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To identify epigenetic-based biomarkers for diagnosis of ovarian cancer we performed MeDIP-Chip in
A2780 and Ca0OV3 ovarian cancer cell lines. Validation by Sequenom massARRAY methylation analysis
confirmed a panel of six gene promoters (ARMCX1, ICAM4, LOC134466, PEG3, PYCARD & SGNE1) where
hypermethylation discriminated 27 serous ovarian cancer clinical samples versus 12 normal ovarian sur-

face epithelial cells (OSE) (ROC of 0.98). Notably, CpG sites across the transcription start site of a potential
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long-intergenic non-coding RNA (lincRNA) gene (LOC134466), was shown to be hypermethylated in 81%
of serous EOC and could differentiate tumours from OSE (p < 0.05). We propose that this potential bio-
marker panel holds great promise as a diagnostic test for high-grade (Type II) serous ovarian cancer.

© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Ovarian cancer is a heterogeneous disease of the female repro-
ductive tract which, despite its relatively low incidence in devel-
oped countries, carries a poor prognosis as the 5th leading cause
of cancer death in women. Epithelial ovarian cancer (EOC) com-
prises 90% of all ovarian cancer cases [1]. Type I EOC primarily con-
sists of low-grade serous, mucinous, endometrioid and clear cell
subtypes, and is characterised as slow growing with intact DNA re-
pair machinery. Type II EOC, also known as high grade serous mor-
phology tumour, comprises 70% of EOC cases [2] and is characterised
by rapid growth with no identified precursor lesions and genome
instability (p53 loss) [3]. The molecular events underlying Type Il
EOC remain poorly understood and despite initial response to che-
motherapy, these tumours often recur with chemoresistance. Due
to rapid growth and non-specific clinical symptoms, EOC is typically
diagnosed at a late stage, when the tumour has spread beyond the
pelvis. Despite recent advances in surgery and adjuvant chemother-
apeutics, EOC still carries only a 40% survival rate over 5 years.
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However if diagnosed early, when the lesion is still confined to the
ovaries, EOC has a 80-90% survival rate over 5 years [4]. To over-
come the non-specific clinical manifestation of EOC and to increase
overall survival, molecular markers of preclinical or early stage EOC
tumours are required. Existing biochemical markers such as CA125
are suitable as markers for tumour recurrence, but the high false po-
sitive rate makes the test unsuitable as an EOC diagnostic marker
[5]. It is likely that a panel of molecular markers may be required
to increase the specificity of a molecular EOC test [6].

DNA methylation is an epigenetic mark that shows considerable
promise in early cancer diagnostics [7], including as a marker of
EOC [8]. Aberrant hypermethylation of CpG dinucleotides in CpG
island-associated promoters is commonly linked with gene repres-
sion and can occur early in cancer cells. Candidate genes, such as
P16, MLH1, RASSF1, PYCARD, BRCA1 and TCEAL are reported to be
hypermethylated in EOC [9-11]. However few studies to date have
identified global changes in DNA methylation in EOC [12-14].
Here, we integrated publicly available Type Il EOC expression pro-
files, comparing primary tumours to OSE, together with Type Il EOC
cell line expression and DNA methylation profiles, to identify com-
mon ovarian cancer DNA methylation lesions. We identified a no-
vel six-gene panel, where promoter methylation could
differentiate EOC from OSE. In addition, we identified a long inter-
genic non-coding (linc) RNA gene (LOC134466, also known as
ZFN300P1), that was down-regulated in EOC and the CpG island
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spanning the transcription start site was methylated in approxi-
mately 80% of serous ovarian tumours.

2. Materials and methods
2.1. Cell line, tissue and OSE collection and processing

Eight cancer cell lines derived from various subtypes of EOC (IGROV1, OV90,
SKOV3, OVCAR3, COL0316, EFO27, TOV112D and TOV21G) along with two human
immortalised OSE (HOSE 6.3 and HOSE 17.1) cell lines (Supplementary Table 2)
were obtained and cultured as described previously [15]. Cell lines were authenti-
cated by short tandem repeat polymorphism, single nucleotide polymorphism, and
fingerprint analyses and passaged for less than 6 months. Forty-six fresh frozen tis-
sue (FFT) tumour samples were obtained with informed consent from women
undergoing debulking surgery for EOC at the Royal Hospital for Women (RHW, Syd-
ney Australia), snap frozen in liquid nitrogen and stored at —80 °C. One hundred
archival formalin-fixed paraffin embedded (FFPE) tumour samples were processed
at RHW and blocks were acquired for DNA methylation analysis. A section from
each tumour sample was stained with Haematoxylin and Eosin and regions con-
taining >80% tumour were marked and the corresponding piece (10-25 mg) re-
moved, by macrodissection in the case of FFT and tissue coring with FFPE, for
DNA extraction. All tumour samples were obtained prior to any chemotherapeutic
treatment. Neoadjuvant chemotherapy was designated as an exclusion criterion.
Seventeen pathologically normal OSE were obtained with consent, by scraping
the ovary during surgery for non-ovarian gynaecological malignancies followed
by establishment of epithelial cells in culture. Cultures were evaluated for purity
by staining for high molecular weight cytokeratin to exclude stromal contamination
and maintained in culture as previously described [16]. Cell pellets from passage
three or less were processed for DNA. Experimental procedures were approved by
the Human Research Ethics Committee of the Sydney South East Area Hospital Ser-
vice, Northern Section (00/115).

2.2. Nucleic acid extraction and processing

Total RNA for RT-PCR was extracted with Qiagen RNeasy mini kit (Qiagen,
Almeda CA, USA). One microgram total RNA for RT-PCR was DNase treated (Ambion,
Austin TX, USA) and reverse transcribed using oligo dT primers (Promega, Alexan-
dria NSW Australia). Genomic DNA was extracted from tumour and OSE with Qia-
gen QiaAMP mini kits (Qiagen, Almeda CA, USA), from archival FFPE tissue with
Gentra Puregene DNA isolation kit (Qiagen) and from cell lines with the Stratagene
DNA extraction Kit (Agilent, Santa Clara CA, USA). One to two micrograms genomic
control DNA (Roche Applied Sciences, Indianapolis IN, USA) in vitro methylated DNA
(Chemicon International, Temecula CA, USA) and RNase treated cell line and tumour
DNA was bisulphite converted either using the Epitect kit (Qiagen, Almeda CA, USA)
or as previously described [17,18].

2.3. Pharmacological reactivation of methylated genes

Experiments were performed in triplicate using ovarian cancer cell lines CaOV3
and A2780, derived from poorly differentiated primary ovarian adeoncarcinomas
[19-22]. The rationale for selection was based on a screen for responsiveness to
5-aza-dC treatment including gene re-expression and cellular toxicity in multiple
EOC cell lines (data not shown). Cell lines were treated at 30% confluence with
5uM and 2.5 uM respectively (concentrations previously optimised to minimise
cellular toxicity, data not shown), with the DNA methyltransferase inhibitor 5-
aza-2'deoxycytidine (5-Aza-dC), (Sigma Aldrich, St. Louis MO, USA) for 24 h. Cells
were then expanded to 90% confluency, media changed every 24h before extracting
RNA (RNeasy, Qiagen). As a positive control, re-expression and DNA demethylation
for the methylated gene DLECT was verified by qPCR and clonal bisulphite sequenc-
ing (Supplementary Fig. 1A and B).

2.4. DNA methylation analysis

2.4.1. Sequenom massARRAY quantitative methylation analysis

T7 tagged Sequenom methylation PCR assays were designed according to Coo-
len et al. [23] for bisulphite converted DNA specificity, and tested for bias using a
thermal gradient on mixes of 50% methylated:unmethylated template. Assays were
performed in triplicate, as per conditions indicated in Supplementary Table 1, and
SYBR heat dissociation curves using ABI 7900HT to ensure appropriate amplifica-
tion. Replicates were pooled, SAP treated, reverse transcribed, cleaved and applied
to spectrochips according to manufacturer’s instructions for MALDI-TOF analysis
(Sequenom, San Diego CA, USA) and results analysed using epityper software, the
R [24] package RseqMeth [25] and Microsoft Excel™. CpG methylation levels were
averaged across the amplicon and average methylation levels greater than 25%
were called positive. Clonal bisulphite sequencing analysis was performed on se-
lected pooled Sequenom PCR products, as previously described [18].

2.4.2. Methylation specific headloop suppression PCR assay (MSH-PCR)

Methylation specific headloop suppression assay (MSH-PCR) was designed as
previously described [26], with MSH-PCR directed against CpG methylation at the
transcriptional start site (TSS), as determined by refSeq, of LOC134466 (Supplemen-
tary Fig. 2A). MSH-PCR reaction conditions were optimised to distinguish methyl-
ated from unmethylated DNA (Supplementary Fig. 2B), using fully methylated
(Chemicon International, Temecula CA, USA) and unmethylated control (OV90)
DNA. Triplicate MSH-PCRs were performed on bisulphite converted DNA, from
100 FFPE EOC and 13 EOC. The melting temperature (Tm) of the amplicon was cal-
culated from the derivative SYBR signal during a heat dissociation cycle. Samples
were considered methylated with a Tm of >78 °C as compared to the fully methyl-
ated control DNA (Supplementary Fig. 2C).

2.5. mRNA expression analysis

Total RNA from A2780 and CaOV3 cell lines, plus and minus treatment with 5-
Aza-dC was characterised on the Agilent bioanalyzer RNA nano chip (Agilent, Foster
City CA, USA) for an RNA integrity number (RIN) of >9.0, labelled and hybridised to
Affymetrix human genome U133 plus 2 GeneChips according to manufacturer’s
instructions. The GeneChip scans were analysed by GCOS (Affymetrix) and resulting
probeset intensities normalised by the robust multi-array average (RMA) method
[27]. Principle components analysis (PCA) indicated that the two cell lines’ expres-
sion profiles were distinct (data not shown). The data were normalised separately
for each cell line and robust multichip average (RMA) values for analysis were im-
ported into Genespring GX 7.3. Genes re-expressed by 5-Aza-dC were identified as
“absent” (undetectable) in all three replicate untreated samples and “present” or
“marginal” (detectable) in two of three replicate 5-Aza-dC treated samples. Unsu-
pervised hierarchical clustering was used to show that the array expression results
for genes identified as of interest were capable of distinguishing 5-Aza-dC treated
from untreated cell lines (Supplementary Fig. 3). qRT-PCR was performed in tripli-
cate using the ABI 7900HT Real-Time PCR System (Applied Biosystems, Foster City
CA, USA), under standard thermocycling with ABI Power SYBR mastermix (Applied
Biosystems), diluted cDNA. Primer sequences are shown in Supplementary Table 1.

2.6. DNA methylation profiling and analysis

Whole genome DNA methylation profiling was performed on EOC cell lines
A2780 & CaOV3 (in duplicate) and from three short-term primary cultures of nor-
mal ovarian surface epithelium samples, as previously described [28]. Briefly,
4 ng genomic DNA was fragmented to a mean fragment length of ~400 bp and
immunoprecipitation (IP) of methylated DNA was performed using a mouse anti-
5-methylcytosine MAb (Millipore, Billerica MA, USA) and enriching on protein A/
G agarose beads (Santa Cruz Biotechnology, Santa Cruz CA, USA). IP and total geno-
mic DNA were purified by phenol: chloroform extraction and subjected to whole
genome amplification (WGA) in duplicate (WGA2+, Sigma Aldrich, St. Louis MO,
USA). SYBR qPCR was performed to ensure the ratio of enrichment of methylated
DNA in the IP to input was retained through WGA (Supplementary Fig. 1C) before
amplified samples were fragmented, labelled and applied to Affymetrix whole gen-
ome promoter 1.0R tiling arrays and scanned. Array CEL files were normalised and
analysed using MAT [29] for aroma.affymetrix [30] with a smoothing window of
600 bp (Supplementary Fig. 1D). Output was visualised in the integrated genome
browser (IGB, Affymetrix) and interrogated using the Repitools package [25]. The
Repitools function ‘significancePlot’ was used to visualise averaged promoter meth-
ylation of multiple genes, whereby normalised MeDIP-Chip output at a selection of
gene promoters was averaged and compared to the output of 1000 random gene
selections of the same size. To assess the extent of copy number aberrations in
the samples, promoter tiling profiles of total DNA inputs were compared to a geno-
mic reference. Large scale copy number variations (CNV) were observed in the can-
cer cell lines, particularly the p53 mutant CaOV3 (Supplementary Fig. 4), consistent
with SNP data from the cancer genome project (http://www.sanger.ac.uk/), whereas
no large scale CNV were observed in OSE. To address the potential impact of copy
number differences on readout, all array data was normalised to inputs before com-
parisons were made between samples.

3. Results
3.2. Discovery pipeline of methylated genes in EOC

Three steps were implemented to identify aberrantly silenced
and methylated genes in EOC (Fig. 1A-C). First, to identify genes
potentially silenced by DNA methylation, genome wide epigenetic
re-expression profiles were generated for two ovarian cancer cell
lines (Fig. 1A). A2780 and CaOV3 cells were treated with DNA
methyltransferase inhibitor 5-Aza-deoxycytidine (5-Aza-dC), un-
der conditions that induce re-expression and demethylation of
the methylated gene DLEC1 (Supplementary Fig. 1A and B) and
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Fig. 1. Pipeline to identify candidate genes aberrantly silenced by methylation in Type Il EOC. (A) Identification of genes that were induced after 5-aza-dC treatment of Type Il
EOC cell lines. (B) Integration of re-expression cell line data, with publicly available data of repressed genes in HGOC relative to OSE and promoter association with CpG
islands. (C) Identification of genes using direct profiling of gene promoter DNA methylation using MeDIP-Chip. (D) Candidate genes chosen for validation as potential
methylated biomarkers of EOC. The white, orange and green shading correspond to the shading from (B) with white denoting genes displaying all three properties addressed
in (B). The orange and green shading highlight additional candidate genes that exhibited two of the three properties addressed in (B) and published evidence of a role in
cancer (additional inclusion criteria). (See above-mentioned references for further information.)

mRNA expression profiles were generated using Affymetrix whole Using these criteria we identified 947 and 1091 probesets in
genome HGU133 plus 2.0 arrays. Genes showing potential methyl- A2780 and CaOV3 respectively, that were reactivated (Fig. 1A).

ation-based silencing were identified if they were undetectable in Second, to identify potentially methylated genes that were also
the untreated cells, but re-expressed by 5-Aza-dC treatments. down-regulated in clinical EOC, we analysed publicly available
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gene annotations and mRNA expression profiles in 54 Type Il EOC
compared with 10 OSE tissue samples (>1.5 negative fold change,
corrected p-value >0.05) [31] (Fig. 1B). Genes corresponding to
the 5-Aza-dC re-expressed probesets were filtered based on align-
ment to a promoter associated CpG island [32]. The resulting gene
lists were then compared with probesets consistently down-regu-
lated in Type II EOC, in order to enrich for genes likely to have a
function in vivo. Genes displaying multiple criteria (i.e. re-ex-
pressed by 5-Aza-dC in either cell line and down regulated in
EOC and/or associated with CpG islands) formed the basis for selec-
tion of candidates for further validation.

Third, genome-wide methylation profiles were generated by
methylated DNA immunoprecipitation, followed by promoter til-
ing array analysis (MeDIP-Chip) for A2780, CaOV3 and three nor-
mal OSE samples (Fig. 1C). Direct measurement of DNA
methylation was performed on candidate genes, by MeDIP-Chip
and Sequenom massARRAY gene promoters, to assess differential
levels of DNA methylation (Supplementary Fig. 1D). Averaged pro-
moter methylation levels were plotted (—2000 bp to +500 bp rela-
tive to the transcription start site (TSS) as determined by refSeq) of
the candidate gene list versus random gene selections in the cancer
cell lines and compared to pooled OSE (Fig. 2). Both ovarian cancer
cell lines showed an increase in methylation at the TSS compared
to OSE, consistent with CpG island methylation being a hallmark
of cancer [33]. A2780 cells displayed hypermethylation at the
TSS in all genes re-expressed by 5-Aza-dC, and a modest increase
when limited to genes with CpG islands (Fig. 2A). Interestingly in
CaOV3, minimal hypermethylation was observed for 5-Aza-dC
responsive genes (Fig. 2B), suggesting that fewer genes are hyper-
methylated in CaOV3 relative to A2780.
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3.3. Validation of candidate gene methylation and expression in
multiple EOC cell lines

From the genes identified in the discovery pipeline (Fig. 1A), 21
genes that were re-expressed by 5-Aza-dC were chosen for further
evaluation as they also met at least two of the following criteria:
(1) contained a CpG island associated promoter, as determined by
the USCS genome browser (www.genome.uscs.edu, human genome
build 18); (2) were down-regulated in ovarian cancer, according to
the Bonome et al. 2005 study that compared 54 Type Il EOC and
10 OSE [31]; (3) had a potential role in cancer as ascertained from
the NCBI entrez gene reference into function (www.ncbi.nlm.nih.-
gov/gene) and PubMeth (www.pubmeth.org) (Fig. 1D). Validation
of methylation of these 21 gene promoters was performed using
Sequenom massARRAY assays on A2780 and CaOV3 DNA. Methyla-
tion states between MeDIP-Chip and Sequenom assays were com-
pared on a gene-by-gene basis and mapped relative to the TSS,
with seven examples shown in Fig. 3A (methylation of remaining
genes shown in Supplementary Fig. 5). The correlation between
the two methylation assays; MeDIP-Chip and Sequenom was as-
sessed for all 21 genes in both cell lines and was found to be
0.5604 and 0.6677 respectively (Fig. 3B). Sequenom assays con-
firmed that 16/21 (76%) genes were methylated in at least one of
the ovarian cancer cell lines. Methylation frequency of these 16
genes was then tested in an expanded cohort of three OSE, two
immortalised OSE cell lines (HOSE17.1 and HOSE6.3) and multiple
EOC subtypes, including serous (IGROV1, OV90, SKOV3, OVCAR3 &
COLO316), mucinous (EF027), endometrioid (TOV112D) and clear
cell (TOV21G) subtypes (Fig. 4A). 15/16 genes showed hypermethy-
lation in the broad panel of EOC subtypes and a lack of methylation
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Fig. 2. Methylation profiles of gene candidate lists in cancer cell lines and OSE relative to random gene selections. (A) Averaged MeDIP-Chip signals from candidate genes
identified from A2780 cells (n =947 genes re-expressed by 5-aza-dC (light grey broken line) of which either 468 have a CpG island (dark grey broken line) or 30 are

downregulated in Type I EOC versus OSE (solid black line). (B) Averaged MeDIP-Chip signals from candidate genes identified from CaOV3 cells (n

=1091 genes re-expressed

by 5-aza-dC (light grey broken line) of which either 635 have a CpG island (dark grey broken line) or 30 are downregulated in Type I EOC versus OSE (solid black Line).
Averaged MeDIP-Chip signal (y axes) of gene candidate lists over the promoter (2 kb upstream) of the TSS (x-axes) in EOC cell lines A2780, CaOV3 and OSE. Methylation
distributions of 1000 random selections of genes were plotted (grey shading) for comparison.
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Fig. 3. Validation of gene candidate methylation by Sequenom in A2780 and CaOV3 cell lines. (A) Sequenom massARRAY data for seven example candidate gene promoters in
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21 gene promoters in A2780 (top panel) and CaOV3 (bottom panel), Pearson’s correlation coefficient (r) is calculated and line of best fit is plotted (dotted line).

in normal OSE cells. SCIN was methylated in only one cancer cell line
and was omitted from further analysis. To investigate if DNA meth-
ylation was associated with gene repression, eight genes that dis-
played some methylation in the cell lines were tested by qPCR in
two immortalised OSE and eight EOC cell lines. Hypermethylation
was qualitatively associated with gene repression, as evidenced by
anegative slope in the line of best fit, for the majority of genes (ARM-
CX1, HSPA2, PEG3, PYCARD, ICAM4). However some genes (IL18 and
ZNF177) showed little association, or were already repressed (SCIN)
in nearly all cell lines (Fig. 4B).

3.4. Gene methylation in primary serous ovarian cancer and normal
tissues

Next we measured promoter methylation of the 15 genes using
Sequenom massARRAY in a panel of 19 serous EOC patient samples
(Fig. 5A). Hierarchical clustering by DNA methylation levels re-
vealed that eight of these genes (ARMCX1, ICAM4, IL18, LOC134466,
PEG3, PYCARD, SGNE1 & ZNF177) were hypermethylated in more
than one tumour (Fig. 5A). Promoter methylation levels for these
eight genes were then compared between an expanded panel of can-
cer tissue (n=27), as well as OSE (n =12), by plotting a receiver
operating characteristic (ROC), and calculating the area under the
curve (AUC) of methylation levels in cancer versus normal
(Fig. 5B). To evaluate the performance of the eight genes as a panel,

a logistic regression model was fitted to the gene methylation data.
To identify methylated genes that could potentially contribute to a
cancer diagnostic, feature selection was performed by stepwise re-
moval of the least significant gene from the model followed by anal-
ysis of variance (ANOVA). This approach revealed that methylation
of a panel of six genes (ARMCX1, ICAM4, LOC134466, PEG3, PYCARD
and SGNE1) was a potent discriminator of cancer versus normal,
with a high AUC (0.98). In addition, methylation of LOC134466 a
putative pseudogene of ZNF300, located at chromosome 5q33.1,
was identified as an individual discriminator (AUC = 0.72), indicat-
ing that this gene may be a potential new independent marker of
EOC, especially as there was no evidence of genetic deletion across
this locus in A2780 or CaOV3 (Supplementary Fig. 4B).

3.5. LOC134466 is a novel gene commonly hypermethylated in EOC

A more detailed analysis of LOC134466 methylation was per-
formed using bisulphite clonal sequencing in five EOC and four
OSE patient samples. We found an enrichment of methylation at
four CpG dinucleotides at the TSS in tumours, relative to OSE DNA
(73.6% and 10.3% respectively, chi squared p > 0.0001) (Fig. 6A). In
addition, methylation of the four CpG dinucleotides was commonly
associated with gene repression in immortalised OSE, and EOC cell
lines (Fig. 6B). LOC134466 methylation was quantified by Sequenom
massARRAY for an additional 42 cancers (comprised of DNA from 19
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FFT and 23 FFPE) and two OSE, giving a total cohort of 69 cancers and
14 OSE (Table 1). Unsupervised hierarchical clustering (Fig. 6C) re-
vealed that a high proportion (34/69, 49%) of cancers were hyperme-
thylated at these four CpG sites, relative to OSE (0/14; chi squared
13.25, p = 0.0005). Averaged CpG methylation at these sites was sig-
nificantly higher in cancers than OSE (p < 0.005, Fig. 6D) and enabled
discrimination of cancers versus OSE by ROC curve (AUC = 0.74,
Fig. 6E). To examine the potential of hypermethylation of the
LOC134466 locus for detection of ovarian cancer, we developed a
methylation specific headloop suppression assay (MSH-PCR)
[26,40], to specifically interrogate the methylation status of the four
TSS-associated CpG sites in archival formalin-fixed paraffin-embed-
ded EOC, relative to OSE (Fig. 6F and Table 2). Hypermethylation was
observed in 81% (81/100) of cancers relative to 7.7% of OSE (1/13).
Fisher’s exact test was performed in the cancer cohort of 100 pa-
tients, to investigate if DNA methylation of LOC134466 was associ-
ated with several clinicopathological parameters. LOC134466
methylation was found to not be associated with age (>65 versus
<65, p=1), stage (I+1I versus Il + IV, p=1), grade (1 versus 2 +3

p=0.58), ascites (p =0.78) or complete clinical response (no evi-
dence of residual disease and/or biochemically negative three
months later, p = 0.21).

4. Discussion

Type I EOC carries a high mortality rate due to a lack of clinical
signs and molecular markers of early stage disease. Since aberrant
DNA methylation occurs early in cancer progression and can be
readily detected in clinical samples, this modification provides
great potential for an early stage ovarian cancer biomarker [8].
However, it is becoming increasing clear that single gene markers
will be less effective in cancer detection and a panel of methylated
markers will be needed to provide increased sensitivity. In order to
uncover potential methylated biomarkers of ovarian cancer, we
employed an integrative approach that combined whole genome
methylation and gene expression profiles from ovarian cancer
cell lines with primary tissue expression profiles. Epigenetic
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re-expression profiles in cancer cell lines provide a valuable tool in
uncovering genes that are potentially repressed by promoter DNA
methylation. However, dissecting specific effects of 5-Aza-dC treat-
ment that result in DNA demethylation, from global effects of 5-
Aza-dC treatment on cellular toxicity and cell death, alterations
in chromatin [41], or secondary effects of gene reactivation can
be difficult. Limiting the re-expression lists to genes that are asso-
ciated with promoter CpG islands we reasoned would likely re-
move some, but not all, of the off-target effects of 5-Aza-dC
treatment. We therefore directly measured DNA methylation to
help identify genes silenced by DNA methylation in ovarian cancer
cells. In addition, we incorporated genes consistently repressed in
expression profiles from Type Il EOC versus OSE to uncover genes
that were commonly repressed in ovarian cancer and thus likely
to be important in EOC development. The high proportion (76%)

of genes showing hypermethylation in either or both ovarian cell
lines validated the incorporation of multiple sources of data and
filtering to discover aberrantly methylated cancer associated
genes.

Studies of single gene candidate methylation frequencies in EOC
have shown varying results [8]. Genes commonly methylated in
multiple cancers, such as BRCA1, RASSF1A and MLH1, have been
shown to be methylated in less than 50% of EOC. Fewer genes, such
as OPCML [42] and TCEAL [9], have shown methylation frequencies
in excess of 80%. The high degree of gene methylation variation ob-
served in EOC has indicated the need to identify EOC specific meth-
ylation patterns to better characterise the molecular changes
underlying the development of the disease. These changes can then
be utilised to develop early diagnostic tests. However, there is
accumulating evidence that the fallopian tube epithelium may give
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Fig. 6. Detailed analysis of LOC134466 (A) Bisulphite sequencing of LOC134466 promoter DNA from five TYPE Il EOC tumors and four OSE. Each line represents a clone with
CpG dinucleotides in circles. Open circles indicate unmethylated and closed indicate methylated. Arrow represents the TSS of the gene. (B) Expression of LOC134466 (relative
to 18S) in cell lines compared with average methylation of CpG units at the TSS of the gene. (C) Hierarchical clustering of Sequenom methylation levels at the three CpG units
(corresponding to the four CpG dinucleotides identified in A) flanking the TSS for 69 Type II EOC tumors and 14 OSE. Averaged methylation for this region is significantly
higher in tumor samples (D) as tested by Mann-Whitney U test and a low false-positive rate for cancer discrimination at high methylation levels by ROC curve (E). (F)
Percentage of samples positive for headloop suppression PCR assay designed to interrogate CpGs at the TSS for 13 OSE and 100 archival FFPE Type Il EOC samples.

rise to some Type Il EOC [43]. Therefore, to develop a diagnostic
test based on these results, more testing is required on normal tis-
sues, including cells derived from fallopian tube.

Using quantitative gene specific DNA methylation assays we
identified a novel six-gene methylation panel that could discrimi-
nate EOC from normal OSE. Interestingly, many of these genes have

previously been reported to be involved in cancer. ARMCX1 is an
armadillo repeat containing tumour suppressor gene (TSG) that is
inactivated in ovarian, bladder and colorectal cancer [34,44].
ICAM4 is an intracellular adhesion molecule capable of binding al-
pha (V) integrins and is located in a breast and prostate susceptibil-
ity locus (19q 13.2) [45]. PEG3 has previously been shown to be a
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Table1
Cohort details.
Age EOC (n = 147) OSE (n=17)
Median = 59.6 Median = 47

Range = 24-85.8 Range = 36.1-61

Characteristic Number of EOC patients

FIGO stage I/ 17
/v 130
Tumour grade G1 4
G2 58
G3 85
Ascites present at surgery 91
Complete clinical response 55

TSG with aberrant methylation changes in a small proportion of
ovarian cancers [46]. SGNE1 is a molecular chaperone protein
important in neural function and has been shown to be hyperme-
thylated in medulloblastoma [39]. PYCARD, a potent TSG has previ-
ously been shown to be methylated in ~19% of EOC [37]. These
genes are diverse in molecular function, suggesting that there
may be a cumulative effect or multiple pathways involved in
deregulation of these genes contributing to ovarian cancer patho-
genesis. By combining these genes in a methylation biomarker pa-
nel, there is the potential to improve levels of ovarian cancer
specificity, by detecting multiple molecular aberrations evident
in the disease [6].

Interestingly, we also identified a novel methylated marker
LOC134466, also known as ZFN300P1, a pseudogene of ZNF300,
which is highly expressed in normal ovary [47]. Our results demon-
strate that LOC134466 is commonly repressed in EOC, and is hyper-
methylated in the CpG island spanning the TSS in approximately
80% of ovarian cancer DNA. Furthermore, CNV analysis of the Type
Il EOC cell lines showed no evidence of genetic deletion (Supple-
mentary Fig. 4B), our results represent the first evidence of deregu-
lation of LOC134466 in cancer and shows that DNA methylation is a
potential mechanism associated with decreased RNA expressionin a
high proportion of Type Il EOC tumours. Notably, the LOC134466
transcript has been recently identified as a putative large intergenic
non-coding RNA (lincRNA), localised to the cell nuclei and is associ-
ated with targeting the epigenetic repression complexes PRC2 and
CcOREST to many genomic regions [48]. In addition, lincRNAs have
been implicated in cancer metastasis [49] and have also been shown
to mediate global gene responses to p53 [50], suggesting that meth-
ylation associated silencing of LOC134466 may be a critical step in
the oncogenic progression of a high proportion of Type Il EOC. Due
to the high frequency of hypermethylation in EOC and potential role
in carcinogenesis, further investigation is underway to elucidate the
potential role of this transcript in EOC development.

From an integrated approach to candidate discovery, we have
been able to identify a six-gene panel of potential biomarkers that
exhibit hypermethylation in Type II EOC. The biomarker panel
holds great promise to provide the basis for an early stage diagnos-
tic test, which may greatly improve outcomes for patients, how-
ever more testing is required on larger cohorts to validate its
clinical utility. Moreover, we have demonstrated that the putative
lincRNA LOC134466 is repressed and hypermethylated in a large
proportion of Type Il EOC. Due to the high level of promoter meth-
ylation of this gene in EOC, further investigation is underway to
elucidate the role of the LOC134466 non-coding RNA transcript in
ovarian cancer development and progression.

Acknowledgements

We thank Clare Stirzaker and Jenny Song for help with MeDIP
training and troubleshooting, Rebecca Hinshelwood for help with

developing and interpreting bisulphite analyses, Marcel Coolen
for scientific discussions and help with Sequenom, Warran Kaplan
for help with experimental design of re-expression arrays and
Genespring, Mark Cowley for help with flags analysis, Aaron Sta-
tham for help with R programming. This work was supported by
funding from NHMRC (S]JC), Cancer Australia Fellowship (PMO),
Cancer Institute NSW, Gynaecological Oncology Fund and an Aus-
tralian Postgraduate Award (BSG).

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.canlet.2011.12.003.

References

[1] A.Jemal, R. Siegel, E. Ward, Y. Hao, J. Xu, T. Murray, M.J. Thun, Cancer statistics,
2008, CA Cancer ]. Clin. 58 (2008) 71-96.

[2] M. Kobel, S.E. Kalloger, D.G. Huntsman, J.L. Santos, K.D. Swenerton, ].D.
Seidman, C.B. Gilks, Differences in tumor type in low-stage versus high-stage
ovarian carcinomas, Int. J. Gynecol. Pathol. 29 (2010) 203-211.

[3] C.N. Landen Jr.,, M.J. Birrer, AK. Sood, Early events in the pathogenesis of
epithelial ovarian cancer, J. Clin. Oncol. 26 (2008) 995-1005.

[4] N. Colombo, T. Van Gorp, G. Parma, F. Amant, G. Gatta, C. Sessa, I. Vergote,
Ovarian cancer, Crit. Rev. Oncol. Hematol. 60 (2006) 159-179.

[5] R. Etzioni, N. Urban, S. Ramsey, M. McIntosh, S. Schwartz, B. Reid, J. Radich, G.
Anderson, L. Hartwell, The case for early detection, Nat. Rev. Cancer 3 (2003)
243-252.

[6] L Visintin, Z. Feng, G. Longton, D.C. Ward, A.B. Alvero, Y. Lai, J. Tenthorey, A.
Leiser, R. Flores-Saaib, H. Yu, M. Azori, T. Rutherford, P.E. Schwartz, G. Mor,
Diagnostic markers for early detection of ovarian cancer, Clin. Cancer Res. 14
(2008) 1065-1072.

[7] P.A.Jones, S.B. Baylin, The fundamental role of epigenetic events in cancer, Nat.
Rev. Genet. 3 (2002) 415-428.

[8] C.A. Barton, N.F. Hacker, S.J. Clark, P.M. O’'Brien, DNA methylation changes in
ovarian cancer: Implications for early diagnosis, prognosis and treatment,
Gynecol. Oncol. 109 (2008) 129-139.

[9] J. Chien, ]. Staub, R. Avula, H. Zhang, W. Liu, L.C. Hartmann, S.H. Kaufmann, D.I.
Smith, V. Shridhar, Epigenetic silencing of TCEAL7 (Bex4) in ovarian cancer,
Oncogene 24 (2005) 5089-5100.

[10] M. Esteller, P.G. Corn, S.B. Baylin, ].G. Herman, A gene hypermethylation profile
of human cancer, Cancer Res. 61 (2001) 3225-3229.

[11] P.M. Das, R. Singal, D. NA, DNA methylation and cancer, J. Clin. Oncol. 22 (2004)
4632-4642.

[12] SH. Wei, CM. Chen, G. Strathdee, ]. Harnsomburana, C.R. Shyu, F.
Rahmatpanah, H. Shi, SW. Ng, P.S. Yan, K.P. Nephew, R. Brown, T.H. Huang,
Methylation microarray analysis of late-stage ovarian carcinomas
distinguishes progression-free survival in patients and identifies candidate
epigenetic markers, Clin. Cancer Res. 8 (2002) 2246-2252.

[13] L. Menendez, D. Walker, L.V. Matyunina, E.B. Dickerson, N.J. Bowen, N.
Polavarapu, B.B. Benigno, J.F. McDonald, Identification of candidate
methylation-responsive genes in ovarian cancer, Mol. Cancer 6 (2007) 10.

[14] C. Balch, F. Fang, D.E. Matei, T.H. Huang, K.P. Nephew, Minireview: epigenetic
changes in ovarian cancer, Endocrinology 150 (2009) 4003-4011.

[15] C.A. Barton, B.S. Gloss, W. Qu, A.L. Statham, N.F. Hacker, R.L. Sutherland, S.J.
Clark, P.M. O’Brien, Collagen and calcium-binding EGF domains 1 is frequently
inactivated in ovarian cancer by aberrant promoter hypermethylation and
modulates cell migration and survival, Br. J. Cancer 102 (2009) 87-96.

[16] D.G. Rosen, G. Yang, R.C. Bast Jr., J. Liu, Use of Ras-transformed human ovarian
surface epithelial cells as a model for studying ovarian cancer, Methods
Enzymol. 407 (2006) 660-676.

[17] SJ. Clark, A. Statham, C. Stirzaker, P.L. Molloy, M. Frommer, DNA methylation:
bisulphite modification and analysis, Nat. Protoc. 1 (2006) 2353-2364.

[18] SJ. Clark, J. Harrison, C.L. Paul, M. Frommer, High sensitivity mapping of
methylated cytosines, Nucleic Acids Res. 22 (1994) 2990-2997.

[19] J. Li, W.H. Wood 3rd, K.G. Becker, A.T. Weeraratna, P.J. Morin, Gene expression
response to cisplatin treatment in drug-sensitive and drug-resistant ovarian
cancer cells, Oncogene 26 (2007) 2860-2872.

[20] J.L. Young, E.C. Koon, J. Kwong, W.R. Welch, M.G. Muto, R.S. Berkowitz, S.C.
Mok, Differential hRad17 expression by histologic subtype of ovarian cancer, J.
Ovarian Res. 4 (2011) 6.

[21] S.P. Langdon, S.S. Lawrie, Establishment of ovarian cancer cell lines, Methods
Mol. Med. 39 (2001) 155-159.

[22] CF. Molthoff, JJ. Calame, H.M. Pinedo, E. Boven, Human ovarian cancer
xenografts in nude mice: characterization and analysis of antigen expression,
Int. J. Cancer 47 (1991) 72-79.

[23] M.W. Coolen, A.L. Statham, M. Gardiner-Garden, S.J. Clark, Genomic profiling of
CpG methylation and allelic specificity using quantitative high-throughput
mass spectrometry: critical evaluation and improvements, Nucleic Acids Res.
35 (2007) e119.


http://dx.doi.org/10.1016/j.canlet.2011.12.003

B.S. Gloss et al./Cancer Letters 318 (2012) 76-85 85

[24] R_DevelopmentCoreTeam, R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Austria, 2010.

[25] A.L. Statham, D. Strbenac, M.W. Coolen, C. Stirzaker, S.J. Clark, M.D. Robinson,
Repitools: an R package for the analysis of enrichment-based epigenomic data,
Bioinformatics 26 (2010) 1662-1663.

[26] J. Devaney, C. Stirzaker, W. Qu, J.Z. Song, A.L. Statham, K.I. Patterson, L.G.
Horvath, B. Tabor, M.W. Coolen, T. Hulf, J.G. Kench, S.M. Henshall, R. Pe Benito,
AM. Haynes, R. Mayor, M.A. Peinado, RL. Sutherland, SJ. Clark, Epigenetic
deregulation across 2q14.2 differentiates normal from prostate cancer and
provides a regional panel of novel DNA methylation cancer biomarkers. Cancer
Epidemiol. Biomarkers Prev. (2010).

[27] R.A. Irizarry, B. Hobbs, F. Collin, Y.D. Beazer-Barclay, K.J. Antonellis, U. Scherf,
T.P. Speed, Exploration, normalization, and summaries of high density
oligonucleotide array probe level data, Biostatistics 4 (2003) 249-264.

[28] M.W. Coolen, C. Stirzaker, ].Z. Song, A.L. Statham, Z. Kassir, C.S. Moreno, A.N.
Young, V. Varma, T.P. Speed, M. Cowley, P. Lacaze, W. Kaplan, M.D. Robinson,
S.J. Clark, Consolidation of the cancer genome into domains of repressive
chromatin by long-range epigenetic silencing (LRES) reduces transcriptional
plasticity, Nat. Cell Biol. 12 (2010) 235-246.

[29] W.E. Johnson, W. Li, C.A. Meyer, R. Gottardo, ]J.S. Carroll, M. Brown, X.S. Liu,
Model-based analysis of tiling-arrays for ChIP-Chip, Proc. Natl. Acad. Sci. USA
103 (2006) 12457-12462.

[30] H. Bengtsson, K. Simpson, J. Bullard, K. Hansen, aroma.affymetrix: A Generic
Framework in R for Analyzing Small to Very Large Affymetrix Data Sets in
Bounded Memory, University of California, Berkeley, 2008.

[31] T. Bonome, J.Y. Lee, D.C. Park, M. Radonovich, C. Pise-Masison, J. Brady, G.J.
Gardner, K. Hao, W.H. Wong, J.C. Barrett, K.H. Lu, A.K. Sood, D.M. Gershenson,
S.C. Mok, M. Birrer, Expression profiling of serous low malignant potential,
low-grade, and high-grade tumors of the ovary, Cancer Res. 65 (2005) 10602-
10612.

[32] M. Gardiner-Garden, M. Frommer, CpG islands in vertebrate genomes, J. Mol.
Biol. 196 (1987) 261-282.

[33] S.B. Baylin, Abnormal regional hypermethylation in cancer cells, AIDS Res.
Hum. Retroviruses 8 (1992) 811-820.

[34] LV. Kurochkin, N. Yonemitsu, S.I. Funahashi, H. Nomura, ALEX1, a novel human
armadillo repeat protein that is expressed differentially in normal tissues and
carcinomas, Biochem. Biophys. Res. Commun. 280 (2001) 340-347.

[35] C. Cui, S.W. Hao, X.W. Li, XJ. Bai, ].X. Cheng, B.E. Shan, Effects of IL-18 gene
transfection on the proliferation in vitro and tumorigenesis in vivo of mouse
ovarian cancer cell line OVHMsx, Xi Bao Yu Fen Zi Mian Yi Xue Za Zhi 24
(2008) 577-580.

[36] R. Radpour, C. Kohler, M.M. Haghighi, AX. Fan, W. Holzgreve, X.Y. Zhong,
Methylation profiles of 22 candidate genes in breast cancer using high-
throughput MALDI-TOF mass array, Oncogene 28 (2009) 2969-2978.

[37] K. Terasawa, S. Sagae, M. Toyota, K. Tsukada, K. Ogi, A. Satoh, H. Mita, K. Imai, T.
Tokino, R. Kudo, Epigenetic inactivation of TMS1/ASC in ovarian cancer, Clin.
Cancer Res. 10 (2004) 2000-2006.

[38] K.D. Sutherland, G.J. Lindeman, D.Y. Choong, S. Wittlin, L. Brentzell, W. Phillips,
1.G. Campbell, J.E. Visvader, Differential hypermethylation of SOCS genes in
ovarian and breast carcinomas, Oncogene 23 (2004) 7726-7733.

[39] A. Waha, A. Koch, W. Hartmann, U. Milde, ]J. Felsberg, A. Hubner, T. Mikeska,
C.G. Goodyer, N. Sorensen, I. Lindberg, 0.D. Wiestler, T. Pietsch, SGNE1/7B2 is
epigenetically altered and transcriptionally downregulated in human
medulloblastomas, Oncogene 26 (2007) 5662-5668.

[40] K.N. Rand, T. Ho, W. Qu, S.M. Mitchell, R. White, SJ. Clark, P.L. Molloy,
Headloop suppression PCR and its application to selective amplification of
methylated DNA sequences, Nucleic Acids Res. 33 (2005) e127.

[41] R.A. Hinshelwood, L.I. Huschtscha, ]J. Melki, C. Stirzaker, A. Abdipranoto, B.
Vissel, T. Ravasi, C.A. Wells, D.A. Hume, R.R. Reddel, SJ. Clark, Concordant
epigenetic silencing of transforming growth factor-beta signaling pathway
genes occurs early in breast carcinogenesis, Cancer Res. 67 (2007) 11517-
11527.

[42] G.C. Sellar, K.P. Watt, GJ. Rabiasz, E.A. Stronach, L. Li, E.P. Miller, C.E. Massie, J.
Miller, B. Contreras-Moreira, D. Scott, I. Brown, A.R. Williams, P.A. Bates, ].F.
Smyth, H. Gabra, OPCML at 11q25 is epigenetically inactivated and has tumor-
suppressor function in epithelial ovarian cancer, Nat. Genet. 34 (2003) 337-
343.

[43] AM. Karst, K. Levanon, R. Drapkin, Modeling high-grade serous ovarian
carcinogenesis from the fallopian tube, Proc. Natl. Acad. Sci. USA (2011).

[44] ]. Sabates-Bellver, L.G. Van der Flier, M. de Palo, E. Cattaneo, C. Maake, H.
Rehrauer, E. Laczko, M.A. Kurowski, J.M. Bujnicki, M. Menigatti, ]. Luz, T.V.
Ranalli, V. Gomes, A. Pastorelli, R. Faggiani, M. Anti, ]J. Jiricny, H. Clevers, G.
Marra, Transcriptome profile of human colorectal adenomas, Mol. Cancer Res.
5(2007) 1263-1275.

[45] S. Kammerer, R.B. Roth, R. Reneland, G. Marnellos, C.R. Hoyal, N.J. Markward, F.
Ebner, M. Kiechle, U. Schwarz-Boeger, L.R. Griffiths, C. Ulbrich, K. Chrobok, G.
Forster, G.M. Praetorius, P. Meyer, ]J. Rehbock, C.R. Cantor, M.R. Nelson, A.
Braun, Large-scale association study identifies ICAM gene region as breast and
prostate cancer susceptibility locus, Cancer Res. 64 (2004) 8906-8910.

[46] W. Feng, R.T. Marquez, Z. Lu, J. Liu, K.H. Ly, J.P. Issa, D.M. Fishman, Y. Yu, R.C.
Bast Jr., Imprinted tumor suppressor genes ARHI and PEG3 are the most
frequently down-regulated in human ovarian cancers by loss of heterozygosity
and promoter methylation, Cancer 112 (2008) 1489-1502.

[47] http://genome.ucsc.edu.

[48] A.M. Khalil, M. Guttman, M. Huarte, M. Garber, A. Raj, D. Rivea Morales, K.
Thomas, A. Presser, B.E. Bernstein, A. van Oudenaarden, A. Regev, E.S. Lander,
J.L. Rinn, Many human large intergenic noncoding RNAs associate with
chromatin-modifying complexes and affect gene expression, Proc. Natl. Acad.
Sci. USA 106 (2009) 11667-11672.

[49] R.A. Gupta, N. Shah, K.C. Wang, J. Kim, H.M. Horlings, D.]. Wong, M.C. Tsai, T.
Hung, P. Argani, ].L. Rinn, Y. Wang, P. Brzoska, B. Kong, R. Li, R.B. West, M.J. van
de Vijver, S. Sukumar, H.Y. Chang, Long non-coding RNA HOTAIR reprograms
chromatin state to promote cancer metastasis, Nature 464 (2010) 1071-1076.

[50] M. Huarte, M. Guttman, D. Feldser, M. Garber, M.J. Koziol, D. Kenzelmann-Broz,
AM. Khalil, O. Zuk, I. Amit, M. Rabani, L.D. Attardi, A. Regev, E.S. Lander, T.
Jacks, J.L. Rinn, A large intergenic noncoding RNA induced by p53 mediates
global gene repression in the p53 response, Cell 142 (2010) 409-419.



	Integrative genome-wide expression and promoter DNA methylation profiling  identifies a potential novel panel of ovarian cancer epigenetic biomarkers
	1 Introduction
	2 Materials and methods
	2.1 Cell line, tissue and OSE collection and processing
	2.2 Nucleic acid extraction and processing
	2.3 Pharmacological reactivation of methylated genes
	2.4 DNA methylation analysis
	2.4.1 Sequenom massARRAY quantitative methylation analysis
	2.4.2 Methylation specific headloop suppression PCR assay (MSH-PCR)

	2.5 mRNA expression analysis
	2.6 DNA methylation profiling and analysis

	3 Results
	3.2 Discovery pipeline of methylated genes in EOC
	3.3 Validation of candidate gene methylation and expression in multiple EOC cell lines
	3.4 Gene methylation in primary serous ovarian cancer and normal tissues
	3.5 LOC134466 is a novel gene commonly hypermethylated in EOC

	4 Discussion
	Acknowledgements
	Appendix A Supplementary material
	References


