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Abstract

Previously, we have identified the RUNX2 gene as hypomethylated and overexpressed in post-chemotherapy (CT) primary
cultures derived from serous epithelial ovarian cancer (EOC) patients, when compared to primary cultures derived from
matched primary (prior to CT) tumors. However, we found no differences in the RUNX2 methylation in primary EOC tumors
and EOC omental metastases, suggesting that DNA methylation-based epigenetic mechanisms have no impact on RUNX2
expression in advanced (metastatic) stage of the disease. Moreover, RUNX2 displayed significantly higher expression not
only in metastatic tissue, but also in high-grade primary tumors and even in low malignant potential tumors. Knockdown of
the RUNX2 expression in EOC cells led to a sharp decrease of cell proliferation and significantly inhibited EOC cell migration
and invasion. Gene expression profiling and consecutive network and pathway analyses confirmed these findings, as various
genes and pathways known previously to be implicated in ovarian tumorigenesis, including EOC tumor invasion and
metastasis, were found to be downregulated upon RUNX2 suppression, while a number of pro-apoptotic genes and some
EOC tumor suppressor genes were induced. Taken together, our data are indicative for a strong oncogenic potential of
the RUNX2 gene in serous EOC progression and suggest that RUNX2 might be a novel EOC therapeutic target. Further
studies are needed to more completely elucidate the functional implications of RUNX2 and other members of the RUNX
gene family in ovarian tumorigenesis.
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Introduction

Epithelial ovarian cancer (EOC) is a disease that is

responsible for more cancer deaths among women in the

Western world than all other gynecologic malignancies [1].

EOC lethality primarily stems from the inability to detect the

disease at an early, organ-confined stage, and the lack of

effective therapies for advanced-stage disease [2]. Indeed,

despite treatment improvements [3], the majority of women

continue to present at advanced stages with a 5-year survival

rate of less than 40%. The currently established therapy of

ovarian cancer includes radical surgical tumor debulking and

subsequent platinum plus paclitaxel–based chemotherapy (CT).

However, a significant risk of recurrence and resistance to

therapy remains and when this occurs, ovarian cancer is

currently incurable [4]. So there is a need for new therapeutic

targets and a better understanding of the mechanisms involved

in the spread of ovarian carcinoma.

It is well established that cancer invasion and metastasis still

represent the major causes of the failure of cancer treatment.

Approximately 70% of patients with advanced-stage EOC have

widespread intraperitoneal metastases, including the formation of

malignant serous effusions within the peritoneal cavity [1]. Pleural

effusions constitute the most frequent site of distant metastasis

(FIGO stage IV disease). Unlike the majority of solid tumors,

particularly at the primary site, cancer cells in effusions are not

amenable to surgical removal, and failure in their eradication is

one of the main causes of treatment failure. Thus, management of

the metastatic disease becomes a crucial problem for the treatment

of EOC. One possible way to resolve this problem is to target

metastasis-specific pathways with novel therapies. Hence, focused

identification of novel pro-metastatic target pathways and

molecules could enhance the chances of discovering new and

effective therapies.

Recently, the importance of epigenetic perturbation of gene

regulation in cancer [5], including EOC [6], has begun to be more
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fully appreciated. The most studied epigenetic alteration is DNA

methylation, the addition of a methyl moiety to the cytosine-5

position within the context of a CpG dinucleotide, mediated by

DNA methyltransferases [5]. In cancer, promoter hypermethyla-

tion often leads to inactivation of different tumor-suppressing

genes and is associated with many important pathways involved in

cancer progression [7] and the development of resistance to

chemotherapy (CT) [8]. The role of DNA hypomethylation in

carcinogenesis is less studied. Similar to other malignancies,

aberrant DNA methylation, including global hypomethylation of

heterochromatin and local CpG island methylation, occurs in

EOC and contributes to ovarian tumorigenesis and mechanisms of

chemoresistance [6].

Using an epigenomic approach (methylated DNA immunopre-

cipitation coupled to CpG island tiling arrays) we have recently

shown that DNA hypermethylation occurs in less invasive/early

stages of ovarian tumorigenesis, while advanced disease was

associated with DNA hypomethylation of a number of oncogenes,

implicated in cancer progression, invasion/metastasis and prob-

ably chemoresistance [9]. In this study we have also shown, that

the RUNX1 and RUNX2 transcription factors were hypomethy-

lated and overexpressed in primary cell cultures (PCCs) derived

from post-CT tumors of two serous EOC patients, when

compared to PCCs derived from matched primary (pre-CT)

tumors [9].

The RUNX gene family comprises the RUNX1, RUNX2 and

RUNX3 transcription factors, each of which is capable of

forming heterodimers with the common CBFb cofactor (a non-

DNA-binding partner), as components of the core-binding

factor (CBF) complex [10]. These transcription factors can

activate or repress transcription of key regulators of growth,

survival and differentiation pathways [11]. Although the RUNX

family members share considerable amino acid identity and

display some overlapping functions, they nevertheless appear to

have distinct biological functions during development, with each

of the three corresponding RUNX knockout mice displaying

highly distinct phenotypic abnormalities. RUNX1 is essential

for definitive hematopoiesis, megakaryocyte maturation, T- and

B-cell lineages and neuronal development [12,13]. RUNX2 is

essential for osteogenesis [14]. RUNX3 has essential roles in

neurogenesis [15], TGF-b signaling and dendritic cell matura-

tion [16]. RUNX factors are increasingly linked to various

human cancers, as they could function both as tumor suppressor

genes (TSGs) and dominant oncogenes in a context-dependent

manner (reviewed in [17]). RUNX3 is generally considered as a

TSG in human neoplasia as a multitude of epithelial cancers

exhibit inactivation of RUNX3 [18], including ovarian carci-

noma [19], although oncogenic function of RUNX3 in EOC

was also suggested [20]. The importance of RUNX1 in

hematopoiesis and its TSG function in leukemia are well

established [21], although RUNX1 gene amplifications and

gain-of-RUNX1 function mutations have been postulated to

have leukemogenic effects [22,23]. Similarly, recent studies in

solid tumors present contrasting roles of RUNX1 as either TSG

or oncogene (reviewed in [21]). The implication of RUNX1 in

EOC tumorigenesis is currently unknown, although it was

shown that in conjunction with some matrix metalloproteinases

(MMP-2 and -9) RUNX1 could contribute to the invasive stage

of endometrial and ovarian endometrioid carcinomas [24]. We

have recently shown that RUNX1 is significantly overexpressed

in serous EOC tumors, although DNA hypomethylation was not

significantly associated with its induction in advanced (meta-

static) stage of the disease [25]. Moreover, RUNX1 expression

was associated with increased EOC cell proliferation, migration

and invasion, suggesting for a strong oncogenic potential of the

RUNX1 gene in EOC progression [25].

Similar to RUNX1, the strongest evidence for a pro-oncogenic

function for RUNX2 comes from studies in lymphoma/leukemia

models [26]; however RUNX2 was also shown to play a role in

invasive bone [27], breast [28], prostate [29], thyroid [30] and

pancreatic cancer [31]. Lately, RUNX2 expression was also

associated with EOC tumor progression and poor prognosis [32].

This prompted us to investigate if RUNX2 is induced due to

hypomethylation in advanced EOC and whether the RUNX2

gene is functionally implicated in EOC tumorigenesis, including

disease progression and response to treatment. Here we show that,

similar to RUNX1, the RUNX2 gene is functionally involved in

EOC cell proliferation, migration and invasion. However, we also

demonstrate that RUNX1 and RUNX2 employ molecular

mechanisms in EOC dissemination that are specific for each gene.

Materials and Methods

Ethics statement
This study obtained approval from the Clinical Research Ethics

Committee of the Hotel-Dieu de Quebec Hospital and patients

gave written consent for tissue collection and analyses.

Patients and tissue specimens
Snap frozen and formalin-fixed paraffin-embedded (FFPE)

tissues of 117 serous EOC tumors were provided by the Banque

de tissus et de données of the Réseau de recherche sur le cancer of

the Fonds de recherche du Québec - Santé at the Hotel-Dieu de

Quebec Hospital, Quebec, Canada, which is affiliated with the

Canadian Tumor Repository Network. These clinical specimens

included 13 borderline, or low-malignant potential (LMP) tumors,

52 high-grade adenocarcinomas and 52 omental metastases. None

of the patients received chemotherapy before surgery (see Table 1

and Table S1 for detailed clinicopathological characteristics). All

tumors were histologically classified according to the criteria

defined by the World Health Organization [33]. The CT

treatment was completed for all patients and the response to

treatment was known. Disease progression was evaluated following

the guidelines of the Gynecology Cancer Intergroup [33].

Progression free survival (PFS) was defined as the time from

surgery to the first observation of disease progression, recurrence

or death. Thirteen normal ovarian samples and 13 normal uterine

smooth muscle samples were derived from women subjected to

hysterectomy with oophorectomy due to non-ovarian pathologies.

Cell cultures
The EOC cell lines OVCAR3, SKOV3 and C13 were

purchased from American Tissue Type Collection (Manassas,

VA); OV-90, OV2008, TOV-112 and TOV-21 cell lines were a

kind gift from Dr. Anne-Marie Mes-Masson (Montreal University)

[34], while A2780s and A2780cp cell lines were a kind gift from

Dr. Benjamin Tsang (Ottawa University) [35]. The cell lines were

passaged in different culture media supplemented with 10% fetal

bovine serum, as described previously [36].

Bisulfite sequencing PCR (BSP) analysis
BSP analysis was performed, as previously described [37,38].

Briefly, genomic DNAs from primary and metastatic EOC tumor

specimens were isolated using the Qiagen DNeasy Blood and

Tissue Kit. Bisulfite modification of genomic DNAs was done

using the Methyl Detector kit (Active Motif, Carlsbad, CA). For

BSP, a 285-bp fragment was amplified using primer pairs specific

for bisulfite-modified sequences but not harboring CpGs, located
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at nt 22816 (GGTTTGGTTAAATGGGTTT) to nt 22531

(ACCCTTCCTCCATACACTACTC) upstream of the RUNX2

transcription start (ATG) codon. BSP primer selection was

performed using the Methyl Primer Express Software v1.0

(Applied Biosystems). PCR was done for 35 cycles (94uC, 30 s;

60uC, 50 s; 72uC, 1 min). PCR products were sent for dideoxy-

sequencing analysis at the Genomics Analysis Platform at Laval

University (http://www.bioinfo.ulaval.ca/seq/en/).

Tissue microarrays (TMAs) construction and
immunohistochemistry (IHC)

TMAs were constructed, as previously described [39]. Briefly,

one representative block of each ovarian tumor and normal

ovarian tissue was selected for the preparation of the tissue arrays.

Three 0.6 mm cores of tumor were taken from each tumor block

and placed, 0.4 mm apart, on a recipient paraffin block using a

commercial tissue arrayer (Beecher Instruments, Sun Prairie, WI).

The cores were randomly placed on one of two recipient blocks to

avoid IHC evaluation biases. Four micron thick sections were cut

for the hematoxylin-eosin (HE) staining and IHC analyses.

IHC was performed, as previously described [37–39]. Briefly,

4 mm tissue sections were deparaffinized and then heated in an

autoclave for 12 min to retrieve the antigenicity before blocking

with endogenous peroxidase. Following treatment with 3% H2O2

for 10 min to quench the endogenous peroxidise activity, sections

were incubated with anti-RUNX2 antibody (1:100 dilution) (Santa

Cruz Biotechnology; sc-101145) at room temperature for 2 hours.

Sections were then incubated with a biotinylated secondary

antibody (Dako, Carpinteria, CA) and then exposed to a

streptavidin complex (Dako, Carpinteria, CA). Complete reaction

was revealed by 3-39 diaminobenzidine and slides were counter-

stained with hematoxylin. RUNX2 protein expression was

assessed by semi-quantitative scoring of the intensity of staining

and recorded as absent (0), weak (1+), moderate (2+) or strong (3+).

The relationship between RUNX2 expression in serous ovarian

carcinomas and normal ovarian tissues was evaluated by the

Mann-Whitney test. A significant association was considered when

p-value was below 0.05. A Kaplan Meier curve and the log-rank

test were performed based on PFS values to test the effect of the

intensity of RUNX2 (3, 2 versus 0, 1) on disease progression.

Short hairpin RNA (shRNA) – mediated RUNX2
knockdown in EOC cells

The shRNA-mediated RUNX2 knockdown in SKOV3 and

A2780s cells was done, as previously described [37,38]. Briefly, a

RUNX2 shRNA cloned into the pLKO.1-puro vector was

retrieved from the Sigma Mission TRC human 1.5 shRNA

library (clone number TRCN0000013655). Viral supernatants

were generated by transfecting 293T cells with the shRNA

construct and the packaging vectors psPAX2 and pMD2.G

(Addgene, Cambridge, MA). The high-titer lentiviral supernatants

in the presence of 8 mg/ml polybrene were used to infect SKOV3

and A2780s cells. Two days later, infected cells were treated with

puromycin (0,5 mg/ml) for the selection of stably-transduced

clones. The pLKO.1-puro vector encoding a scramble sequence

not matching any mammalian sequence was used for the

generation of mock-transduced (control) clones. Stable clones with

inhibited RUNX2 expression were evaluated and validated by

semi-quantitative RT-PCR and Western blot.

Western blot analysis
Western blot analysis was performed as previously described

[37,38]. Briefly, protein lysates were prepared by resuspending cell

pellets in Laemmli sample buffer containing 5% b-mercaptoeth-

anol. Protein lysates were separated by 6 to 12% Tris-glycine gel

electrophoresis and transferred onto a polyvinylidene difluoride

membrane using a semi-dry apparatus (Bio-Rad Laboratories,

Hercules, CA). The membrane was blocked with 5% nonfat dry

milk in TBST (20 mmol/L Tris-HCl, 0.5 M NaCl, and 0.1%

Tween 20), incubated with the anti-RUNX2 mouse monoclonal

antibody (1:500) (Santa Cruz Biotechnology) and anti-b-actin

antibody (1:5000) (Santa Cruz Biotechnology) at 4uC overnight.

After 3615 min washes with TBST (20 mmol/L Tris-HCl, 0.5 M

NaCl, and 0.1% Tween 20) at room temperature, the membrane

was incubated with horseradish peroxidase-conjugated secondary

antibody and detected with ECL solution (Thermo Fisher

Scientific, Waltham, MA).

Cell proliferation assay using impedance measurement
with the xCELLigence system

Cell proliferation (cell index) was checked by the xCELLigence

Real-Time Cell Analyzer (RTCA) instrument, as previously

described [38]. Cells were seeded in triplicate at 26104 cells/

well in the E-Plate 16, a specialized 16-well plate used with the

RTCA instrument. Each of the 16 wells on the E-Plate 16 contains

an integral sensor electrode array so that cells inside each well can

be monitored and assayed. Cell growth was monitored for

24 hours.

Colony formation assay
Colony formation assay was performed, as previously described

[37,38]. Briefly, EOC cells were seeded at 500 cells per 60 mm

culture dish. After 14 days, the dishes were washed twice in PBS,

fixed with cold methanol, stained with Coomassie Blue (Sigma-

Aldrich) for 5 min, washed with water and air dried. The number

of colonies was determined by imaging with a MultimageTM

Cabinet (Alpha Innotech Corporation, San Leandro, CA) and

using AlphaEase Fc software.

Cell migration and invasion assays
Cell migration and invasion assay were performed, as previously

described [38]. Briefly, RUNX2 shRNA transduced, control

(scramble shRNA) and intact SKOV3 and A2780s cells were

seeded into the upper inserts of Boyden chambers (Costar,

Table 1. Patients’ characteristics.

Variable Range n/total %

Age (years) ,50 18/130 14.0

50–69 66/130 50.9

.70 46/130 35.1

Median age 64

Tissue/tumor type Normal 13/130 10.0

LMP 13/130 10.0

High-grade 52/130 40.0

OM 52/130 40.0

Stage III (A, B and C) 69/130 53.0

IV 30/130 23.0

PFS (months)* 0–6 43/99 43.4

7–24 35/99 35.4

.25 21/99 21.2

*Extended follow-up, including PFS values, were available for 99 patients.
doi:10.1371/journal.pone.0074384.t001
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Cambridge, MA) in 0.1% FBS containing medium at a density of

2.56104 per well, and 600 ml of 1% FBS containing medium was

placed in the lower chamber as a chemoattractant. After 24 h at

37uC in 5% CO2, the cells were fixed with cold methanol and

stained with trypan blue solution. Cells on the upper surface of the

filter were removed with cotton buds. Migrated cells on the

underside of the filter were photographed and counted by phase

contrast microscopy, by selecting 10 random fields per filter (at

magnification640). The experiments were performed in triplicate.

Cell invasion was assayed in a similar way, as the 5-mm pore

polycarbonate filters were coated with 40 ml of MatrigelTM at

concentration of 0.5 mg/ml (BD Biosciences, Franklin Lakes, NJ).

Here, 600 ml of NIH3T3 conditioned medium was added in the

lower chamber as a chemoattractant. Differences between

shRNA-RUNX2-transfected, vehicle-transfected and intact

SKOV3 or A2780s cells were determined by a Student’s t-test,

where p,0.05 was considered significant.

Flow cytometry
Flow cytometry analysis was performed, as previously described

[38]. Briefly, 7.56104 SKOV3 cells were treated with 20 mM

hydroxyurea (Sigma) for synchronization at the G1/S boundary.

After 16 hours of incubation, cells were washed once with PBS,

and resuspended in 1 ml of complete media (time 0). Then, cells

were harvested by trypsinization at 0, 3, 6, 9, 24 and 48 h, washed

three times with PBS, and fixed with ice–cold 95% ethanol

overnight. Cells were washed with PBS (36) and incubated with

propidium iodide (50 mg/ml) (Sigma) in the dark at room

temperature for 30 min. Flow cytometric analysis was performed

on a Beckman Coulter EPICS XL-MCL analyzer. The cell cycle

phase distribution was calculated from the resultant DNA using

the cell QuesPro software.

MTT (cytotoxicity) assay
The MTT cell proliferation assay (Sigma, St-Louis, MS, USA)

was used to measure the cell growth inhibition effects of cisplatin

and paclitaxel in SKOV3 cell clones suppressing RUNX2, as

previously described [37]. Briefly, cell suspensions (at 26104 cells/

ml) were transferred to 96-well plates in triplicates and incubated

for 3 days with different drugs’ concentrations (ranging between

1 nM and 100 mM). Then, 38 ml of 3-[4,5-dimethylthiazol-2-yl]-

2,5-diphenyl-tetrazolium bromide (MTT, 5 mg/ml) was added to

each well 4 h before the end of the incubation. After centrifugation

and removing the supernatant, 200 mL of dimethyl sulphoxide

(DMSO) were added to resolve the crystals and the optical density

was measured by microplate reader at 595 nm.

Gene expression profiling and data analysis
Gene expression analysis was carried out as previously described

[36]. Briefly, total RNA was extracted from the shRNA-RUNX2

knockdown clone (cl-sh3) and the corresponding control (mock-

transfected) SKOV3 clone. The quality of the RNA samples was

examined by capillary electrophoresis using the Agilent 2100

Bioanalyzer (Agilent, Palo Alto, CA). Fluorescently labeled cRNA

targets were generated from 0.5 mg of total RNA from each

corresponding SKOV3 cell clone, using the Fluorescent Linear

Amplification Kit (Agilent) and 10.0 mM Cyanine 3- or 5-labeled

CTP (PerkinElmer, Boston, MA), and following user’s manual.

Cyanine labeled cRNA from the clone suppressing RUNX2 (cl-

sh3) was mixed with the same amount of reverse-color cyanine-

labeled cRNA from the corresponding control clone and

hybridized on the Agilent Whole Human Genome microarrays,

containing 44,000 genes. Array hybridization, washing, scanning,

data extraction and analyses were performed as previously

described [36]. Network analysis of the microarray data was

completed using the Ingenuity Pathway Analysis (IPA) software

(see http://www.Ingenuity.com). The microarray data have been

deposited to GEO database with accession number GSE46477.

Semi-quantitative duplex RT-PCR (sqRT-PCR)
Analysis of RUNX2 gene expression in stable RUNX2

knockdown clones (shRNA-RUNX2) and the corresponding

mock-transfected SKOV3 and A2780 clones was performed by

sqRT-PCR as previously described [36,38]. The 18S ribosomal

RNA gene was used as an internal standard. Comparative signal

intensity was evaluated using the ImageJ software (http://rsb.info.

nih.gov/ij/). Primers were designed for these loci with the

sequences freely available from the Entrez Nucleotide database

and the Primer3 algorithm for primer design (http://www-

genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi).

Quantitative PCR (qPCR)
For quantitative PCR validation of the gene erxpression data,

total RNA was extracted by RNeasy Plus Mini Kit (QIAGEN) and

cDNA was obtained by qScriptTM cDNA SuperMix (Quanta

BioSciences, Inc.). Primers were designed for these loci with the

sequences freely available from the Entrez Nucleotide database

and the Primer3 algorithm for primer design (http://www-

genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi). The

primers used for qPCR validation are listed in Table 2. PerfeCTaH
SYBRH Green FastMixH (Quanta BioSciences, Inc.) was used used

according to manufacturer’s instructions. PCR reactions were

performed on Rotor-Gene RG-3000 Real Time PCR System

(GoIndustry DoveBid. com), with endogenous control 18S

ribosomal RNA. PCR volume was 20 mL (36-well plate), and

conditions were as follow: initial cycle 50uC, 2 min, 95uC, 15 min;

45 cycles at 95uC, 20 s , 60uC, 20 s and 72uC 20 s; final cycle

72uC 30 s . Data were analyzed by the Rotor-Gene software using

the comparative DDCt method. The relative copy number was

calculated based on the target gene/18S RNA ratio.

Results

Analysis of RUNX2 protein expression and DNA
methylation status in serous EOC tumors

Previously, we have identified the RUNX2 gene as hypomethy-

lated and overexpressed in post-CT PCCs, derived from two

Table 2. Primers for Quantitative PCR (qPCR).

Gene Forward Reverse

PCDH9 ATGGCAACTCTGATCCCAAC CGGTCATTGAACTGGTTCCT

DEFB1 TGAGAACTTCCTACCTTCTGCTG GGTCACTCCCAGCTCACTTG

TRPM8 CAAGTGTTGCTGCAAGGAGA GAGGTGTCGTTGGCTTTTGT

MMP13 TGCAGCTGTTCACTTTGAGG TGACGCGAACAATACGGTTA

MMP1 CTACACGGATACCCCAAGGA AACTTTGTGGCCAATTCCAG

IL1A CAGTGCTGCTGAAGGAGATG AACAAGTTTGGATGGGCAAC

CXCL12 AGAGCCAACGTCAAGCATCT CAGAGCTGGGCTCCTACTGT

ALDH1A1 GCATTGCCAAAGAGGAGATT CACTTACCACGCCATAGCAA

CFH TGGAAGATGGGATCCAGAAG TGAGGTGGTTGTGAACATGG

TUBB1 CGAAGGGATGGACATAAACG TCCTCCGTGACCTCTTCATC

18S RNA AACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG

doi:10.1371/journal.pone.0074384.t002
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serous EOC patients, when compared to matched PCCs, obtained

prior to CT [9]. Here, we further evaluated RUNX2 protein

expression by IHC in serous EOC tumors and ovarian normal

tissue samples, using TMAs. Our TMAs included triplicate cores

of 117 serous EOC tumors, including 13 LMP tumors, 52 high-

grade tumors and 52 omental metastases. Thirteen normal ovarian

tissue samples and 13 uterine smooth muscle tissues were also

included as controls. Table 1 shows the major clinical character-

istics of these patients for whom extensive follow-up clinical data

(up to 5-years) were available. The patient’s age ranged from 41 to

83 years (median: 64 years). High-grade tumors were mainly grade

3 (99%) and stage III (80%). The majority of patients (87%)

received a combination of platinum and paclitaxel. The median

baseline CA125 was around 800 U/ml. Forty-three percent of the

patients had a progression or a recurrence within the first 6

months of follow-up; for 35.4% of the patients the progression-free

survival (PFS) interval was in the range of 7 to 24 months, and

21.2% of the patients displayed PFS values higher than 25 months

(see Table S1 for detailed clinicopathological characteristics).

Surprisingly, RUNX2 displayed significantly higher expression

not only in metastatic tissues (n = 52), but also in 13 LMP and 52

high-grade primary tumors, when compared to 13 normal ovarian

tissue samples or 13 normal tissues of other origin (uterine smooth

muscle; see Figure 1 and Table S4). Kaplan–Meier survival curves

based on RUNX2 expression analyses in cohort of 52 high-grade

serous ovarian adenocarcinoma patients displayed no association

with PFS (see Figure S1).

We also validated the RUNX2 methylation status in primary

tumors and omental metastases. BSP analysis was performed

targeting a 285 bp DNA fragment of the proximal promoter (P2)

region of RUNX2 gene, stretching between nt 22816 to 22531

upstream of the ATG (start) codon of RUNX2 isoform 3, and

containing 12 putative CpG methylation targets (Figure 2; see also

Figure S2 for RUNX2 gene structure in relation to these CpG

sites). As seen in Figure 2, the BSP analysis displayed no specific

RUNX2 hypomethylation in metastatic tissues, compared to

primary EOC tumors. These findings suggest that the DNA

hypomethylation has no impact on RUNX2 expression in

advanced (metastatic) stage of the disease. No differences were

also observed when comparing RUNX2 methylation status

between primary EOC tumors and normal ovarian tissue samples

(see Figure S3).

Phenotype analysis of RUNX2 suppression in EOC cells:
possible implications in EOC cell proliferation, migration
and invasion

Next, we verified whether shRNA-mediated RUNX2 gene

knockdown could produce any cancer-related phenotypic changes

in EOC cells. We tested several EOC cell lines for endogenous

RUNX2 expression by sqRT-PCR and Western analysis (see

Figure S4). Among these, the SKOV3 and the A2780s cell lines

displayed strong RUNX2 expression and were further used to

generate stable RUNX2 knockdown clones using the shRNA

approach. Clone selection for further analyses was based on sqRT-

Figure 1. Analysis of RUNX2 expression in serous EOC tumors by IHC. A. Representative IHC images of RUNX2 protein expression in uterine
smooth muscle tissues (SMT), normal ovarian tissues (ONT), LMP tumors, high-grade (HG) tumors and omental metastases (OM). B. Box-plot
presentation of RUNX2 protein expression levels in SMT, ONT, LMP tumors, HG tumors and OM tumors. See Table S4 for statistical analyses.
doi:10.1371/journal.pone.0074384.g001
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PCR and Western blot validation of the RUNX2 gene/protein

expression in selected clones, compared with non-silencing -

transfected clones. Among the clones analyzed, the SKOV3

shRNA-RUNX2 knockdown clones 3 (cl-sh3) and 6 (cl-sh6) and

the A2780s clones sh1 and sh2 displayed significant decrease of

RUNX2 mRNA and protein expression levels compared to the

mock-transfected control (see Figure 3 and Figure S5) and were

selected for further analyses.

We investigated the impact of RUNX2 gene suppression on

SKOV3 cell proliferation, cell cycle control, migration, invasion

and sensitivity to cisplatin and paclitaxel (drugs, conventionally

used for first-line EOC CT). The RUNX2 gene knockdown led

to a sharp decrease of the number of viable adherent cells

(represented by cell index), compared to control cells (Figure 4A).

This observation was further supported by the colony formation

assay showing that the numbers of clones formed by cells with

stably reduced RUNX2 expression were significantly lower than

that of control cells (Figure 4B). Taken together, our observa-

tions strongly indicate an influence of RUNX2 transcripts on

EOC cell proliferation and further on their propensity to form

colonies. Moreover, RUNX2 suppression significantly inhibited

both migration and invasion of SKOV3 cells. As shown in

Figure 5A and 5B, the numbers of SKOV3 cells that passed

through the filter using shRNA clones 3 and 6 were remarkably

less than that in the control clone, which is indicative for a role

for RUNX2 in the regulation of invasion and migration in

EOC. Similar results were obtained upon RUNX2 knockdown

in A2780s cells (see Figure S5).

Finally, RUNX2 suppression had no significant impact on

SKOV3 cell cycle control and cisplatin and paclitaxel sensitivity

(see Figures S6 and S7).

Molecular mechanisms of RUNX2 action in EOC cells
To better understand the molecular mechanisms of RUNX2

action in EOC cells, we employed the Agilent Whole Human

Genome microarrays, containing ,44,000 genes to identify global

gene expression changes upon RUNX2 suppression in SKOV3

cells. We compared the gene expression of the shRNA- RUNX2-

clone 3 (cl-sh3) against the corresponding control clone. (Clone 3

was selected for the microarray experiments, since it displayed

more profound inhibitory effects on SKOV3 proliferation,

migration and invasion, compared to shRNA- RUNX2-clone 6:

see Figs. 4 & 5). All microarray experiments were performed in

duplicates, as two hybridizations were carried out for the RUNX2-

suppressing cell clone against the corresponding control, using a

fluorescent dye reversal (dye-swap) technique. For each compar-

ison, a subset of differentially expressed genes was selected

displaying at least 2-fold difference in both duplicate microarray

Figure 2. BSP analysis of the methylation status of RUNX2 in grade 3 primary serous EOC tumors compared to omental metastases.
Filled circles represent methylated CpGs and open circles represent unmethylated CpGs. CpG plot of the analyzed region is also presented (CpGs are
displayed with vertical marks). The indicated positions on the CpG plot represent the number of nucleotides stretching upstream of the first exon of
the RUNX2 gene.
doi:10.1371/journal.pone.0074384.g002
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experiments. Using these selection criteria, we found 87 genes

to be upregulated and 251 genes to be downregulated in

SKOV3 cells following RUNX2 knockdown, as the RUNX2

gene displayed 3.36-fold suppression in the shRNA-RUNX2

clone 3 (cl-sh3), compared to the corresponding control (Table

S2). Table 3 shows a list of selected functionally related

groups of genes that were differentially expressed ($2-fold) in

SKOV3 cells upon RUNX2 knockdown. As seen from

Table 3, genes with previously shown implication in mech-

anisms of metabolism, cell growth & proliferation, regulation

of transcription, signal transduction, transport and immune &

inflammatory response were predominantly or exclusively

suppressed, while RUNX2 knockdown was related with the

induction of genes, mostly associated with cell morphology

and apoptosis. Table S2 shows the complete list of the

differentially expressed genes ($2-fold) following RUNX2

knockdown in SKOV3 cells.

Pathway and network analyses, generated through the use of the

IPA software confirmed the major functionally related gene groups,

found to be differentially expressed in the shRNA-RUNX2-cl3

clone. As seen from Figure 6, pathways implicated in cellular

morphology, cell death and survival and cell-to-cell signaling and

interaction were predominantly upregulated (Figure 6A), while

pathways linked to carbohydrate and lipid metabolism, cell growth

and proliferation, molecular transport, cellular movement and gene

expression were mostly suppressed (Figure 6B).

Common networks obtained upon merging the top-scoring

networks recognized some important gene nodes and genes that

are specifically up- or downregulated upon RUNX2 suppression

in SKOV3 cells (Figure 7). Thus, genes and associated interaction

Figure 3. Analysis of RUNX2 expression in SKOV3 cells. A. Semi-quantitative duplex RT-PCR analysis of RUNX2 mRNA expression levels in the
shRNA-RUNX2 clones 3 and 6, compared to the mock-transfected control clone. Displayed are images of representative results following sqRT-PCR
analysis. The 18S ribosomal RNA gene was used as internal standard. B. Western-blot analysis of RUNX2 protein expression in the shRNA-RUNX2
clones cl-sh3 and cl-sh6, compared to the mock-transfected clone (ctrl). b-actin was used as a loading control. C. Densitometric analysis of RUNX2
mRNA/protein expression levels in the clones sh3 and sh6, compared to the control. Differences between the control clone and shRNA-RUNX2 clones
were determined by a Student’s t-test. Error bars denote 6 SEM; *indicates statistical significance (P,0.05).
doi:10.1371/journal.pone.0074384.g003
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partners that were upregulated upon RUNX2 knockdown

(displayed on Figure 7A) comprised members of the ubiquitin

C (UBC) interaction network, including genes, predominantly

implicated in cell morphology (KRT17, LMNB1, MARCKS,

MYH6, PVR, SEPT9, WASF2) and apoptosis (ARHGDIA,

BCL2L1, CRYAB, CTFG, EZR, ITGB2). Major gene nodes

that were downregulated upon RUNX2 knockdown in SKOV3

cells are presented in Figure 7B; these were mostly involved in

metabolism (MMP1, MMP13, PTGS1/COX1/COX1), cell

growth & proliferation (GADD45A, DDIT3, FGF2, IL1A),

regulation of transcription (ATF3, ATF4, RUNX2), signal

transduction (Creb, TRIB3, Sapk), immune & inflammatory

response (CEBPB, C/ebp, SELE) and ubiquitination

(UBQLN1).

Validation of microarray findings with quantitative PCR
(qPCR)

To validate microarray results, we arbitrarily selected 10

differentially expressed genes and quantified their expression by

qPCR in SKOV3 cells following shRNA-RUNX2 knockdown

compared to control (vehicle transfected) SKOV3 cells. Figure 8

summarizes the gene expression measurements of all validated

genes. We found that both methods (microarray analysis and

qPCR) detected similar patterns for the up- and down-regulated

genes selected for validation.

RUNX1 and RUNX2 use distinct molecular mechanisms to
promote ovarian cancer cell proliferation, migration and
invasion

Our functional analyses were strongly indicative for similar roles

of RUNX1 and RUNX2 in EOC progression, including

implication in EOC cell proliferation, migration and invasion

(see [25] and the data above). This prompted us to compare the

microarray data obtained upon RUNX1 and RUNX2 knockdown

in SKOV3 cells in order to get insight of the specific and/or

common mechanisms of RUNX1/RUNX2 action in EOC. Venn

diagram comparison analyses were indicative for negligible

number of commonly overexpressed or suppressed genes following

RUNX1 and RUNX2 suppression (Figure 9A). This was further

confirmed by clustering analysis, as following filtering on 2-fold

signal intensity, we used one-way ANOVA parametric test (Welch

t-test; variances not assumed equal) to select discriminatory genes.

Indeed, t test with p-value cutoff of 0.05 selected 95 genes for

which expression differed in shRNA-RUNX1 SKOV3 cell clones

compared to shRNA-RUNX2 SKOV3 cell clones. Clustering

analysis based on the 95-genes list was performed using the

standard Condition Tree algorithm provided in GeneSpring, and

revealed formation of two major cluster groups that clearly

distinguish SKOV3 cells upon RUNX1 and RUNX2 knockdown

(Figure 9B). Fifty two genes from the 95-genes list were relatively

downregulated in SKOV3 cells upon RUNX2 knockdown

Figure 4. ShRNA-mediated knockdown of the RUNX2 expression in SKOV3 cells. A, effect on cell proliferation; B, Representative images of
colony forming assays following RUNX2 knockdown. Error bars denote 6 SEM; *indicates statistical significance (P,0.05).
doi:10.1371/journal.pone.0074384.g004
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compared to RUNX1 knockdown, as major functional classifica-

tions of these genes predominantly include metabolism, cellular

development and cell signaling (Figure 9C). Genes, mostly

downregulated in shRNA-RUNX1 clones when compared to

shRNA-RUNX2 cell clones were mainly involved in cellular

movement, cell cycle control and molecular transport (Figure 9D).

The 95-genes list is presented in Table S3.

However, we cannot completely exclude some common

mechanisms of RUNX1/RUNX2 action in EOC cells, since both

RUNX1 and RUNX2 knockdown leads to the suppression of the

pro-metastatic gene p8/NUPR1 [40,41], as well as the downreg-

ulation of genes (MMP1, MMP19, PTGS1/COX1) with proven

role in EOC progression and dissemination [42–44].

Discussion

RUNX proteins have been demonstrated to play positive and

negative roles in carcinogenesis according to different cancer types

[11]. The RUNX2 gene, also known as CBF, runt domain, a-

subunit 1, CBFA1, AML3, or OSF2, is a lineage-specific

transcription factor and the human homolog of mouse PEBP2A

[45]. During embryonic development, RUNX2 is involved in the

process of bone formation or osteogenesis [14]. In carcinogenesis,

RUNX2 acts as a master regulator of disease progression, and was

shown to be strongly implicated in the development of osteosar-

coma [46]. In addition, overexpression of RUNX2 has also been

identified in several human malignancies, including lymphoma/

leukemia [26], bone [27], breast [28], prostate [29], thyroid [30]

and pancreatic cancers [31]. Similarly, overexpression of RUNX2

has been reported in EOC tissues compared with normal ovarian

tissues, and its upregulation was closely related with the clinical

stage and poor prognosis of EOC patients [32]. In most of these

studies, RUNX2 was functionally associated with tumor invasion

and metastasis. Indeed, Akech et al. [29] indicated that RUNX2 is

associated with prostate cancer bone metastasis and maybe a

potential therapeutic target to block prostate cancer cells ability for

tumor growth and metastatic lesions formation in vivo. The results

of Niu et al. [30] group revealed that RUNX2 is functionally

linked to tumor invasion and metastasis of thyroid carcinoma by

regulating EMT-related molecules, matrix metalloproteinases and

angiogenic factors. Pratap et al. [28] found that RUNX2

expression may play important role in breast tumor cell invasion.

A recent study identified RUNX2 as a potent prognostic factor in

non-small cell lung cancer (NSCLC) patients, as RUNX2

expression was significantly correlated with NSCLC tumor

progression and metastatic capability [47].

Figure 5. Effect of RUNX2 knockdown on SKOV3 cell migration and invasion. A. Migration was assessed using Boyden-chamber assay. Cells
from the shRNA-RUNX clones 3 and 6 and the control clone were seeded into the upper chambers in 0.1% FBS containing medium at a density of
2.56104 per well, and 600 ml of 1% FBS containing medium was placed in the lower chamber as a chemoattractant. After 24 h at 37uC in 5% CO2, the
cells were fixed with cold methanol and stained with blue trypan solution. Migrated cells on the underside of the filter were photographed and
counted by phase contrast microscopy. B. Cell invasion was assayed in a similar way, as the upper chambers were coated with Matrigel. Here, NIH3T3
conditioned medium was added in the lower chamber as a chemoattractant (see Materials and Methods for details). All experiments were performed
in triplicate. For each experiment, cell number was calculated as the total count from 10 random fields per filter (at magnification 640). Differences
between shRNA-RUNX2-transfected and vehicle-transfected SKOV3 cells were determined by a Student’s t-test, where p,0.05 was considered
significant.
doi:10.1371/journal.pone.0074384.g005

Role of RUNX2 in Ovarian Cancer Progression

PLOS ONE | www.plosone.org 9 October 2013 | Volume 8 | Issue 10 | e74384



Our previous findings based on analyses in PCCs derived from

matched tumor samples obtained prior to, and following CT

treatment from two serous EOC patients, were suggestive for

RUNX2 overexpression in advanced (metastatic) EOC, which

might be due to epigenetic mechanisms, associated with DNA

hypomethylation of its putative promoter region [9]. However, in

the present study we show that the CpG island located in this

promoter region displays no significant hypomethylation in EOC

omental metastases, compared to primary serous EOC tumors.

Thus, our data point to no implication of epigenetics mechanisms

(DNA hypomethylation) in RUNX2 overexpression in metastatic

tissues. Thus, it is highly probable that the previously observed

DNA methylation differences in post-CT PCCs, when compared

to pre-CT PCCs, are due to the CT treatment. Moreover, our

IHC analyses were indicative for strong RUNX2 protein

overexpression both in grade 3 serous EOC tumors and metastatic

tissues. Interestingly, RUNX2 also displayed significantly in-

creased expression in LMP tumors, compared to normal ovarian

tissue. Normal ovarian tissue controls consistently displayed low

RUNX2 expression; minimal expression was also detected in other

human adult tissues (uterine smooth muscle).

The above findings persuaded us to investigate the functional

implication of RUNX2 in mechanisms of EOC tumorigenesis.

Our functional analyses are strongly indicative for evident

oncogenic capacity of RUNX2 in serous EOC, including its

potential role in EOC cell proliferation and cell migration/

invasion (see Figs. 4, 5 and Fig. S5). Thus, our data confirm recent

findings [28–31] suggesting that RUNX2 promotes tumor and

cancer cell growth and/or invasion/metastasis.

To better elucidate the molecular mechanisms and biological

pathways implicated in RUNX2-mediated action in EOC cells, we

used a complementary gene expression profiling using the DNA

microarray technology to monitor cellular changes in gene

expression and discover the molecular targets upon RUNX2

suppression in EOC cells. To our knowledge, the present work

represents the first effort to define global changes in gene

expression upon modulation of RUNX2 expression in cancer

cells. We analyzed both functionally related genes that were

commonly differentially expressed in SKOV3 EOC cells upon

RUNX2 knockdown. The gene expression data and consecutive

network and pathway analyses were quite confirmatory of the data

obtained by the RUNX2 functional assays. Indeed, microarray

data sustained RUNX1 correlation with EOC cell proliferation,

migration and invasion, since RUNX2 knockdown resulted in

reduced expression of genes associated with metabolism, cellular

growth & proliferation and cellular movement, while a number of

genes linked to cell death were induced (see Table 3 and Figure 6).

IPA network analysis was indicative for some important gene

nodes linked to RUNX2 suppression in EOC cells, as most of

these substantiate and/or complement the functional data

obtained. Thus, RUNX2 knockdown resulted in upregulation of

gene nodes/genes known to be implicated in apoptosis induction

or displaying TSG functions (see Figure 7A). Notably the UBC

interaction network and its members were shown to decrease in

anchorage-independent cell growth and increase apoptosis,

suggesting UBC may act as a negative regulator of skin

carcinogenesis [48]; CRYAB has been reported as a potential

TSG [49], while increased expression of BCL-XS (BCL2L1)

protein in tumors was associated with decreased proliferation and

induction of apoptosis [50,51]. Similarly, CTGF upregulation was

found to be associated with apoptosis and decrease of tumor cell

invasion [52–54]; PPM1A (PP2C) expression could induce cell

cycle arrest and apoptosis via activation of the p53 pathway [55],

and NF2 has been characterized as a TSG in different cancers

[56–58].

In parallel, upon RUNX2 knockdown, we have observed a

predominant and strong downregulation of gene nodes known

to be implicated in EOC tumorigenesis (PTGS1/COX1, FGF2,

IL1A, Sapk, C/ebp, SELE, UBQLN1, PSAT1, ALDH1A1,

GDF15, MTHFD2) [59–68], including EOC tumor invasion/

Table 3. Selected differentially expressed gene groups in SKOV3 cells upon RUNX2 knockdown.

A. Upregulated genes

metabolism BC006267, BC035691, CILP, COX7A1, COX7B, DHCR24,. DLST, GALNT14, GNTIVH, PRPS1, SORL1

signal transduction ADAM18, ANXA6, , FBXW11, GPR110, LRRC17, PDAP1, PDZK1IP1, SEPT9, WDR76, WNT6, WNT7A

cell morphology ARHGDIA, EMD, KRT17, LMNB1, LOC201175, MYH6, VIL2, WASF2

apoptosis BCL2L1, CRYAB, CTGF, EZR, JAK1, HFK4, HIST1H1C, ITGB2

regulation of transcription AY517556, EYA4, NEUROG3, ZCCHC2, ZFHX4, ZNF467

ubiquitination BC018548, CGI-301, C15orf16, RFWD3, RKHD1, TTC3

B. Downregulated genes

metabolism ACAT1, ACOX2, AK096526, ALDH1A1, ANGPTL4, ASNS, B3GALT3, BPNT1, CARS, CPE, CTH, DDX50, DHRS2, DMGDH, HSD17B12,
ISOC1, KYNU, LOC440138, MARS, MLSTD2, MMP1, MMP13, MMP19, MTHFD2, NAALADL1, PCK2, PHGDH, PPP1CB, PSAT1, PTGS1,
RBP1, SAT, SENP7, SERPINA5, SHMT2, SORD

cell growth & proliferation ADRA2A, BTG1, CLK1, CNN1, COVA1, DDIT3, EPS8, FGF2, FRMD4A, G0S2, GADD45A, GDF15, HIST1H1A, IL1A, JEM-1, KIF3B,
MORF4L2, P8, POLI, POPDC2, PRKRIR, RPS6KA5, SEPT10, SIAH1, TUBB1

regulation of transcription AF024709, ATF1, ATF4, BX538289, CMPX1, ETV5, HEY1, HLF, LOC340501, NFE2, PHLDA1, RCOR3, RUNX2, TBX15, TSC22D1, ZFP90,
ZNF140, ZNF146, ZNF22, ZNF354C, ZNF396, ZNF441, ZNF451, ZNF639

signal transduction ANTXR2, CNIH3, DSCR1, ECT2, GRINL1A, IL13RA2, MAPK9, MRFAP1, MRFAP1L1, PRKAR1A, PTGES3, RAGE, RASSF6, STC2, STMN3,
TANK, TRIB3, TXNIP, TXNRD1, UNC5B

transport FLJ35848, HRC11236, KCNE3, RBP4, SLC40A1, SLC9A9, STEAP1, STX6, TARS, TOM1L1, TRPA1, TRPM8, VPS13B

immune & inflammatory response CD48, CEBPB, CFH, , CFH, CFHL1, CFHL3, CXCL12, IF, MIG-6, NFIL3, PRKRA, PTX3, SELE, SEPP1

ubiquitination FBXO32, FBXO4, FTS, HERC3, LOC51136, RKHD2, RNF34, RNF6, TRIM4, TRIM40

doi:10.1371/journal.pone.0074384.t003
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metastasis (MMP1, MMP13, Creb) [69–71]; (see Figure 7B).

Some of these gene nodes have been shown to be functionally

involved in other cancer types, including regulation of tumor

cell proliferation (Creb, C/ebp, ATF3, ATF4) [72–75], invasion

(MTHFD2, FGF2) [76,77] and metastasis (PTGS1/COX1, E-

selectin, ATF3, FGF2, IL1A, MMP1, MMP13) [78–83]. Thus,

our data support the concept of oncogenic role of RUNX2 in

EOC, and support previous findings for its rather universal

functions in tumorigenesis, including tumor invasion and

metastasis.

Given the similar roles of RUNX1 and RUNX2 in EOC

progression (implications in EOC cell proliferation, migration and

invasion) and the fact that all three RUNX proteins recognize

common DNA sequence motifs [10], we analyzed the extent of

overlap in differentially expressed genes/functional pathways

following RUNX1 and RUNX2 knockdown in the SKOV3

ovarian adenocarcinoma cell line (analyses based on the data

presented herein and our previous findings [25]). Both the Venn

diagram comparisons, as well as gene clustering and IPA

functional analyses were indicative for distinct molecular mech-

anisms and functional pathways associated with RUNX1 or

RUNX2 implication in EOC progression (see Figure 9), although

both genes could potentially modulate the expression of some

common genes involved in EOC disease advancement and

metastasis (including MMP1, MMP19 and PTGS1/COX1, and

possibly p8/NUPR1).

In conclusion, we have shown that the RUNX2 transcription

factor is significantly overexpressed in serous EOC tumors,

Figure 6. Functional analysis for a dataset of differentially expressed genes ($2-fold) following RUNX2 suppression in SKOV3 cells.
A. Functional analysis of upregulated genes; B. Functional analysis of downregulated genes. Top functions that meet a p-value cutoff of 0.05 are
displayed.
doi:10.1371/journal.pone.0074384.g006
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including LMP tumors, compared to normal ovarian tissue. BSP

validation of the RUNX2 methylation status in primary EOC

tumors and omental metastasis were indicative for no implica-

tion of epigenetics mechanisms (DNA hypomethylation) in

RUNX2 overexpression in metastatic tissues. Further functional

analyses of RUNX2 in EOC cells pointed towards its association

with EOC cell proliferation, migration and invasion. Gene

expression profiling and consecutive network and pathway

analyses confirmed these findings, as various genes and

pathways known previously to be implicated in ovarian

tumorigenesis, including EOC tumor invasion and metastasis,

were found to be suppressed upon RUNX2 knockdown, while a

number of pro-apoptotic genes and some EOC TSGs were

found to be induced. Our data suggest that RUNX2 is possibly

implicated in EOC tumor and cancer cell growth and invasion

and could represent a potential EOC therapeutic target. The

present study also reveals that RUNX1 and RUNX2 employ

distinct molecular mechanisms in EOC tumorigenesis despite

evident similarities of their action on EOC cell phenotype and

behavior. Taken together, our data are indicative of strong

oncogenic potential of both transcription factors in EOC

progression and warrant further and more profound studies of

the functional implications of the RUNX transcription factors in

EOC tumorigenesis.

Figure 7. Network analysis of dynamic gene expression in SKOV3 cells based on the 2-fold common gene expression list obtained
following shRNA-mediated RUNX2 knockdown. A. Upregulated networks; B. Downregulated networks. The five top-scoring networks for each
cell line were merged and are displayed graphically as nodes (genes/gene products) and edges (the biological relationships between the nodes).
Intensity of the node color indicates the degree of up- (red) or downregulation (green). Nodes are displayed using various shapes that represent the
functional class of the gene product (square, cytokine, vertical oval, transmembrane receptor, rectangle, nuclear receptor, diamond, enzyme,
rhomboid, transporter, hexagon, translation factor, horizontal oval, transcription factor, circle, other). Edges are displayed with various labels that
describe the nature of relationship between the nodes: ____ binding only, R acts on. The length of an edge reflects the evidence supporting that
node-to-node relationship, in that edges supported by article from literature are shorter. Dotted edges represent indirect interaction.
doi:10.1371/journal.pone.0074384.g007

Figure 8. Quantitative PCR validation of microarray results. The
figure shows bar graphs presentation of the differential expression of
the selected genes in the shRNA-RUNX2 clone 3 (cl-sh3) compared to
the control clone. The relative copy number was calculated based on
the target gene/18S ribosomal RNA ratio. Values more than or equal to
1 represent gene upregulation and more than 1 display gene
downregulation. The analysis confirmed a higher level of PCDH9,
DEFB1 expression and lower levels of TRPM8, MMP13, MMP1, IL1A,
CXCL12, ALDH1A1, CFH, TUBB1 expressions in the cl-sh3 clone.
doi:10.1371/journal.pone.0074384.g008
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survival according to the level of RUNX2 IHC intensity
in tumor samples of 52 serous EOC patients.
(PPT)

Figure S2 Genomic structure of the RUNX2 gene, iso-
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Figure 9. Comparison of common and distinct gene expressions across the various differentially-expressed gene groups upon
RUNX1 and RUNX2 knockdown in SKOV3 cells. A. Venn diagram analyses of the differentially expressed genes upon RUNX1 and RUNX2
knockdown in SKOV3 cells. B. Hierarchical clustering based on the 95-genes list (2-fold difference in gene expression; p-value cutoff of 0.05) that
discriminates differentially-expressed genes in SKOV3 cells upon RUNX1 and RUNX2 knockdown. Red signifies up-regulation, and green signifies
down-regulation. C. IPA functional pathway analyses of genes, differentially expressed in SKOV3 cells upon RUNX1 and RUNX2 knockdown, based on
the 95-genes list generated upon the clustering analysis.
doi:10.1371/journal.pone.0074384.g009
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