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Introduction

Epithelial ovarian cancer (EOC) accounts for 4% of all cancers 
in women and is the leading cause of death from gynecologic 
malignancies.1 Despite treatment improvements, long-term sur-
vival rates for patients with advanced disease remain disappoint-
ing.2 The molecular basis of EOC initiation and progression is 
still poorly understood,3 as experimental models of ovarian can-
cer lack disease specificity.4 To establish novel therapeutic and 
diagnostic strategies against this deadly disease, it is essential to 
understand its molecular pathology.

Disruption of normal gene regulation is important for carci-
nogenesis resulting in loss or gain of genetic function. Recently, 

previously, we have identified the RUNX1 gene as hypomethylated and overexpressed in post-chemotherapy (Ct) 
primary cultures derived from epithelial ovarian cancer (eoC) patients, when compared with primary cultures derived 
from matched primary (prior to Ct) tumors. Here we show that RUNX1 displays a trend of hypomethylation, although not 
significant, in omental metastases compared with primary eoC tumors. Surprisingly, RUNX1 displayed significantly higher 
expression not only in metastatic tissue, but also in high-grade primary tumors and even in low malignant potential 
tumors. the RUNX1 expression levels were almost identical in primary tumors and omental metastases, suggesting that 
RUNX1 hypomethylation might have a limited impact on its overexpression in advanced (metastatic) stage of the disease.

Knockdown of the RUNX1 expression in eoC cells led to sharp decrease of cell proliferation and induced G1 cell cycle 
arrest. Moreover, RUNX1 suppression significantly inhibited eoC cell migration and invasion. Gene expression profiling 
and consecutive network and pathway analyses confirmed these findings, as numerous genes and pathways known pre-
viously to be implicated in ovarian tumorigenesis, including eoC tumor invasion and metastasis, were found to be down-
regulated upon RUNX1 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 RUNX1 gene in eoC progression and 
suggest that RUNX1 might be a novel eoC therapeutic target. Further studies are needed to more completely elucidate 
the functional implications of RUNX1 and other members of the RUNX gene family in ovarian tumorigenesis.
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the importance of epigenetic perturbation of gene regulation in 
cancer,5 including EOC,6 has begun to be more fully appreci-
ated. The most studied epigenetic alteration is DNA methyla-
tion, the addition of a methyl moiety to the cytosine-5 position 
within the context of a CpG dinucleotide, mediated by DNA 
methyltransferases.5 DNA methylation patterns are reset early in 
the embryogenesis and reestablished early during development. 
After that, they are thought to be relatively stable. In cancer, the 
physiological regulation of DNA methylation is disrupted, lead-
ing to drastic changes of the distribution pattern of 5-methylcy-
tosine. The heavy methylation found in the bulk of chromatin is 
reduced, while the normally unmethylated CpG islands located 
in the promoter and first exon of genes become hypermethylated. 
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following, CT treatment from two serous EOC patients 
with advanced disease. The runt-related transcription 
factor 1 (RUNX1) was among the genes identified to be 
notably hypomethylated and overexpressed in the post-
CT primary cultures.

The RUNX1 gene belongs to the RUNX gene family, 
which encodes transcription factors (including RUNX2 
and RUNX3) that bind DNA as components of the core-
binding factor (CBF) complex in partnership with the 
CBFβ cofactor.14 This complex activates and represses 
transcription of key regulators of growth, survival and 
differentiation pathways.15-17 RUNX1 is essential for 
definitive hematopoiesis, megakaryocyte maturation, 
T- and B-cell lineages and neuronal development.18 The 
prosurvival activity of RUNX1 is mediated by transcrip-
tional regulation of enzymes involved in sphingolipid 
metabolism, which may reduce intracellular long-chain 
ceramides with elevation of extracellular sphingosine 1 
phosphate.19 RUNX1 also suppresses the onset of apop-
tosis in response to exogenous tumor necrosis factor α by 
opposing activation of c-Jun-NH

2
-kinase and p38MAPK, 

keys mediators of ceramides-induced death.19

The importance of RUNX1 in hematopoiesis and 
its tumor suppressor function in leukemia are well 
established,20 although RUNX1 gene amplifications 
and gain-of-RUNX1 function mutations have been 
postulated to have leukemogenic effects.21,22 Similarly, 
recent studies in solid tumors present contrasting roles 
of RUNX1 as either a tumor suppressor or oncogene 

(reviewed in ref. 20). 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 endo-
metrial and ovarian endometrioid carcinomas.23

This prompted us to further investigate if RUNX1 expression 
is epigenetically modulated (due to DNA hypomethylation) in 
advanced EOC, and whether the RUNX1 gene is functionally 
implicated in EOC tumorigenesis, including disease progression 
and response to treatment.

Results

RUNX1 gene exhibits specific hypomethylation in serous 
EOC omental metastases compared with primary serous 
EOC tumors. Previously, we have identified the RUNX1 gene 
as hypomethylated and overexpressed in post-CT primary cell 
cultures, derived from two serous EOC patients, when compared 
with matched primary cultures, obtained prior to CT. RUNX1 
has two promoters driving the expression of three isoforms: the 
distal promoter P1 and the proximal promoter P2.20 P1 controls 
the longest isoform RUNX1c. RUNX1a is the shortest, and 
RUNX1b the most expressed form, and the proximal P2 pro-
moter drives expression of both of them (Fig. S1). Here, we have 
further validated the RUNX1 methylation status in primary 
tumors and omental metastases. BSP analysis was performed tar-
geting a 419 bp DNA fragment of the proximal promoter (P2) 

Promoter hypermethylation often leads to inactivation of differ-
ent tumor-suppressing genes and is associated with many impor-
tant pathways involved in cancer, such as DNA repair, cell cycle 
regulation, apoptosis, carcinogen metabolism, hormonal response 
and cell adherence.7 Aberrant DNA methylation is also involved 
in the development of resistance to chemotherapy (CT).8 The 
role of DNA hypomethylation in carcinogenesis is less studied. 
Recent studies have demonstrated that global decrease in the level 
of DNA methylation is related to hypomethylation of repeated 
sequences, increase in genetic instability as well as re-activation 
of proto-oncogenes and pro-metastasis genes.9

Similar to other malignancies, aberrant DNA methylation, 
including global hypomethylation of heterochromatin and local 
CpG island methylation, occurs in EOC and contributes to ovar-
ian tumorigenesis and mechanisms of chemoresistance.6 Applying 
a more global array-based technology, several studies have dem-
onstrated that DNA methylation changes in ovarian cancer 
are cumulative with disease progression and CT resistance.10-12 
Using a similar approach (methylated DNA immunoprecipita-
tion 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 impli-
cated in cancer progression, invasion/metastasis and probably 
chemoresistance.13 This observation was further confirmed when 
comparing the DNA methylation profiles of primary cell cul-
tures derived from matched tumor samples obtained prior to, and 

Figure 1. BSp analysis of the methylation status of RUNX1 in grade 3 primary 
serous eoC tumors compared with 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 in-
dicated positions on the CpG plot represent the number of nucleotides stretching 
upstream of the first exon of the RUNX1 gene.
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We investigated the impact of RUNX1 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 RUNX1 gene knockdown led 
to sharp decrease of the number of viable adherent cells (rep-
resented by cell index) compared with control cells (Fig. 4A). 
This observation was further supported by the colony formation 
assay showing that the numbers of clones formed by cells with 
stably reduced RUNX1 expression were significantly lower than 
that of control cells (Fig. 4B). Taken together, our observations 
strongly indicate an influence of RUNX1 transcripts on EOC 
cell proliferation and further on their propensity to form colo-
nies. Moreover, when compared with control clones, the shRNA-
RUNX1 clone exhibited a significant accumulation of cells in 
the G

1
 phase, with a corresponding reduction of cells in the S and 

G
2
/M phases at 0, 3, 6, 9 and 24 h, after removing hydroxyurea 

(Fig. 4C). These data indicate that RUNX1 depletion induces G
1
 

arrest and, thus, explain the drastic reduction in the proliferation 
rates of these cells observed earlier.

Additionally, RUNX1 suppression significantly inhibited both 
migration and invasion of SKOV3 cells. As shown in Figure 5A 
and B, the numbers of SKOV3 cells that passed through the filter 
using the sh-cl4 clone were remarkably less than that in the nega-
tive control (ctrl3) clone, which is indicative of a role for RUNX1 
in the regulation of invasion and migration in EOC.

Finally, RUNX1 suppression had no significant impact on 
SKOV3 cisplatin and paclitaxel sensitivity (data not shown).

Molecular mechanisms of RUNX1 action in EOC cells. To 
better understand the molecular mechanisms of RUNX1 action 
in EOC cells, we employed the Agilent Whole Human Genome 
microarrays, containing ~44,000 genes to identify global gene 
expression changes upon RUNX1 suppression in SKOV3 cells. 
We compared the gene expression of the previously selected 
clones shRNA-RUNX1 (sh-cl4) against the corresponding con-
trol clone (ctrl3). All microarray experiments were performed 

region of RUNX1 gene, stretching between nt −2,475 to −2,056 
upstream of its first exon and containing 13 putative CpG meth-
ylation targets (Fig. 1; also see Fig. S1 for RUNX1 gene structure 
in relation to these CpG sites). As seen in Figure 1, the BSP anal-
ysis displayed a trend of hypomethylation of some of these tar-
gets in metastatic tissues, compared with primary EOC tumors, 
although the difference in methylation was not significant. No 
differences were observed when comparing RUNX1 methylation 
status between primary EOC tumors and normal ovarian tissue 
samples (data not shown).

Analysis of RUNX1 expression in serous EOC tumors by 
immunohistochemistry (IHC). We further evaluated RUNX1 
protein expression by IHC in serous EOC tumors and ovarian 
normal tissue samples, using tissue microarrays (TMAs). Our 
TMAs included triplicate cores of 117 serous EOC tumors, 
including 13 low-malignant potential (LMP) tumors, 52 high-
grade tumors and 52 omental metastases. Thirteen normal ovar-
ian tissue samples were also included as controls. Table 1 shows 
the major clinical characteristics of patients for whom extensive 
follow-up clinical data (up to 5 y) were available. The age ranged 
from 41 to 83 y (median: 64 y). High-grade tumors were mainly 
grade 3 (99%) and stage III (80%). The majority of patients 
(87%) received a combination of platinum and taxol. The 
median baseline CA125 was around 800 U/ml. Forty percent 
of the patients had a progression or a recurrence within the first  
6 mo of follow-up; for 35.4% of the patients, the progression-free 
survival (PFS) interval was in the range of 7 to 24 mo, and 21.2% 
of the patients displayed PFS values higher than 25 mo (Table 1).

Surprisingly, RUNX1 displayed significantly higher expres-
sion not only in metastatic tissue, but also in LMP and high-
grade primary tumors when compared with normal tissue, as 
the expression levels were almost identical between the primary 
tumors and omental metastases (Fig. 2). These findings indicate 
that the hypomethylation of some of the CpG targets might have 
a limited, if any, impact on its expression in advanced (meta-
static) stage of the disease. Kaplan-Meier survival curves based 
on RUNX1 expression analyses in cohort of 52 high-grade serous 
ovarian adenocarcinoma patients displayed no association with 
PFS (data not shown).

Phenotype analysis of RUNX1 suppression in EOC cells: 
Possible implications in EOC cell proliferation, cell cycle con-
trol, migration and invasion. Next, we decided to verify if short 
hairpin RNA (shRNA)-mediated RUNX1 gene knockdown 
could produce any cancer-related phenotypic changes in EOC 
cells. We tested several EOC cell lines for endogenous RUNX1 
expression by sqRT-PCR and western analysis (data not shown). 
Among these, the SKOV3 cell line displayed strong RUNX1 
expression and was further used to generate stably transfected 
shRNA-RUNX1 clones. Clone selection for further analyses was 
based on sqRT-PCR and western blot validation of the RUNX1 
gene/protein expression in selected clones compared with empty 
vector-transfected clones. Among the clones analyzed, the 
shRNA-RUNX1 knockdown clone sh-cl4 displayed a signifi-
cant decrease of RUNX1 expression levels compared with the 
mock-transfected control (Fig. 3) and was selected for further 
analyses.

Table 1. patients’ characteristics

Variable Range N/Total %

Age (years) < 50 18/130 14.0

50–60 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 pa-
tients.
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gene displayed 3.48-fold suppression in the shRNA-RUNX1 
(sh-cl4) clone, compared with the corresponding control  
(Table S1). In order to investigate if some the differentially 
expressed genes represent RUNX1 direct target genes, we 
searched for human RUNX1 binding sites using the oPOSSUM 
software (www.cisreg.ca/cgi-bin/oPOSSUM/opossum).24 We 
found that almost half of both upregulated genes (140/334) and 
downregulated genes (282/607) contained at least one conserved 
RUNX1 binding site in their regulatory regions (see Table S1 
for details). Table 2 shows a list of selected functionally related 
groups of genes that were differentially expressed (≥ 2-fold) in 
SKOV3 cells upon RUNX1 knockdown. As seen from Table 2, 
genes with previously shown implication in mechanisms of cell 
growth and proliferation, cell adhesion, regulation of transcrip-
tion, metabolism and transport were predominantly suppressed, 
while RUNX1 knockdown was associated with the induction 
of apoptosis-related genes. Comparable numbers of genes func-
tionally related to cell cycle control and signal transduction were 
equally up- and downregulated following RUNX1 suppression. 
Table S1 shows the complete list of the differentially expressed 
genes (≥ 2-fold) following RUNX1 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-
RUNX1 clone. As seen from Figure 6, similar pathways were 
both induced and suppressed upon RUNX1 knockdown: these 
included pathways functionally related to cellular movement, cel-
lular growth and proliferation, cell-to-cell signaling and interac-
tion and carbohydrate metabolism. Pathways implicated in cell 

in duplicates, as two hybridizations were performed for the 
RUNX1-suppressing cell clone against the corresponding con-
trol, using a fluorescent dye reversal (dye-swap) technique. For 
each comparison, a subset of differentially expressed genes was 
selected, displaying at least 2-fold difference in both duplicate 
microarray experiments. Using these selection criteria, we found 
334 genes to be upregulated and 607 genes to be downregulated 
in SKOV3 cells following RUNX1 knockdown, as the RUNX1 

Figure 2. Analysis of RUNX1 expression in serous eoC tumors by IHC. (A) Representative IHC images of RUNX1 protein expression in normal ovarian 
tissues, LMp tumors, high-grade tumors and omental metastases. (B) Box-plot presentation of RUNX1 protein expression levels in normal ovarian tis-
sues, LMp tumors, high-grade tumors and omental metastases.

Figure 3. Analysis of RUNX1 expression in SKoV3 cells. (A) Semi-quan-
titative duplex Rt-pCR analysis of RUNX1 mRNA expression levels in the 
shRNA-RUNX1 clone sh-cl4, compared with the mock-transfected clone 
ctrl3. the 18S rRNA gene was used as internal standard. (B) Western blot 
analysis of RUNX1 protein expression in the shRNA-RUNX1 clone sh-cl4, 
compared with the mock-transfected clone ctrl3. β-actin was used as a 
loading control.
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BMP6, BMP7, FGFR2, FGFR3, Notch, NOTCH3, WNT3A, 
WNT5A, members of the AKT network), regulation of tran-
scription (DLX5, HOXA10, ID2, LEF1, MEIS1, SNAI1), cell 
growth and/or maintenance (collagen, SPARC), metabolism 
(MMP1, MMP7) and cell adhesion (CDH1). Interestingly, the 
majority of the up- and downregulated gene nodes listed above 
(including ADM, DCN, FGF2, TGF β, CD34, GADD45A, 
ATF3, IL1A, BMP4, BMP6, BMP7, FGFR3, WNT5A, DLX5, 
ID2, LEF1, MEIS1 and SPARC) represent RUNX1 direct target 
genes (Table S1).

Validation of microarray findings with semi-quantitative 
RT-PCR (sqRT-PCR). To validate microarray results, we arbi-
trarily selected nine differentially expressed genes and quantified 
their expression by sqRT-PCR in SKOV3 cells following shRNA-
RUNX1 knockdown compared with control (vehicle-trans-
fected) SKOV3 cells. Table 3 summarizes the gene expression 
measurements of all validated genes. We found that both meth-
ods (microarray analysis and sqRT-PCR) detected similar pat-
terns for the up- and downregulated genes selected for validation.

death and survival, cell signaling and cellular development were 
upregulated (Fig. 6A), while those linked to cellular assembly 
and organization, cellular function and maintenance, cell cycle, 
lipid metabolism, molecular transport and gene expression were 
mostly suppressed (Fig. 6B).

Common networks obtained upon merging the five top-
scoring networks recognized some important nodes that are 
specifically up- or downregulated upon RUNX1 suppression in 
SKOV3 cells (Fig. 7). Thus, major nodes and associated interac-
tion partners that were upregulated upon RUNX1 knockdown 
(displayed in Fig. 7A) comprised genes implicated in signal 
transduction (ADM, DCN, FGF2, SFN, TGF β), cell adhesion 
(CD34, CXCL3), cell-to-cell signaling (GJA1), cell cycle con-
trol (CCNA1, CCNB1, GADD45A), gene expression (ATF3; 
members of the RNA polymerase II network), immune response 
(IL1 network, including IL1A) and cytoskeleton formation 
(KRT5, cytokeratin). Gene nodes that were downregulated upon 
RUNX1 knockdown in SKOV3 cells are presented in Figure 7B; 
these were mostly involved in signal transduction (AR, BMP4, 

Figure 4. ShRNA-mediated knockdown of the RUNX1 expression in SKoV3 cells: (A) effect on cell proliferation; (C) effect on cell cycle control. (B) Rep-
resentative images of colony forming assays following RUNX1 knockdown.
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tumor suppressor pathways.25-28 The dysfunction of RUNX1 
is strongly correlated with hematological disorders. Indeed 
RUNX1, also known as AML1 (acute myeloid leukemia-1), has 
long been recognized as an important translocation breakpoint 
in human leukemias, with the TEL-AML1 t (12;21) fusion 
accounting for 20% of acute lymphoblastic leukemia (ALL) 
cases and the AML1-ETO t (8;21) fusion accounting for 12% of 
AMLs.17 RUNX1 is also frequently mutated in AML and myelo-
displastic syndrome,25,29,30 suggesting a tumor suppressor role of 
this gene in these malignancies. However, oncogenic functions 

Discussion

As previously demonstrated, the RUNX1 protein can activate or 
repress target gene expression depending on whether it interacts 
with a co-activator or co-repressor, and, as a consequence, it has 
displayed both oncogenic and tumor-suppressive functions in 
different cancer types.20 Thus, RUNX1 overexpression displays 
context-specific effects, inducing growth arrest or senescence 
in most primary cell types, but promoting proliferation and/or 
survival in cells expressing collaborating oncogenes or mutated 

Table 2. Selected differentially expressed gene groups in SKoV3 cells upon RUNX1 knock-down

Upregulated genes

apoptosis AMID, APG12L, EMP1, FAS, GADD45A, GULP1, HTATIP2, IER3, IL18, IL1A, INHBA, ITGB2, TC3, TLR2, TNFAIP3, TNFRSF21

cell cycle CCNB1, CDCA1, CKS2, FGF5, IL1B, IL8, SFN, TGFB2

cell adhesion ASAM, CD34, CD44, CDH18, CLDN1, CLDN3, FBLN2, ICAM2, LAMC2, NELL2, PKP2A, PODXL, TGFBI

cell growth and proliferation
ABLIM3, ADAMTS1, ANLN, AREG, C14orf151, CCNA1, CXCL1, EFEMP1, EGFL3, EPLIN, KLF4, KRT19, KRT7, KRTHA3A, LUM, NUDT6, 

TUBA1, TUBA2,. TUBGCP3, TUFT1

regulation of transcription
AML1a, ATF3, BACH1, C10orf48, C21orf7, E2F7, ESRRA, FLI1, FLJ20449, FLJ37649, FOSL1, FOXQ1, GATA5, GATA6, HPF1, IER5, 

IFI16, IRF2, KLF8, MYEF2, NFKB1, NFKBIE, NT5C, OVOL2, POLR1D, SCML1, SP5, TIGD2, VGL-3, ZNF311, ZNF582

signal transduction

ADRB2, ADORA2B, ANGPT2, ADM, DUSP10, RHDE, INPP1, RAB39B, RALA, OXTR, NMU, APBB1IP, PPP1R1B, APBB1IP, INPP4B, 
PDE1C, PDE10A, LGR7, GPRC5A, GPRC5B, GPR74, GPR110, STC2, WNT10A, DEPDC1, SH2D4A, ARF7, RAB32, ARL4, RHOJ, RAB34, 
RHOD, DLGAP1, DKK1, MDK, BIRC3, CD97, EDN1, FGF2, OPHN1, WISP2, PSG2, CEACAM7, EFCAB1, HRASLS, HRASLS2, RHOBTB3, 

S100A3, S100A4

metabolism

HERC4, BC015514, BC047030, CA2, LDLR, ALDH1A3, RBMS3, AGPAT4, ME3, PAPSS2, AADAC, CA12, CDA, CPM, GLUL, MEST, 
CD73, PLAG1, PTPRB, UAP1, UGCG, DDO, UCHL1, GDA, GALNT3, VNN1, DHRS3, GCHFR, H1F0, BCAT1, TFPI, EBP, ZNF185, GLUD2, 

DIO2, (NMNAT2, ATP11A, TMLHE, FLJ11088, NANS, SERPINB1, LOXL4, PPP1R14A, GALM, OSBPL3, RAD52B, PTE2B, ABHD7, 
NMNAT3, LOC201164, UPP1, NAV2, CMAH

transport
AP3S1, ATOX1, CFTR, CNGA1, COL17A1, COL4A4, CTHRC1, CYB5R4, CYP24A1, CYP4V2, FLJ22028, FOLR3, GJA1, IL4I1, KCTD4, 

LOC203427, LTF, NNT, RBP7, SLC22A3, SLC2A6, SLC39A8, SYTL3, Sytl4, TICAM2, TMED7, TRPC6, TRPM2, UNC13D

Downregulated genes

cell cycle APC2, BCL2, KIAA1036, LZTS1, MATK, MTSS1, SEPT4, SEPT6

cell adhesion
AB208934, ADAM23, AK021957, BAI1, BBS2, CDH1, CDH16, CDH22, CDH6, CLDN23, COL12A1, COL5A1, COL6A2, COL8A1, 

DLL1, FBLN5, FEZ1, FLRT3, FN1, GP1BB, GPR56, HMCN1, ITGB3, JAM2, KITLG, LAMC3, MBP, NID2, NLGN4X, NLGN4Y, PCDHA1, 
PCDHB11, PCDHB16, PCDHB2, PCDHB5, PCDHB6, PCDHB8, PCDHB9, RET, ROBO1, S70348, SCARF2, TLN2, TRO

cell growth and proliferation
AKR1C3, AL390129, APEG1, AR, BAI1, BST2, CD40, ChGn, CHRD, CNN1, CREG1, CSPG2, CYR61,, DMD, EPB41L1, FGFR2, FGFR3, 

FNDC1, FNDC5, GRN, IGFBP2, KIF12, KITLG, LCE1B, LTBP1, LTBP3, LTBP4, MYO10, NDRG2, NDRG4, NRP1, ODF1, P8, PDGFD, 
RUNX3, SPTBN5, SSTR2, TNFRSF11B, TRIB1, TSPAN1, TUBB3, ZFP36L2

regulation of transcription

BAPX1, BRACE3032537, CSEN, CUTL2, DLX5, DTX1, EBF3, EGR1, EIF4EBP2, EMX2, EOMES, FLJ13298, GCL, GLI1, GSC, HEXIM1, 
HEXIM2, HEY2, HLF, HOXA9, HOXC8, HSPB1, ID2, ID4, IRX3, IVNS1ABP, KIAA0518, LEF1, LHX6, LMO2, LOC392152, MAFB, MEIS1, 

NANOS1, NFATC1, NKX6-2, NPAS2, NR2F1, NR2F2, NR4A1, NUDT21, ONECUT2, OVOL1, RARB, RNASE4, RUNX1, SALF, SALL1, 
SALL2, SHOX2, SNAI1, TBL1XR1, TFCP2L1, THRA, TLE2, TLX2, TSC22D1, ZFHX2, ZFHX4, ZIM3, ZNF114, ZNF219, ZNF452, ZNF537, 

ZNF556, ZNF6

signal transduction

ANXA4, ANXA6, ARF4L, ATRNL1, AXIN2, BAI2, BMP4, BMP6, BMP7, CXXC4, D4S234E, DIRAS1, DKFZp761O1810, EYA2, GFRA1, 
GHR, GNG3, GNG4, GPM6B, GPR124, GRB14, GRCA, ITPKA, INHBB, KCNH2, KREMEN2, LPHN3, MC1R, M1, MPP1, MPP3, MMP7, 

MMP11, NUDT11, PDE3B, PDE7A, PDE8B, PIK3R3, RAB15, RASGEF1A, RASGRP3, RASIP1, RASSF2, RASSF5, RGS9, RHOBTB1, 
RRP22, RTN4R, SEMA4G, SFRP1, SH3MD1, SNTB1, SPARC, STMN3, TNNI3, VAV3, WNT3A, WNT5A, WNT6, ZD52F10

metabolism

ABLIM2, ACSL5, ADPN, ADSSL1, AK5, AKR1B1, AKR1B10, AKR1C1, ALDH2, ANK3, APOC1, ARG2, ASRGL1, AUH, C6orf68, 
CFTR/MRP, CHST6, CILP, CTONG3005648, DHDH, DHRS6, DNM3, DPYSL2, DPYSL4, DSCR1L1, EEF1A2, ENPP5, FMNL1, 

GAA, GALNAC4S-6ST, GALNT14, GAMT, GLS, GLT8D2, GPT2, GSTT2, GUCY1A2, GUCY1B3, H2AFY2, H3F3A, HGD, HMOX1, 
IMAGE:3952485, KHK, KIAA1727, LARGE, LOC389129, MAN1A1, MAN1C1, MARLIN1, MMP1, MMP15, MMP19, MMP7, MOXD1, 
NEIL1, NP, NT2NE2000392, OGDHL, PAMCI, PFKM, PGM2L1, PHGDH, PKM2, PPAP2B, PPP1R1A, PROS1, PTGS1, QPRT, RKHD3, 

SLC27A2, SMARCD3, SOD3, SRrp35, ST3GAL5, TDO2, TEKT1, TM7SF2, TMEM54, TMSL8, UGT1A6, UGT1A8

transport

ABC1, ABCC5, ACCN2, AMBP, AMPH, APOE, Apo-E, ARL7, ATP10A, ATP1B2, ATP1B4, ATP8B2, CACNA1G, CACNB4, CHRNA3, 
COL23A1, COLEC12, COX4I1, CYB5, CYP26A1, DKFZp761K0912, DNM1, ELMOD1, EMID1, FDXR, FLJ10847, FLJ31196, FXYD2, 

GFOD1, GJB2, HEMBA1007301, IBRDC2, ICA1, ITPR1, KCNC1, KCNE3, KCNJ16, KCNJ4, KCNJ8, KCNMA1, KCNQ1, KCNS3, KCTD12, 
LCN2, LRP4, MRAS, NBEA, NOX4, NUP93, PDIA2, PLACE1008629, RAB3B, RAB6B, RBP4, RIMS2, RIMS3, SCAMP5, SLC6A6, 

SLC10A4, SLC12A5, SLC26A10, SLC2A11, SLC40A1, SNIP, SYT17, SYTL1, SYTL2, TRPM4
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serous EOC tumors and metastatic tissues. However, a recent in 
silico study based on the Cancer Genome Atlas (TCGA) data 
and focused on the clinical relevance of epigenetic modifications 
of Notch superfamily genes in high-grade serous EOC identified 
a significant inverse relationship between RUNX1 methylation 
status and its mRNA expression levels.40 Moreover, patients with 
a lower RUNX1 methylation level and higher RUNX1 expres-
sion level had significantly poorer overall survival compared 
with patients with a higher RUNX1 methylation level and lower 
RUNX1 expression level. Thus, we cannot fully exclude that epi-
genetic alterations of RUNX1 expression could influence its role 
in ovarian tumorigenesis. Interestingly, RUNX1 knockdown was 
associated with downregulation of members of the Notch path-
way, including NOTCH3 (see below and Fig. 7B).

We have found a significantly higher RUNX1 expression not 
only in metastatic tissue, but also in high-grade primary tumors 
and even in LMP tumors, compared with normal ovarian tis-
sue. Normal ovarian tissues controls consistently displayed low 
RUNX1 expression; minimal expression was also detected in 
other human adult tissues (data not shown). The above find-
ings persuaded us to investigate the functional implication of 
RUNX1 in mechanisms of EOC tumorigenesis. Our functional 
analyses are strongly indicative of evident oncogenic capacity 
of RUNX1 in serous EOC, including its potential role in EOC 
cell proliferation, cell cycle control and cell migration/invasion 
(Figs. 5 and 6). Thus, our data confirm recent findings that 

for RUNX1 are also demonstrated, since RUNX1 amplification 
is associated with some cases of childhood acute ALL, as well 
as with Down syndrome-related acute megakaryoblastic leuke-
mia,31 and RUNX1 positively modulates myeloid leukemogenesis 
in animal models.32 Similarly, there is a potential RUNX1 tumor 
suppressor role in breast, intestinal and esophagus cancer;33-36 
however, RUNX1 overexpression has been associated with devel-
opment of invasive/metastatic endometrial carcinoma,37,38 and a 
recent study was indicative for the role of RUNX1 in driving can-
cer stem cell proliferation and promoting carcinogenesis in epi-
thelial tissues.39 These data warrant further studies to elucidate 
the role of RUNX1 in formation and/or progression of human 
cancers.

Our previous findings, based on analyses in primary cultures, 
derived from matched tumor samples obtained prior to and fol-
lowing CT treatment from two serous EOC patients, were sugges-
tive for RUNX1 overexpression in advanced (metastatic) EOC, 
which might be due to epigenetic mechanisms associated with 
DNA hypomethylation of its putative promoter region.13 Here, we 
have shown that the stretch of DNA sequence, located between 
nt −2,475 to −2,056 upstream of the first exon of RUNX1 iso-
forms 1a and 1b displays rather limited and non-significant hypo-
methylation in EOC omental metastases compared with primary 
serous EOC tumors, which probably has no impact on RUNX1 
expression. Moreover, our IHC analyses were indicative for 
equally strong RUNX1 protein overexpression both in grade 3 

Figure 5. effect of RUNX1 knockdown on SKoV3 cell migration and invasion. (A) Migration was assessed using Boyden chamber assay. Cells from the 
shRNA-RUNX clone (sh-cl4) and the control clone (ctrl3) were seeded into the upper chambers in 0.1% FBS containing medium at a density of 2.5 × 104 
per well, and 600 μl of 1% FBS-containing medium was placed in the lower chamber as a chemoattractant. After 24 h at 37°C 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 ×40). Differences between 
shRNA-RUNX1-transfected and vehicle-transfected SKoV3 cells were determined by a Student’s t-test, where p < 0.05 was considered significant.
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To better elucidate the molecular mechanisms and biological 
pathways implicated in RUNX1-mediated action in EOC cells, 
we used a complementary gene expression profiling using the 

RUNX1 is required for tumor and cancer cell growth and/or  
invasion/metastasis, as found for skin, head and neck, prostate, 
colon and rectal and endometrioid cancers.37,39,41,42

Figure 6. Functional analysis for a data set of differentially expressed genes (≥ 2-fold) following RUNX1 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.
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including disease progression (AR, FGFR2, FGFR3, DLX5, 
HOXA10)75-78 and EOC tumor invasion/metastasis (ID2, MPP1, 
MPP7, SNAI1, SPARK)79-82 (Fig. 7B). Our data confirm previ-
ous findings for the possible implication of RUNX1 in metal-
loproteinase-mediated invasion and metastasis in gynecological 
cancers.23 Additionally, RUNX1 suppression was associated with 
downregulation of numerous genes from the AKT pathway  
(Fig. 7B), representing one of the major oncogenic pathways 
implicated in EOC etiology.83 Thus, our findings support the 
concept of oncogenic functionality of RUNX1 in EOC carcino-
genesis. Given that all three RUNX proteins recognize common 
DNA sequence motifs, it would be important to investigate the 
role of the other members of the RUNX gene family in EOC 
cancer formation and progression. Similarly to RUNX1, the 
RUNX2 gene was also identified as hypomethylated and over-
expressed in post-CT EOC primary cultures compared with 
matched primary cultures derived prior to CT,13 and its role in 
EOC progression is currently under investigation. Moreover, 
RUNX2 was recently associated with advanced EOC progres-
sion and poor disease prognosis.84 As for the RUNX3 gene, the 
current literature data are rather contradictory, since RUNX3 
was initially recognized as an EOC tumor suppressor gene that is 
downregulated in EOC tumors due to DNA hypermethylation;85 
however, novel findings are indicative of RUNX3 overexpression 
and oncogenic function in ovarian carcinoma.86

In conclusion, we have shown that the RUNX1 transcrip-
tion factor is significantly overexpressed in serous EOC tumors, 
including LMP tumors, compared with normal ovarian tissue. 
BSP validation of the RUNX1 methylation status in primary 
EOC tumors and omental metastasis was mostly indicative for 
limited or no implication of epigenetics mechanisms (DNA hypo-
methylation) in RUNX1 overexpression in metastatic tissues. 
Consecutive functional analyses of RUNX1 in EOC cells pointed 
toward its association with EOC cell proliferation (including cell 
cycle control), migration and invasion. Gene expression profil-
ing and consecutive network and pathway analyses confirmed 
these findings, as numerous genes and pathways known previ-
ously to be implicated in ovarian tumorigenesis, including EOC 
tumor invasion and metastasis, were found to be suppressed upon 
RUNX1 knockdown, while a number of pro-apoptotic genes and 
some EOC tumor suppressor genes were found to be induced. 

DNA microarray technology to monitor cellular changes in gene 
expression and discover the molecular targets upon RUNX1 sup-
pression in EOC cells. To our knowledge, the present work rep-
resents the first effort to define global changes in gene expression 
upon modulation of RUNX1 gene expression in epithelial cancer 
cells. The gene expression data and consecutive IPA network and 
pathway analyses were quite confirmatory of the data obtained by 
the RUNX1 functional assays. Indeed, microarray data sustained 
RUNX1 correlation with EOC cell proliferation (including cell 
cycle control), migration and invasion, since RUNX1 knock-
down resulted in reduced of genes associated with cell prolifera-
tion, cell migration and cell invasion and cell cycle control, while 
inducing some pro-apoptotic genes (Table 2 and Fig. 6).

IPA network analysis was indicative for some important gene 
nodes linked to RUNX1 suppression in EOC cells, as most 
of these substantiate and/or complement the functional data 
obtained. Thus, RUNX1 knockdown resulted in upregulation 
of gene nodes known to be implicated in apoptosis induction 
(ATF3, CCNA1, CCNB1, GADD45A, IL1A, TGF β)43-50 or 
suppressing cell cycle progression and survival (CD55, SFN),51-54 
as well as gene nodes linked to suppression of cell invasion and/or 
metastasis (ADM, CXCL3, DCN, FGF2, GJA1)55-59 or increasing 
cell adhesion (CD34)60 (Fig. 7A). Among these, CCNA1, DCN, 
GADD45A and SFN have been previously recognized as poten-
tial EOC tumor suppressor genes,61-64 while increased expression 
of ADM and ATF in EOC tumors was associated with positive 
disease outcome65 and decreased tumor invasion.66 The CCNB1 
was found to be downregulated in advanced EOC,67 and GJA1 
inhibition was shown to promote EOC drug resistance.68 The 
TGFβ gene and related pathway displays a dual role in EOC, 
both promoting and inhibiting tumorigenesis.69

In parallel, upon RUNX1 knockdown, we have observed a 
predominant and strong downregulation of major gene nodes 
(including AR, BMP4, BMP6, BMP7, CDH1, DLX5, FGFR2, 
FGFR3, HOXA10, ID2, LEF1, MEIS1, MMP1, MMP7, 
members of the Notch pathway including NOTCH3, SNAI1, 
SPARC, WNT3A, WNT5A) with proven functional implication 
in EOC cellular growth and proliferation, migration, invasion 
and metastasis (Fig. 7B). All these gene nodes are also known 
to be implicated in EOC tumorigenesis (BMP4, BMP6, BMP7, 
CDH1, LEF1, MEIS1, NOTCH3, WNT3A, WNT5A),70-74 

Table 3. Semi-quantitative Rt-pCR validation of microarray data

Gene Common name Fold expression

Microarray data sqRt-pCR

CCNB1 cyclin B1 2.18 1.72

IGFBp2 insulin-like growth factor binding protein 2 −16.1 −2.41

SNAI1 snail homolog 1 (Drosophila) −2.77 −2.31

MMp1 matrix metalloproteinase 1 −13.19 −6.06

MMp7 matrix metalloproteinase 7 -44.84 −4.35

eIF4eBp2 eukaryotic translation initiation factor 4e binding protein 2 -4.31 −2.65

MCL1 myeloid cell leukemia sequence 1 −2.26 −1.38

NotCH3 notch 3 −2.13 −1.69

BCL2 B-cell CLL/lymphoma 2 −4.19 −1.89
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PCR was done for 35 cycles (94°C, 30 sec; 60°C, 50 sec; 72°C, 
1 min). PCR products were sent for dideoxy-sequencing anal-
ysis at the Genomics Analysis Platform at Laval University  
(www.bioinfo.ulaval.ca/seq/en/).

Tissue microarrays (TMAs) construction and IHC. TMAs 
were constructed as previously described.90 Briefly, one represen-
tative 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). 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.89,90 Briefly, 
4-μm tissue sections were deparaffinized and then heated in an 
autoclave for 12 min to retrieve the antigenicity before block-
ing with endogenous peroxidase. Following treatment with 3% 
H

2
O

2
 for 10 min to quench the endogenous peroxidise activ-

ity, sections were incubated with anti-RUNX1 antibody (1:100 
dilution) (Abnova Corporation) at room temperature for 2 h. 
Sections were then incubated with a biotinylated secondary anti-
body (Dako) and then exposed to a streptavidin complex (Dako). 
Complete reaction was revealed by 3,3'-diaminobenzidine, and 
slides were counterstained with hematoxylin. RUNX1 protein 
expression was assessed by semiquantitative scoring of the inten-
sity of staining and recorded as absent (0), weak (1+), moderate 
(2+) or strong (3+). The relationship between RUNX1 expres-
sion in serous ovarian carcinomas and normal ovarian tissues was 
evaluated by the Wilcoxon two-sample test. A significant asso-
ciation 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 RUNX1 (3, 2 vs. 0, 1) 
on disease progression.

Short hairpin RNA (shRNA)-mediated RUNX1 knock-
down in SKOV3 cells. We used the pSilencer 4.1 puro vector 
(Ambion) to construct a plasmid that exogenously expresses 
RUNX1-specific shRNA (RUNX1 target sequence: AAA TGC 
TAC CGC AGC CAT GAA), as described.91 SKOV3 cells were 
stably transfected with the shRNA-RUNX1 plasmid using the 
ExGen 500 transfection reagent (Fermentas Canada Inc.) and 
according to the manufacturer’s instructions. Cells were con-
secutively grown for 2 weeks in selection medium containing 
5 μg/ mL puromycin (Wisent) to isolate stable clones. Cells were 
also mock-transfected with the pSilencer 4.1 puro vector, and 
stably transfected clones were isolated as controls. Stable clones 
with inhibited RUNX1 expression were evaluated and validated 
by western blot and semi-quantitative RT-PCR.

Hence, RUNX1 is possibly required for EOC tumor and cancer 
cell growth and invasion and could represent a potential EOC 
therapeutic target. Further in vitro and in vivo studies, including 
also the other RUNX genes, are warranted to more completely 
elucidate the functional implications of the RUNX transcription 
factors in ovarian tumorigenesis.

Materials and Methods

Patients and tissue specimens. Snap frozen and formalin-fixed 
paraffin-embedded (FFPE) tissues of 117 serous EOC tumors 
were obtained at the Hotel-Dieu de Quebec Hospital. These 
included 13 borderline, or low-malignant potential (LMP) 
tumors, 52 high-grade adenocarcinomas and 52 omental metas-
tases. None of the patients received chemotherapy before surgery 
(see Table 1 for detailed clinicopathological characteristics). All 
tumors were histologically classified according to the criteria 
defined by the World Health Organization.87 The CT treatment 
was completed for all patients, and the response to treatment was 
known. Disease progression was evaluated following the guide-
lines of the Gynecology Cancer Intergroup.87 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 were derived from women subjected to 
hysterectomy with oophorectomy due to non-ovarian patholo-
gies. The study was approved by the Clinical Research Ethics 
Committee of the Hotel-Dieu de Quebec Hospital, and all 
patients signed an informed consent for voluntary participation.

Cell cultures. The EOC cell lines OVCAR3, SKOV3 and 
C13 were purchased from American Tissue Type Collection; 
OV-90, OV2008, TOV-112 and TOV-21 cell lines were a kind 
gift from Dr. Anne-Marie Mes-Masson (Montreal University), 
while A2780s and A2780cp cell lines were a kind gift from Dr. 
Benjamin Tsang (Ottawa University). The cell lines were pas-
saged in different culture media supplemented with 10% fetal 
bovine serum, as described previously.88

Bisulfite sequencing PCR (BSP) analysis. BSP analysis was 
performed, as previously described.89 Briefly, genomic DNAs 
from primary and metastatic EOC tumor specimens were isolated 
using the Qiagen DNeasy Blood and Tissue Kit. Bisulfite modi-
fication of genomic DNAs was done using the Methyl Detector 
kit (Active Motif). For BSP, a 419-bp fragment was amplified 
using primer pairs specific for bisulfite-modified sequences but 
not harboring CpGs, located at nt -2,475 (AAT TTG ATT 
TTT TTT TGG GAG A) to nt -2,056 (TCC ACT TTC TAA 
CTC TAT CCC TAA A) upstream of the RUNX1 transcription 
start (ATG) codon. BSP primer selection was performed using 
the Methyl Primer Express Software v1.0 (Applied Biosystems).  

Figure 7 (See previous page). Network analysis of dynamic gene expression in SKoV3 cells based on the 2-fold common gene expression list 
obtained following shRNA-mediated RUNX1 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, rhom-
boid, 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; →, 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.
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between shRNA-RUNX1-transfected, vehicle-transfected and 
intact SKOV3 cells were determined by a Student’s t-test, where 
p < 0.05 was considered significant.

Flow cytometry. For flow cytometer analysis, 7.5 × 104 SKOV3 
cells were treated with 20 mM hydroxyurea (Sigma) for synchro-
nization at the G

1
/S boundary. After 16 h 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 and 24 h, washed three times with PBS and fixed with 
ice-cold 95% ethanol overnight. Cells were washed with PBS 
(3×) and incubated with propidium iodide (50 μg/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) was used to measure the cell growth inhibition 
effects of cisplatin and paclitaxel in SKOV3 cell clones suppress-
ing RUNX1, as previously described.89 Briefly, cell suspensions  
(at 2 × 104 cells/ ml) were transferred to 96-well plates in triplicates 
and incubated for 3 d with different drugs’ concentrations (rang-
ing between 1 nM and 100 μM). Then, 38 μl of 3-[4,5-dimethyl-
thiazol-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 μL 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 performed as previously described.88 Briefly, total 
RNA was extracted from the shRNA-RUNX1 knockdown clone 
(sh-cl4) and the corresponding control (mock-transfected) SKOV3 
clone (ctrl3). The quality of the RNA samples was examined 
by capillary electrophoresis using the Agilent 2100 Bioanalyzer 
(Agilent). Fluorescently labeled cRNA targets were generated 
from 0.5 μg 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), and 
following user’s manual. Cyanine labeled cRNA from the clone 
suppressing RUNX1 (sh-cl4) was mixed with the same amount 
of reverse-color cyanine-labeled cRNA from the correspond-
ing control (ctrl3) 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.88 Network analysis of 
the microarray data was completed using the Ingenuity Pathway 
Analysis (IPA) software (www.ingenuity.com).

Semi-quantitative duplex RT-PCR (sqRT-PCR). Analysis of 
RUNX1 gene expression in stably transfected RUNX1 knockdown 
clones (shRNA-RUNX1) and the corresponding mock-trans-
fected SKOV3 clones was performed by sqRT-PCR as previously 
described.88 The 18S rRNA gene was used as an internal stan-
dard. Comparative signal intensity was evaluated using the ImajeJ 
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  
(www.genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi).

Western blot analysis. Western blot analysis was performed 
as previously described.89 Briefly, protein lysates were prepared 
by resuspending cell pellets in Laemmli sample buffer containing 
5% β-mercaptoethanol. Protein lysates were separated by 6–12% 
Tris-glycine gel electrophoresis and transferred onto a polyvinyli-
dene difluoride membrane using a semidry apparatus (Bio-Rad 
Laboratories). 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-RUNX1 mouse monoclonal 
antibody (1:200) (Santa Cruz Biotechnology) and anti-β-actin 
antibody (1:5,000) (Santa Cruz Biotechnology) at 4°C overnight. 
After 3× 15 min washes with TBST (20 mmol/L TRIS-HCl, 
0.5M NaCl and 0.1% Tween 20) at room temperature, the mem-
brane was incubated with horseradish peroxidase-conjugated 
secondary antibody and detected with ECL solution (Thermo 
Fisher Scientific).

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 according to the instructions of the supplier  
(Roche Applied Science and ACEA Biosciences). The xCELLi-
gence system consists of four main components: the RTCA ana-
lyzer, the RTCA DP station, the RTCA computer with integrated 
software and disposable E-plate 16. Cells were seeded in triplicate 
at 2 × 104 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 20 h.

Colony formation assay. Colony formation assay was per-
formed, as previously described.89 Briefly, SKOV3 cells were 
seeded at 500 cells per 60-mm culture dish. After 14 d, 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 imag-
ing with a Multimage™ Cabinet (Alpha Innotech Corporation) 
and using AlphaEase Fc software.

Cell migration and invasion assays. Cell migration assays 
were performed in a modified Boyden-chamber assay using a 
Transwell two-chamber insert (6.5 mm diameter) separated by 
a polycarbonate filter of 5-μm pores (Costar). shRNA-RUNX1 
transfected, control (vehicle-transfected) and intact SKOV3 cells 
were seeded into the upper chambers in 0.1% FBS containing 
medium at a density of 2.5 × 104 per well, and 600 μl of 1% 
FBS containing medium was placed in the lower chamber as a 
chemoattractant. After 24 h at 37°C in 5% CO

2
, 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 photo-
graphed and counted by phase contrast microscopy, by selecting 
10 random fields per filter (at magnification ×40). The experi-
ments were performed in triplicate. Cell invasion was assayed in 
a similar way, as the 5-μm pore polycarbonate filters were coated 
with 40 μl of Matrigel™ at a concentration of 0.5 mg/ml (BD 
Biosciences). Here, 600 μl of NIH3T3 conditioned medium was 
added in the lower chamber as a chemoattractant. Differences 
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