-144

to increasing-stepwise concentrations of cisplatin , express a high level of
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Figure 5. RUNX3 expression is elevated in human EOC. a) RUNX3 expression in 22 primary
serous EOC tissue. Immortalized ovarian surface epithelial (IOSE: non-cancerous) cells were used
as a non-canerous control. Tubulin was used as a loading control. b) RUNX3 expression in
primary EOC cells collected from patients ascites. Ovarian surface epithelial cells (OSE: non-

cancerous) were used as a non-cancerous control. B-actin was used as a loading control.
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Table 2. Clinical information on primary serous EOC tissues. Samples donated by CBCF
Tumor Bank. Unknown whether samples were obtained before or after treatment.

Sample EOC: Stage | Grade | Recurrence
ID
1 Serous 1IB - No
2 Serous 1IIC - Yes
3 Serous 1IIC - No
4 Serous 1IIC - Yes
5 Serous 1IIC - Yes
6 Serous ITA - Yes
7 Serous 1IIC High No
8 Serous 1IIC High Yes
9 Serous v High Yes
10 Serous 1\ High Yes
11 Serous I1IC High Yes
12 Serous IIC High Yes
13 Serous 1IIC High Yes
14 Serous I11C High Yes
15 Serous ImIC High Yes
16 Serous ImIC High No
17 Serous 111C High Yes
18 Serous 1IIC High Yes
19 Serous IITA High No
20 Serous IC High Yes
21 Serous IC High No
22 Serous ImC High Yes
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Table 3. Clinical information on primary EOC cells derived from patient ascites. Samples

were obtained with the help of Dr. Helen Steed.

Sample EOC Stage | Grade Sample Treatment Response to
ID obtained treatment
before or
after
treatment
3 - - - - - -
6 Serous v High Before Upfront -
diagnosis
8 Serous v High After Carboplatin, Platinum
taxol and Resistant
gemcitabine
9 Serous ImIc High Before Upfront Platinum
diagnosis Sensitive
11 Serous IIcC High After Carboplatin Platinum
and taxol Sensitive
12 Benign - - - - -
13 Serous IIcC High Before Upfront Platinum
diagnosis Resistant
15 Serous IIcC High After Carboplatin Platinum
and taxol Resistant
16 Metastatic
adenocarcinoma - - - - -
from colon
17 Serous ImcC High After Carboplatin, Platinum
taxol and Sensitive
liposomal
doxorubicin
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RUNX3 (Figure 6). Two RUNX3-related bands were detected in primary EOC
samples and EOC cell lines, which likely represent two different RUNX3

61,129

isoforms . Together, our results confirmed that RUNX3 is expressed in EOC

cells, but not in normal OSE and IOSE cells.
3.2: RUNX3 is localized to the nucleus of EOC cells

Results regarding the subcellular localization of RUNX3 in EOC cells
have been conflicting'**'?’. We examined the subcellular localization of RUNX3
in our study to ensure that it is localized to the nucleus in EOC cell lines and
primary EOC cells, where it can functionally act as a transcription factor.
Consistent with the results reported by Lee ez al.'?’, we confirmed that RUNX3 is
localized to the nucleus of the 4 EOC cell lines used throughout the study, with
minimal amounts localized to the cytoplasm (Figure 7a). Importantly, our data
showed clear nuclear localization of RUNX3 with no appreciable cytoplasmic
localization detected in three primary EOC cells, which express high levels of
RUNX3 (Figure 7b). PARP and tubulin or GAPDH were used a nuclear and

cytoplasmic loading controls, respectively.

3.3: RUNXS3 protein level is increased after carboplatin treatment in EOC

cells

A2780cp cells, which were derived from A2780s cells by exposing
A2780s cells to increasing stepwise concentrations of cisplatin, are cisplatin

141-144

resistant . Currently carboplatin is a first-line therapeutic agent in the

treatment of ovarian cancer because of its low toxicity profile when compared to
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Figure 6. RUNX3 expression is variable in human EOC cell lines. RUNX3 expression in a
panel of EOC cell lines. Ovarian surface epithelial and immortalized ovarian surface epithelial
(OSE and IOSE: non-cancerous) cells were used as non-cancerous controls. B-actin was used as
the loading control.
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Figure 7. RUNXS3 is localized to the nucleus in EOC cells. a) EOC cell lines underwent cellular
fractionation. PARP and GAPDH were used as nuclear and cytoplasmic loading controls,
respectively. b) Primary EOC cells isolated from the ascites of EOC patients underwent cellular
fractionation. PARP and tubulin were used as nuclear and cytoplasmic loading controls,
respectively. C: cytoplasm, N: Nucleus.
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cisplatin'®"?

. We thus used carboplatin in this study. To confirm that A2780cp
cells are also resistant to carboplatin we performed a dose response experiment
and found that A2780cp cells are indeed more resistant to carboplatin than

A2780s cells (IC50 for A2780s cells: 13.62 uM and A2780cp cells: 163.2 uM)

(Figure 8).

The higher expression of RUNX3 in A2780cp cells compared to A2780s
cells (Figure 8) suggests that RUNX3 expression increases after prolonged
exposure to cisplatin. To determine whether RUNX3 expression increases upon
short-term exposure to carboplatin, we examined the expression of RUNX3 in
A2780s and A2780cp cells after treatment with carboplatin at various time points.
By Western blotting we determined that RUNX3 expression indeed increased by
carboplatin in both A2780s and A2780cp cells, 24, 48 and 72 hrs after treatment

(Figure 9).

3.4: RUNX3 overexpression in EOC cell lines confers resistance to

carboplatin treatment

Previous studies have demonstrated that RUNX3 acts as an oncogene in

ovarian cancer'2>'%

. However, the role RUNX3 plays during chemoresistance in
EOC has yet to be examined. The higher expression of RUNX3 in A2780cp cells
and increase in expression of RUNX3 by carboplatin suggests that RUNX3 might
contribute to carboplatin resistance of EOC cells. To assess the role of RUNX3 in

chemoresistance of EOC we overexpressed RUNX3 in SKOV3 and A2780s cells,

which express low levels of endogenous RUNX3 (Figure 6). SKOV3 and
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Figure 8. A2780s cells are more sensitive to carboplatin treatment than A2780cp cells. a)
RUNX3 expression in A2780s and A2780cp. B-actin was used as a loading control. b) A2780s and
A2780cp cells were treated with increasing concentrations of carboplatin for 72 hrs. Cell viability
was measured by the neutral red assay. A2780s IC50: 13.62 pM. A2780cp IC50: 163.2 uM.

Experiments were repeated 3 times.
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Figure 9. Carboplatin increases RUNX3 expression in EOC cell lines. a) A2780s cells were
treated with increasing concentrations of carboplatin (0, 25 and 50 uM). Cell lysate was collected
24 and 48 hrs post-treatment. RUNX3 expression was examined by Western blotting. B-actin was
used as a loading control. b) A2780cp cells were treated with increasing concentrations of
carboplatin (0, 100 and 200uM). Cell lysate was collected 48 and 72 hrs post-treatment. RUNX3
expression was examined by Western blotting. B-actin was used as a loading control.
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A2780s cells were infected by a retrovirus delivering either a control MSCVpac
vector or an MSCVpac vector expressing RUNX3. RUNX3 overexpression in
SKOV3 and A2780s cells was verified by Western blotting (Figure 10a and
Figure 11a). Next, SKOV3 and A2780s cells expressing MSCVpac or RUNX3
were treated with increasing concentrations of carboplatin and cell viability was
determined using the neutral red assay. 48 and 72 hrs post-treatment, we observed
that SKOV3/RUNX3 and A2780s/RUNX3 cells are slightly more resistant to
carboplatin treatment than SKOV3/MSCVpac and A2780s/MSCVpac cells
(Figure 10b and Figure 11b). Together, our results show that overexpression of

RUNX3 renders SKOV3 and A2780s cells modestly resistant to carboplatin.

3.5: Silencing RUNX3 expression in A2780cp cells has no effect on cell

viability

As shown in Figure 6 and Figure 8a, cisplatin-resistant A2780cp cells
express a higher level of endogenous RUNX3 protein than cisplatin-sensitive
A2780s cells. To determine whether RUNX3 contributes to carboplatin resistance
in A2780cp cells, we stably knocked down RUNX3 expression in A2780cp cells
using two lentivirus delivered shRNA constructs (shRUNX3D and shRUNX3E).
The partial knockdown of RUNX3 in A2780cp by the two different constructs
was confirmed by Western blotting (Figure 12a). Cell viability assays
demonstrate that knockdown of RUNX3 by shRNA has no significant effect on
cell viability in A2780cp cells treated with carboplatin at 48 and 72 hrs (Figure
12b). With the shRNA we were only able to achieve partial knockdown of

RUNX3 protein expression (Figure 12a). Next we used a mixture of 4 pooled
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Figure 10. Overexpression of RUNX3 makes SKOV3 cells slightly more resistant to
carboplatin treatment. a) Overexpression of RUNX3 in SKOV3 cells was confirmed by Western
blotting. Tubulin was used as a loading control. b) SKOV3/MSCVpac and SKOV3/hRUNX3 cells
were treated with increasing concentrations of carboplatin for 48 and 72 hrs. Cell viability was
measured by the neutral red assay. Statistics: Mean + SEM. Unpaired two-tailed t test. Not
statistically significant. Experiments repeated 5 times.
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Figure 11. Overexpression of RUNX3 makes A2780s cells slightly more resistant to
carboplatin treatment. a) Overexpression of RUNX3 in A2780s cells was confirmed by Western
blotting. B-actin was used a loading control. b) A2780s/MSCVpac and A2780s/hRUNX3 cells
were treated with increasing concentrations of carboplatin for 48 and 72 hrs. Cell viability was
measured by the neutral red assay. Statistics: Mean + SEM. Unpaired two-tailed t test, * P value

<0.05, ** P value < 0.005. Experiments repeated 4 times.
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Figure 12. Knockdown of RUNX3 by shRNA in A2780cp cells has no effect on cell viability
following carboplatin treatment. a) Knockdown of RUNX3 in A2780cp cells by two different
shRNA constructs (shRUNX3D and shRUNX3E) was confirmed by Western blotting. Tubulin
was used as a loading control. b) A2780cp/shRandom, A2780cp/shRUNX3D and
A2780cp/shRUNX3E cells were treated with increasing concentrations of carboplatin for 48 and
72 hrs. Cell viability was measured by the neutral red assay. Statistics: Mean + SEM. Unpaired
two-tailed t test. Not statistically significant. Experiments repeated 3 times.
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siRNAs targeted against RUNX3 to transiently silence RUNX3 expression in
A2780cp cells. A2780cp cells were also transfected with an siRNA targeted to a
scrambled sequence (siControl) as a control. By Western blotting we observed
almost complete knockdown of RUNX3 protein expression by siRUNX3 (Figure
13a). Similar to the results obtained in the sShRNA experiments, knockdown of
RUNX3 by siRNA has no effect on cell viability in A2780cp cells treated with
carboplatin, when compared to siControl cells at 48 and 72 hrs (Figure 13b). Our
data suggests that RUNX3 knockdown alone is not adequate to sensitize A2780cp

cells to carboplatin treatment.

3.6: Dominant-negative mutant of RUNX3 in A2780cp cells sensitizes cells to

carboplatin treatment

To further examine the role of RUNX3 in carboplatin resistance of EOC,
we stably transfected A2780cp cells with a FLAG-tagged dominant negative (dn)
form of RUNX3 (1-187) (dnRUNX3), which has an intact DNA-binding domain
(Runt domain) but lacks the transactivation domain (Figure 14a). The empty
vector pcDNA was used as a control. FLAG expression in the dn clones was
confirmed by Western blotting (Figure 14b). Clones 2, 3 and 6 expressed FLAG.
However, only clones 2 and 6 were used for cell viability assays as clone 3 had a
different morphology from the parental cell line (A2780cp cells).
A2780cp/pcDNA clones 1 and 2 and A2780cp/dnRUNX3 clones 2 and 6 were
treated with carboplatin for 48 and 72 hrs, and cell viability was determined using
the neutral red viability assay. A2780cp/dnRUNX3 clones 2 and 6 were more

sensitive to carboplatin treatment than A2780cp/pcDNA clones 1 and 2, at both
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Figure 13. Knockdown of RUNX3 by siRNA in A2780cp cells has no effect on cell viability
following carboplatin treatment. a) Knockdown of RUNX3 in A2780cp cells by pooled siRNA
targeted to RUNX3 was confirmed by Western blotting, 48 hrs post-siRNA transfection. B-actin
was used a loading control. b) A2780cp/siControl and A2780cp/siRUNX3 cells were treated with
increasing concentrations of carboplatin for 48 and 72 hrs. Cell viability was measured by the
neutral red assay. Statistics: Mean + SEM. Unpaired two-tailed t test. Not statistically significant.

Experiments repeated 3 times.
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Figure 14. Dominant-negative mutant of RUNX3 sensitizes A2780cp cells to carboplatin
treatment. a) Diagram depicting dominant-negative (dn) form of RUNX3. Diagram modified
from Bae et al.®" b) Expression of FLAG-tagged dnRUNX3 in A2780cp cells was confirmed by
Western blotting. Tubulin was used as a loading control. ¢) A2780cp/pcDNA clone 1 and clone 2,
and A2780cp/dnRUNX3 clone 2 and clone 6 were treated with 200 uM carboplatin for 48 and 72
hrs. Cell viability was measured by the neutral red assay. Statistics: Mean + SEM. Unpaired two-
tailed t test, * P value <0.05, ** P value < 0.005, *** P value < 0.0005, **** P value < 0.0001

Experiments repeated 5 times.
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48 and 72 hrs (Figure 14c). Expression of dnRUNX3 in A2780cp cells renders

cells more sensitive to carboplatin treatment.

3.7: Expression of the RUNX transcription factors in EOC cell lines

We wanted to determine if all three RUNX family members are expressed
in the EOC cell lines used throughout our study. To do so, RNA was collected
from A2780s, A2780cp and SKOV3 cells and qRT-PCR was performed to look at
the levels of RUNX gene expression, relative to the control gene 18S. All three

RUNX genes were expressed in the three cell lines (Figure 15).
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Figure 15. Expression of RUNX genes in EOC cell lines. RNA from A2780s, A2780cp and
SKOV3 cells was collected, reverse transcribed into cDNA and the levels of RUNX genes were
quantified by qRT-PCR. Expression levels are relative to the expression of the control gene 18S.
Primer sequences are included in Table 1. Experiments were repeated 3 times.
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Section 4: Discussion and Future Directions
4.1: RUNX3 and chemoresistance in ovarian cancer

The RUNX transcription factors can function as tumor suppressors or
oncogenes in a context dependent manner'*. The majority of the early literature
supported a tumor suppressor role for RUNX3, following the discovery that
RUNX3 acts as a tumor suppressor in gastric carcinoma®. In ovarian cancer the
first study to examine the methylation status of RUNX3 found hypermethylation
and gene silencing in primary EOC cells and EOC cell lines, and they concluded
that inactivation of its function may result in impairment of the TGFf pathway
and other tumor suppressive functions carried out by RUNX3'%’. However, no
functional studies were performed to support the suggested tumor suppressive
role. Later, two studies demonstrated that RUNX3 expression is increased in EOC
samples and cell lines, when compared to non-cancerous controls'**'?’,
Overexpression of RUNX3 in EOC cell lines that express low levels of
endogenous RUNX3 led to increased proliferation of cells, while knockdown of
RUNX3 in EOC cell lines that express endogenous levels of RUNX3 had the
opposite effect'**'*. Both groups concluded that RUNX3 plays an oncogenic role
in EOC by promoting proliferation. RUNX3 also has been shown to modulate cell
sensitivity to chemotherapeutic agents in other tumors'>>'*>. However, whether
RUNX3 expression is associated with chemoresistance of EOC has not been
studied. In this study we demonstrate that RUNX3 expression is increased by

carboplatin treatment and overexpression of RUNX3 renders EOC cell lines

slightly more resistant to carboplatin treatment.
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We found that RUNX3 is expressed in EOC tissues (Figure 5a) and
primary EOC cells derived from ascites (Figure 5b). Variable levels of expression
were found in EOC cell lines (Figure 6). In various cancers, RUNX3
overexpression has been associated with protein inactivation by mislocalization to
the cytoplasm®'**!>>!%®_Inconsistent results have been reported regarding the
cellular localization of RUNX3 in EOC cells. Nevadunsky ez al.'*® reported that
RUNX3 is localized to the cytoplasm in EOC cell lines'*®, whereas Lee ef al.'”
observed nuclear localization of RUNX3 in EOC cells'”. In this study we
confirm that RUNX3 is localized to the nucleus in human EOC cell lines and
primary EOC samples (Figure 7), which is consistent with the localization

129
L.

reported by Lee ef a and supports the functional role of RUNX3 as a

transcription factor.

As mentioned previously, A2780cp is a cisplatin-resistant EOC cell line
derived from cisplatin-sensitive (A2780s) cells by exposure to increasing stepwise
concentrations of cisplatin'*'"'*. These paired cell lines have previously been
used as a model for development of resistance to platinum agents3 +192 'When we
compared the levels of RUNX3 in these two cell lines, we found that RUNX3
expression was significantly higher in the cisplatin-resistant A2780cp cells
(Figure 8a). Interestingly, RUNX3 expression increased in A2780s and A2780cp
cells after short-term exposure to carboplatin treatment (Figure 9). However, how
carboplatin treatment increases RUNX3 expression in EOC cells remains to be
determined. Taken together, these data suggest that RUNX3 may be one of

several genes modified during acquired chemoresistance in patients treated with
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platinum agents. Moreover, the levels of RUNX3 may increase soon after

treatment with platinum agents begins.

Members of the RUNX family contain a homologous runt-domain that
controls binding to specific DNA sequences and binds with the common co-
factor, CBFP. The RUNX-CBFf complex regulates the expression of target genes
by binding to their promoters or enhancers’’. All RUNX proteins bind the same
DNA motif and can activate or repress the transcription of target genes by
recruiting transcriptional co-activators or co-repressors’ . Recently, RUNX1 and
RUNX2 have been found to act in an oncogenic manner in serous EOC by
contributing to cell proliferation, migration and invasion'**'*'. Also, as previously
mentioned, RUNX3 has also been shown to act in an oncogenic manner in EOC
by promoting cell proliferation'”®'?’. Even though the RUNX family members
seem to act in an oncogenic manner in EOC, their role in chemoresistance in EOC
has yet to be studied. To find out whether RUNX3 has an effect on cell sensitivity
to carboplatin treatment, we overexpressed RUNX3 in EOC cell lines, which
express low levels of endogenous RUNX3. Using SKOV3 and A2780s cells, we
demonstrated that RUNX3 makes cells modestly resistant to carboplatin treatment
at both 48 and 72 hrs post-treatment, with the greatest effect observed at 72 hrs
(Figure 10 and Figure 11). However, when RUNX3 expression was knocked
down in A2780cp cells, which endogenously expresses high levels of RUNX3,
using an shRNA or siRNA specifically targeted against RUNX3, no significant
effect on cell sensitivity to carboplatin treatment was observed (Figure 12 and

Figure 13).
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When examining the oncogenic potential of the RUNX family it is
important to decipher whether the distinct roles they play arise because the
members have diverged in function, or whether their distinct roles arise from

. . . 145
tissue-specific expression of each gene

. The family members have been shown
to have overlapping functions using a transcriptional reporter assay, supporting
the notion of tissue-specific expression'”’. All RUNX proteins are known to
recognize the same DNA-binding motifs’’ and in EOC act in an oncogenic
manner' ! suggesting that RUNX1 and/or RUNX2 may be able to compensate
for the loss of RUNX3 when it is knocked down. In the three cell lines used in our
study we found that all the RUNX family members are expressed (Figure 15),
raising the possibility that RUNX1 and/or RUNX2 may be compensating for the
loss of RUNX3. To better examine the effect of RUNX3 on chemoresistance, it

may be necessary to also inhibit the other RUNX family members and examine

whether either of them together or alone have an effect on chemoresistance.

No significant difference in cell viability was observed when RUNX3
expression was knocked down by an shRNA or siRNA specifically targeted to
RUNX3, and cells were treated with carboplatin (Figure 12 and Figure 13). Next,
we wanted to see whether a dn form of RUNX3 would have an effect on cell
sensitivity to carboplatin. A2780cp cells were transfected with a truncated form of
RUNX3 that contains amino acids 1-187. The runt domain is present and
functional in this dn form, while the c-terminus, which is responsible for the
activation and repression of transcription’, is missing'*’. Cells stably transfected

with dnRUNX3 were significantly more sensitive to carboplatin treatment than
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control cells (Figure 14). The effect observed may be due to the binding of
dnRUNX3 to the DNA-motif recognized by endogenous RUNX family members
or to the binding and occupancy of CBFB by dnRUNX3. In either case,
dnRUNX3 may be disrupting the function of the entire RUNX family and not
simply RUNX3. In line with the results observed in the knockdown experiments,
results in the dnRUNX3 experiments support the notion that the greatest effect on
cell sensitivity to carboplatin would be observed if all three RUNX members or
their common co-factor CBFf were silenced. In a study by Davis ef al.'**, CBFp
expression was silenced in SKOV3 cells and was found to significantly repress
the ability of the cells to form colonies in soft agar compared to control cells'*,
which is in line with the study examining RUNX3 knockdown in ovarian cancer

and colony formation'”

and the oncogenic role associated with the RUNX
transcription factors in EOC"%*12512 1t would be interesting to knockdown the

expression of CBFf3 and examine the effect it has on chemoresistance of EOC.

Each of the three RUNX genes is transcriptionally regulated by two
promoters, the P1 promoter and the P2 promoter, which gives rise to two protein
isoforms®'. The family can also undergo alternative splicing, which generates

multiple splice variants®

. Moreover, the RUNX family can also undergo
various post-translational modifications such as phosphorylation or ubiquitination,
further increasing the variations that exist between RUNX proteins®’. In the study
examining RUNX3 overexpression in BCC, the group observed two RUNX3-
related bands, which they stated could represent different RUNX3 isoforms,

although the doublet could also be caused by phosphorylation or proteolytic
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degradation'?'. The group found that the RUNX3 proteins observed in BCC are

2l In the

full-length and intact, and likely represent the two RUNX3 isoforms
study conducted by Lee et al.'?, these two bands were also observed in ovarian
cancer samples. In our study we observed two RUNX3 bands at approximately
46kDa and 44kDa, by Western blotting, which are in line with the molecular
weight observed by Salto-Tellez et al.'*' in BCC and Lee ef al.'*’ in EOC. Based

on this information we assumed that the two bands present in our samples are the

two RUNX3 isoforms originating from the P1 and P2 promoter.

To date both isoforms originating from P1 and P2 promoters have been
assumed to perform synonymous functions in cells®', even though different 5°
untranslated regions (5“UTRs) and N-terminal coding regions are generated from
these two promoters®’. It would be interesting to specifically overexpress or
knockdown one isoform in EOC cells and observe the effects on cell proliferation
and differentiation, and chemoresistance. Although the differences between the
two isoforms are minimal, and do not affect the runt domain®, they may perform

distinct functions.

EOC is a heterogeneous disease with numerous genetic and epigenetic
aberrations that drive oncogenic signaling pathways that lead to chemoresistance.
In this study we show that overexpression of RUNX3 makes A2780s and SKOV3
cells slightly more resistant to carboplatin. In gastric cancer, RUNX3 has been
shown to interact with and regulate proteins involved in the cell cycle (p21),
apoptosis (Bim), and DNA repair (Ku70)*®. Perhaps RUNX3 is modulating the

activity of these systems when overexpressed in SKOV3 or A2780s cells.
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Knockdown of RUNX3 did not have an effect on cell sensitivity to carboplatin
treatment in A2780cp cells. However, dn expression of RUNX3 made cells
sensitive to the effects of carboplatin, supporting the idea that the effect that
RUNX3 has in chemoresistance may be masked when RUNX3 alone is knocked
down, as the other RUNX family members are still present and exerting an effect

that can compensate for the loss of RUNX3.

4.2: Systematic approach to identify gene expression and signaling pathways

affected during acquired chemoresistance

Chemoresistance is one of the major challenges in treating advanced EOC.
Numerous molecular changes are known to occur during acquired
chemoresistance in EOC including alteration in the expression of molecules
involved in critical biological processes such as platinum importers and exporters,
DNA repair proteins, and apoptotic molecules (reviewed in Introduction:
Molecular mechanisms of acquired chemoresistance). Although several molecules
and pathways have already been identified as being altered in chemoresistant
EOC cells, no major improvements in treating recurrent and chemoresistant EOCs
have been made since the establishment of carboplatin and paclitaxel as first-line
therapeutic agents®. Thus we want to take a systematic approach to find which
molecules are altered during acquired chemoresistance and see if there is a key
pathway or molecule that can be targeted to overcome this chemoresistance or be

used as a biomarker of chemoresistant disease.
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To identify genes altered during acquired chemoresistance in EOC cells,
we examined the paired human EOC cell lines A2780s (cisplatin-sensitive) and it
derivative A2780cp (cisplatin-resistant) using a microarray approach. Briefly,
RNA from A2780s and A2780cp cells was extracted using the Qiagen RNAeasy
mini kit, and labeled using the Low InputQuick Amp Labeling Kit, one-color
(Agilent Technologies). cRNA was hybridized onto Agilent Whole Human
Genome Microarray slides (kindly donated by Dr. Helen Steed) using the Gene
Expression Hybridization Kit (Agilent Technologies). Microarray results were

analyzed using Agilent Feature Extraction and Gene Spring Software (Figure 16).

Thousands of genes were differentially expressed between A2780s and
A2780cp cells. To identify networks and pathways that may be key during
acquired resistance in EOC we conducted an extensive literature search and put
the data into Ingenuity Pathway Analysis software (IPA). The software can
identify associations and common pathways between differentially expressed
genes. IPA shows that among the top canonical pathways differentially expressed
between A2780s and A2780cp cells, the Wnt pathway was one of the most
affected. After a literature search, we found that the Wnt pathway is important in
chemoresistance in EOC'*. We thus decided to take a closer look at the Wnt

pathway in our study.
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Figure 16: Microarray analysis setup. A2780s and A2780cp cells were compared for
differential expression of genes by One-Color Microarray-Based Gene Expression (Low Input
Quick Amp Labeling). Briefly, A2780s and A2780cp RNA was isolated. RNA was reverse-
transcribed into cDNA. ¢cDNA was amplified and labeled with -Cy3 to form labeled cRNA.
Labeled cRNA was purified and hybridized onto Agilent Whole Genome Microarray chips.
Results between A2780s and A2780cp cells were compared using GeneSpring software, and
thousands of genes were found to be differentially expressed between A2780s and A2780cp cells.
Statistics: T test unpaired. P-value cut-off: 0.02. Fold-change cut-off: 2.0. Multiple testing
correction: no correction.
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4.3: The Wnt signaling pathway

The Wnt signaling pathway is important in regulating cell growth and

differentiation during development150

. Wnt signaling can be divided into two
categories referred to as the canonical and non-canonical Wnt pathway. The main
difference between these two categories is the presence of B-catenin in the
canonical pathway and its absence in the non-canonical pathway. Wnt signaling is
further broken down into three branches which includes the canonical Wnt/B-
catenin pathway, the non-canonical planar cell polarity pathway and the non-
canonical Wnt/Ca?" pathway'*’. The main focus of our research in Wnt signaling

thus far has surrounded the canonical pathway (Figure 17) (reviews on canonical

Wht signaling by Clevers ez al.”® and Lustig et al."™).

Wnts bind to members of two families of cell-surface receptors, the
Frizzled gene family, and the LDL-receptor-related protein (LRP) family, which
act as co-receptors. Inhibitors can modulate Wnt signaling. Wnt inhibitory factor
(WIF) and secreted Frizzled-related proteins (SRFPs) (also referred to as Frzb)
inhibit Wnt signaling by binding to Wnt ligands, whereas Dickkopf (DKK) binds
to and causes endocytosis of the LRP co-receptors. Other factors such as Kremen

and Cerberus are also known to inhibit Wnt signaling'**°.

Canonical Wnt signaling depends upon the accumulation and localization
of B-catenin. The levels of cytoplasmic B-catenin are regulated by the destruction
complex, which is a “multiprotein complex” consisting of Axin, which acts as a

scaffold protein, APC and two kinases (glycogen synthase kinase 3 (GSK3p)
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and casein kinase 1 (CK1)). When the pathway is inactive, B-catenin is held in the
destruction complex, and phosphorylated by CK1 and GSK3f. Phosphorylated [3-
catenin is recognized and ubiquitinated by B-TrCP (B-transducin repeat-
containing protein), and degraded by the proteasome. In the absence of Wnt
ligands, LEF/TCF transcription factors, which are present in the nucleus, are held
in an inactive state. This prevents the transcription of downstream Wnt target

150,96
genes .

In the presence of Wnt ligands, Wnt-Frizzled/LRP complexes activate the
canonical pathway. Dishevelled (Dsh) is recruited to the plasma membrane where
it interacts with the activated the Frizzled/LRP complex. It remains unclear
precisely how Dsh functions in Wnt signal transduction. CK1 and GSK3p
phosphorylate the LRP co-receptors, which causes the recruitment of Axin to the
plasma membrane and the inactivation of the destruction complex. The
inactivation of the destruction complex allows for the accumulation of
cytoplasmic B-catenin. Once B-catenin has accumulated in the cytoplasm it can
translocate into the nucleus and associate with LEF/TCF transcription factors,

causing the transcription of Wnt downstream target genes (Figure N,
gthet ption of Wnt downst target genes (Figure 17) %'

Numerous Wnt/B-catenin target genes have been identified. As

summarized by Klaus ez al."’

, well known targets include genes that function in
cell differentiation, signaling (VEGF), proliferation (cyclin D and MYC) and

adhesion (E-cadherin)''. However, it is difficult to state whether there are any
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Inactive State Active State

Figure 17. The canonical Wnt/B-catenin signaling pathway. Inactive State: In the absence of
Wnt ligands, B-catenin is held in the destruction complex with APC (adenomatous polyposis coli)
and the axins. Here it is phosphorylated by the kinases CK1 (casein kinase) and GSK3p (glycogen
synthase kinase 3p) and subsequently ubiquitination by B-TrCp (B-transducin repeat-containing
protein) and degraded by the proteasome. LEF/TCF (lymphoid enhancer factor/T-cell factor), a
transcription factor that -catenin can bind with and activate, is held in a repressive state by the
corepressor Groucho. Active State: In the presence of Wnt ligands, LRP (LDL-receptor-related
protein) is phosphorylated by CK1 and GSK3f and Dishevelled (DSH) is recruited to the plasma
membrane. Phosphorylated LRP leads to the recruitment of Axin to the plasma membrane and the
inactivation of the destruction complex. B-catenin stabilization and accumulation leads to its
translocation into the nucleus, where is can form a transcriptionally active complex with LEF/TCF
by displacing Groucho. DKKs (dickkopfs) can inhibit Wnt signaling by binding to and causing
internalization of LRP. SFRPs (secreted frizzled-related protein) inhibit Wnt signaling by binding

to Wnt ligands. Figure adapted from *. Text adapted from "'
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“universal” Wnt/B-catenin targets, as most genes seem to be cell type specific,
although as described by Clevers et al.’®, Axin2'* and SP5'> seem to be good

. 150,96,151
candidates ~7 .

Using the IPA software to analyse the data, we found that the Wnt/fB-
catenin pathway seems to be activated in A2780cp (cisplatin-resistant) cells, when
compared to A2780s (cisplatin-sensitive) cells. Specifically, Wnt inhibitors such
as DKK1, DKK3, SFRP1 and SFRP3 (FRZB) were found to be downregulated in
A2780cp cells, when compared to A2780s cells. APC2, which is part of the
destruction complex and important in degrading [-catenin, was also
downregulated in A2780cp cells. Moreover, Wnt glycoproteins such as Wnt3 and
Wnt3a, which are known to activate the Wnt/B-catenin pathway, are upregulated

in A2780cp cells, when compared to A2780s cells (Table 4).

However, other proteins such as WIF1, an inhibitor of the Wnt pathway, is
upregulated in A2780cp cells and TCF4, a trancription factor that f-catenin binds
with to activate downstream targets, is downregulated in A2780cp cells, which is
not in line with activation of the Wnt/B-catenin pathway in A2780cp cells. Thus it
is necessary to confirm that the Wnt/B-catenin pathway is indeed more active in
A2780cp cells than A2780s cells. The results obtained by microarray were
confirmed by qRT-PCR (Table 5). In order to confirm that the Wnt/B-catenin
pathway is activated in A2780cp cells, we wanted to see whether downstream
genes are activated. We specifically looked at the expression of c-Jun, c-Myc and

151

cyclin D7, The expression of c-Jun and cyclin D are upregulated in A2780cp

cells compared to A2780s cells (Figure 18). c-Myc
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Table 4. Genes involved in Wnt signaling that are differentially expressed between A2780s
and A2780cp cells.

Symbol Gene name Fold change Location
(A2780cp/A2780s)
DKK1 Dickkopf 1 homolog -47.643 Extracellular space
FZD7 Frizzled family receptor 7 -15.761 Plasma membrane
SFRP1 Secreted-frizzled related protein 1 -14.484 Plasma membrane
SFRP3 Frizzled-related protein -6.568 Extracellular space
(FRZB)
APC2 Adenomatosis polyposis coli 2 -4.961 Cytoplasm
TCF4 Transcription factor 4 -4.359 Nucleus
DKK3 Dickkopf 3 homolog -2.771 Extracellular space
FZD2 Frizzled family receptor 2 -2.125 Plasma membrane
FZD4 Frizzled family receptor 4 -2.109 Plasma membrane
WIF1 WNT inhibitory factor 1 2312 Extracellular space
WNT3 Wingless-type MMTYV integration 2.737 Extracellular space
site family 3
WNTI11 Wingless-type MMTYV integration 3.651 Extracellular space
site family, member 11
FZD8 Frizzled family receptor 8 4.225 Plasma membrane
WNT3A Wingless-type MMTYV integration 4.370 Extracellular space
site family, member 3A
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Table 5. Validation of microarray by qRT-PCR.

Gene Fold change: Microarray Fold change: qRT-PCR
(A2780cp/A2780s) (A2780cp/A2780s)

DKK1 -47.643 -6.46
SFRPI -14.484 -7.4975

SFRP3 (FRZB) -6.568 -4.4125
APC2 -4.961 -2.53
DKK3 -2.771 -2.335
WNT3 2.737 1.2125
WNTI11 3.651 2.4925
WNT3A 4370 3.1591
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Figure 18. Wnt target genes are upregulated in A2780cp cells. RNA was isolated from A2780s
and A2780cp cells using the Qiagen RNeasy mini kit. cDNA was generated by reverse-
transcription PCR. The expression of Wnt target genes (c-Myc, c-Jun and cyclinD) in A2780s and
A2780cp cells were examined by qRT-PCR. Statistics: Mean + SEM. Unpaired two-tailed t test, *
P value <0.05. Experiments repeated 3 times.
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expression is similar between A2780s and A2780cp cells. Even though the levels
of c-Myc are similar between A2780s and A2780cp cells, these results support the
idea that the Wnt/B-catenin pathway is upregulated in A2780cp cells, compared to
A2780s cells. Other experiments need to be carried out to further confirm the
upregulation of the Wnt/B-catenin pathway. Specifically, we plan to perform a
luciferase assay to measure the activity of f-catenin. We also want to look at the
localization of B-catenin in the nucleas of A2780s and A2780cp cells. If the Wnt
pathway is more active in A2780cp cells, we expect to see greater nuclear

expression of B-catenin in A2780cp cells, compared to A2780s cells.

If the pathway is in fact upregulated in A2780cp cells we want to target
specific components of the pathway and modulate the activity of the Wnt/B-
catenin pathway and see whether this has an effect on chemoresistance in the
paired cell lines. Of particular interest to us are the Wnt inhibitors DKK 1, SFRP1
and FRZB. We want to overexpress these genes in A2780cp cells to downregulate
the activity of the Wnt/B-catenin pathway and treat cells with carboplatin to
determine whether modulating the Wnt/B-catenin pathway has an effect on cell

sensitivity to carboplatin treatment.
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Section 5: Conclusions

Ovarian cancer is a disease with numerous genetic and epigenetic
aberrations that drive oncogenic signaling pathways, and lead to acquired
chemoresistance. In our first study we showed that RUNX3 expression is elevated
in human EOC tissues, primary EOC cell cultures and EOC cell lines compared to
primary OSE cells and IOSE cells. Overexpression of RUNX3 in two ovarian
cancer cell lines (A2780s and SKOV3) made the cells slightly more resistant to
carboplatin treatment, suggesting that RUNX3 may contribute to carboplatin
resistance in EOC. Nonetheless, knockdown of RUNX3 alone is not adequate to
re-sensitize the cisplatin-resistant A2780cp cells, to carboplatin. Expression of dn
RUNX3 made the cells more sensitive to carboplatin treatment, which is in line
with our idea that other factors, such as the other RUNX family members may be
compensating for the loss of RUNX3. It will be interesting to test whether
blocking all the RUNX family members will re-sensitize the chemoresistant cells

to carboplatin treatment.

Our microarray study shows that the expression of many genes are altered
during acquired chemoresistance in A2780cp cells. Therefore, it will be critical to
identify the changes that are causing or playing a prominent role in the
development of chemoresistance. By IPA analysis and an extensive literature
review, we determined that the Wnt signaling pathway seems to be upregulated in
cisplatin-resistant A2780cp cells and may play a role in chemoresistance of EOC.

We plan to confirm whether the pathway is in fact upregulated in A2780cp cells
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and then modulate the pathway to determine whether the canonical Wnt signaling

pathway plays a role in chemoresistance in EOC.
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