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ABSTRACT

Many epigenetically inactivated genes involved in ovarian cancer (OC) development and
progression remain to be identified. Therefore, in this study we undertook an integrated approach
that consisted of identification of genome-wide expression patterns of primary OC samples and
normal ovarian surface epithelium along with pharmacol ogic unmasking strategy using 3 OC and
3 immortalized norma ovarian epithelia cell lines. Our filtering scheme identified 43 OC
specific methylated genes and among the 5 top candidates (GULP1, CLIP4, BAMBI, NT5E,
TGFB2), we performed extended studies of GULPL. In a training set, we identified GULP1
methylation in 21/61(34%) of cases with 100% specificity. In an independent cohort, the
observed methylation was 40% (146/365) in OC, 12.5% (2/16) in borderline tumors, 11% (2/18)
in cystadenoma and 0% (0/13) in normal ovarian epithelium samples. GULP1 methylation was
associated with clinicopathological parameters such as stage [1I/1V (p=0.001), poorly
differentiated grade (p=0.033), residual disease (p<0.0003), worse overall (p=0.02) and disease
specific survival (p=0.01). Depletion of GULP1 in OC cells led to increased pro-surviva
signaling, inducing survival and colony formation, whereas reconstitution of GULP1 negated

these effects, suggesting that GULPL isrequired for maintaining cellular growth control.
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ABSTRACT

Many epigenetically inactivated genes involved imaman cancer (OC) development and
progression remain to be identified. Thereforehia study we undertook an integrated approach
that consisted of identification of genome-wide regsion patterns of primary OC samples and
normal ovarian surface epithelium along with phazabagic unmasking strategy using 3 OC and
3 immortalized normal ovarian epithelial cell lineQur filtering scheme identified 43 OC
specific methylated genes and among the 5 top datesi GULP1, CLIP4, BAMBI, NT5E,
TGFB2), we performed extended studies ®LP1. In a training set, we identifieGULP1
methylation in 21/61(34%) of cases with 100% speityf In an independent cohort, the
observed methylation was 40% (146/365) in OC, 12(8f6) in borderline tumors, 11% (2/18)
in cystadenoma and 0% (0/13) in normal ovarianhefiim samplesGULP1 methylation was
associated with clinicopathological parameters suwh stage 1I/IV  (p=0.001), poorly
differentiated grade (p=0.033), residual diseas®.(@003), worse overall (p=0.02) and disease
specific survival (p=0.01). Depletion of GULP1 inCOcells led to increased pro-survival
signaling, inducing survival and colony formatiomhereas reconstitution of GULP1 negated

these effects, suggesting that GULP1 is requiredhfintaining cellular growth control.
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1. INTRODUCTION

Ovarian cancer (OC) was estimated to represend@2)2w cases in 2018 in the United
States, leading to 14,070 deaths [1]. Advancesalecnlar biology have revealed that genetics
alone cannot explain the pervasive changes in gepeession profile of sporadic cancers. Other
molecular changes, such as epigenetic abnormaléresalso recognized to have an impact on
gene expression and tumorigenesis. The potentrarsibility of epigenetic mechanisms make
them attractive targets for the prevention, diaghaand treatment of cancer. Numerous
approaches have been undertaken to assess the @@ame [2, 3] and to provide new targets
for further studies. Moreover, although aberramnpoter methylation patterns of specific genes
in ovarian tumor cells were previously demonstrateseveral studies [4-7], to date, no reliable
markers with clinical utility have been identifie@herefore, a better understanding of the
epigenetic mechanisms responsible for OC initiateord progression is imperative for an
improved management of this disease.

DNA methylation, the most studied epigenehange in cancer, refers to the addition of a
methyl group to the cytosine ring to form a mettyiosine, but only on cytosines that precede a
guanosine in the DNA sequence (CpG dinucleotidedpG Cislands frequently span the
promoter/regulatory region of genes with tumor sappor activity and are usually unmethylated
in normal cells [8]. The human genome in normalscisl not methylated uniformly, containing
unmethylated segments interspersed with methylatsgions, whereas in cancer cells,
methylation patterns are altered, undergoing gloD&IA hypomethylation, as well as
hypermethylation of CpG islands in the selectedmmi@rs/regulatory regions [9]. Aberrant
promoter methylation induces gene silencing, a comphenomenon in human cancer cells and

likely one of the earliest events in carcinogeng$isl3]. The discovery of OC-specific



methylated genes that are correlated with downlatign of expression could lead to the

identification of potential biomarker candidatesr fosk assessment, prognosis and early
detection of OC. Moreover, deciphering moleculahpays that may be deregulated due to the
inactivation of a given gene by methylation mayeavnovel targets for potential therapeutic
interventions.

To comprehensively understand the methylationratitens in ovarian cancer, we
undertook an integrated approach that consistelesftification of genome-wide expression
patterns of primary OC samples and normal ovariarfase epithelium along with a
pharmacologic unmasking strategy using cell lifdgs comprehensive approach coupled with
an innovative computational analysis led to thealery of novel OC-specific epigenetically
silenced genes. Here, we focused on the engulfrgene GULP1 and report its aberrant
silencing by methylation in multiple cohorts of pary OC samples, and its tumor suppressor
activity. Our current data hypothesize that silagciof GULP1 by methylation plays an
important role in ovarian carcinogenesis, playingoée in pro-survival and anti-apoptotic

pathways.



2. MATERIALS AND METHODS
Cell lines
Normal ovarian cell line©SE2A, OSE2B and OSE7 (kindly provided by Dr. le-Ming Shih -
Johns Hopkins University), were maintained in tHdEM F12 medium containing 10% Fetal
Bovine Serum (FBS), penicillin (100 units/mL) anmeptomycin (100ug/mL). OC cell lines
IGROV, A2780 and2008 (kindly provided by Dr. Stephen B Howell - Univigysof California,
San Diego, CA) were maintained in RPMI1640 mediwntaining either 10% FBIGROV,
A2780) or 5% FBS 2008), penicillin (100 units/mL) and streptomycin (1Q@/mL). All cells

were incubated at 37°C with 5% CO2.

5-aza-2’-deoxycytidine (5-aza-dC) and histone deagéase inhibitor trichostatin A (TSA)
treatment

2 x 10 cells of each cell line were seeded on day 0, Pdidr to 5-aza-dC treatment (5 mol/L;
Sigma). Media were changed every 24 hours withhfeeaza-dC and the treatment continued for
5to 7 days. The treatment with TSA (Sigma-Aldyick8A) was performed for the last 24 hours.
Cells were harvested following completion of treatthnand RNA, DNA and protein were
extracted. Phosphate buffer saline (PBS) alone wgesl as a control. Experiments were
performed in triplicates and in independent daysclS solutions of 5-aza-dC and TSA were

dissolved in PBS (pH 7.5) and 100% ethanol andesyuently diluted in PBS, respectively.

Tissue samples
Approval for research on human subjects was oldafr@m The Johns Hopkins University

institutional review boards. For samples collectiprocessing and distribution; IRB guidelines



were followed at each of the involved institutioBetailed clinicopathological parameters for all
samples used in this study are summarize®upplemental Table 1, Table 1 (A, B)and

Supplemental Methods.

RNA extraction, cDNA synthesis and Reverse Transgtion-PCR (RT-PCR)

RNA extraction and cDNA conversion were performeg Qiazol reagent and Quantitect
Reverse Transcription Kit (Qiagen, Valencia, CA)spectively following manufacturer
instruction.

More details in Supplemental Methods.

DNA extraction
After microdissection, DNA was extracted using ttandard phenol-chloroform extraction

protocol as described previously [11]. More detalSupplemental Methods.

Gene expression microarrays

MRNA isolation, labeling, hybridization, and qugli€ontrol were carried out as previously
described [12]. Briefly, pg of total RNA was biotin-labeled according to timanufacturer’
protocol (One Cycle Target Labeling Kit; Affymetjiand hybridized on Affymetrix GeneChip
Human Genome U133A2.0, containing probes for o\&#Ad0 transcripts. Hybridized arrays
were stained and washed on a GeneChip FluidiceoBt4b0 and then scanned on a GeneChip
Scanner 3000. Probe detection calls were compubed the raw array data using the Affymetrix

GeneChip Operating Software (GCOS). Raw data psecksising Robust Multi-Averaging



(RMA) algorithm and Affymetrix Expression Consoleoftsvare [14]. More details in

Supplemental Methods.

Microarray data analysis

Unsupervised clustering and gene expression datgprincipal component analysis was
performed with the use of R2.8.2 statistical sofavaand GenePattern software
(http://www.broad.mit.edu/cancer/software/genepafje Supervised analysis of methylation
data were carried out with a moderatéest with Benjamini-Hochberg correction algorithrithw

a significance level oP less than .001 and an absolute difference in matiboyl greater than 1.5

between the means of the 2 populations to incrédasdikelihood of detecting biologically

significant changes in methylation levels. Detailbinformatics analysis procedures are

available in the supplementary method section.

Sodium Bisulfite Treatment and Sequencing

EpiTect Bisulfite kit (QIAGEN Inc., Valencia, CA)rdhe EZ DNA methylation kit (Zymogen,
BaseClear, Leiden, the Netherlands) were usedr &ftatment, DNA was stored at —80°C until
used. Bisulfite Sequencirgimer sets are available Bupplemental Table 3B More details in

Supplemental Methods.

Conventional and Quantitative Methylation specificPCR (QMSP)
Specific primers for methylated or unmethylated gates were designed to amplify the most
differentially methylated CGs observed by bisulfgequencing on the “promoter” region of

GULP1. For QMSP, a probe has been designed within the amplified #rat includes several



CGs sites. Bisulfite-modified DNA was used as aplte for MSP and QMSP, as previously
described [15]. The primers/probe sequences and ¢d@Rition for MSP/QMSP and RT-PCR
for GULP1 are available irBupplemental Table 2, 3 Detailed explanation available in

Supplemental Methods.

Antibodies and immunoblot analysis

We obtainedGULP1 antibody from Novus, Littleton, CO arAlCTB from Abcam, Cambridge,
MA. All other antibodies (pAKT, total AKT, pPDK1ptal PDK1, pPTEN, total PTEN, mTOR,
cyclinD1, pEGFR, pSTATS3, total STAT3-catenin, anda-GFP) were purchased from Cell

Signaling (Beverly, MA).

Plasmid constructs

Expression vector foGULP1 (pCMV6-AC-GULP1-GFP), control vector (pCMV6-AC-GFP)
and knock-down shRNA sequence (5-GAGAATAACTCAAGTEBAGCACCTCCAG-3’) and

its negative control were purchased from OriGeneci®ille, MD). Lentiviral vector pLenti-

GULP1-C-mGFP and empty control were obtained framGéne.

Lentiviral infection
Lentivirus were amplified by transfecting HEK293¢&lls with the packaging plasmids (Lenti-
vpak packaging kit, OriGene) as per manufacturerssructions. More details available in

Supplemental Methods.



RNA interference

Four unique GULP1 shRNA clones, empty vector oamstile shRNA were obtained from
OriGene (Rockville, MD). To deplete target generespgion four independent GULP1 shRNA
clones were pooled together and transiently tratefieinto the A2780 cells using Lipofectamine
RNAIMAX (Invitrogen, Grand Island, NY) following mraufacturer's instructions. More details

in Supplemental Methods.

Cell viability/growth assay

Please see supplementary methods.

Colony formation assay

Cell lines were seeded in 10 cm dishes and tratesfeeith GULP1 expression vector (pCMV6-
AC-GULP1-GFP) and empty vector (pCMV6-AC-GFP). Cells wentured for 2 weeks in
medium containing 400 pg/mL of G418 (Cellgro, Masass VA). After 2 weeks, cells were
washed twice with PBS, fixed with 25% acetic acid @5% methanol at room temperature for
10 mins and then stained with 0.1% crystal vidBztlonies were counted and the number of
colonies per dish was averaged from three indeperegerimentsGULP1 expression was

confirmed by western blotting, 48 hours after tfaoson.

Invasion assay
2.5x10 of theGULP1 transfected cells were seeded into the upper campat of the invasion

chamber containing 50@l of serum-free medium in 24 well BioCoat Matrigkivasion



Chambers (&m pore size; BD Biosciences, USA)] whereas the fostember containing 750
ul of RPMI-1640 medium with 10% FBS as a chemoat#naic After 72 hours of incubation in a
humidified atmosphere containing 5% £& 37°C, the non-invading cells were removed from
the upper surface of the membrane by a cotton swhb.membranes were then fixed with
methanol and stained with Hematoxylin and Eosinvathing cells were photographed and

counted in three random non-overlapping fields urdeht microscope.

Expression data processing for pathway analysis

Raw RNA-Seq data was retrieved from publicly avddaTCGA databases. RNA-Seq or
internally generated microarray data preprocesamtgnormalization steps were performed in R
version 3.1.0 using DEseq package from Biocondudibe resulting matrix contained mRNA
expression information for over 20K genes acrodsanblyzed samples. Normalized gene
expression data were loaded into iPANDA [16]. To&vgare enables calculation of the Pathway
Activation Score (PAS) for each of the 374 pathwayslyzed, a value which serves as a
guantitative measure of differential pathway adiova A collection of 374 intracellular
signaling pathways (which cover a total of 2,294que genes) strongly implicated with various
solid malignancies was obtained from the SABioSmsNn
(http://www.sabiosciences.com/pathwaycentral.plapyd used for the computational algorithm

as described previously [16-18].

Statistical analysis
Statistical analysis was performed with IBM SPS&iStics 19.0 (SPSS Inc., Chicago, IL). The

cut-off value for GULP1 methylation was determined in the training set gisROC by

10



maximizing sensitivity and specificity. The samet-otf value was employed for the
independent test set. Differences in methylatiotwben normal and cancer were calculated
using the Fishers exact or Pearson’s chi-squateotedlann-Whitney U test. Associations
between the presence of hypermethylation and ojgithological characteristics were assessed
in logistic regression models, where hypermethgtativas used as dependent factor and the
clinicopathological characteristics were used agpendent factors. Overall survival (OS) was
defined as the time from diagnosis to death of eauyse or last follow-up visit alive. Disease
specific survival (DSS) was defined as the timerfrdiagnosis to death of OC or last follow-up
visit alive. Differences in OS and DSS accordingctmicopathological characteristics and
methylation of GULP1 were analyzed using Cox regjoes analyses. All significant variables
with a P value <0.10 in univariate analysis were includednultivariate analysisP values of
<0.05 were considered statistically significantrv8tal curves were generated using the Kaplan-
Meier method, with evaluation of the differencestbg Mantel-Cox log rank test. Methylation

values were visually compared using scatter plots.
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3. RESULTS

Genome-wide methylation profiles of OC by the integtion of pharmacologic unmasking
data in cell lines and expression array data of pmary OC and normal ovarian epithelium

samples

We conducted an Affymetrix microarray analysis I late stage primary OC samples, 10
normal ovarian surface epithelium brushing of twitee female patients, 3 immortalized
normal ovarian cell lines (OSE2A, OSE2B and OSEi) & OC cell-lines (IGROV, A2780 and

2008). All cell lines were treated with 5-aza-dC.

A linear regression model (false discovery rate.85P using all the data set identified 5718
probes differentially downregulated in cancer sawspiompared to healthy controls and 4870
probes significantly downregulated in tumor calles compared to the normal cells. To identify
highly relevant OC-specific methylated genes, thilowing selection criteria were employed in
a sequential fashiora) genes with low expression in primary tumor samjles expressed in
normal ovarian surface epithelium sample¥ genes with low expression in cancer cell lines but
expressed in normal cell lin€s genes that have a low expression level in prinbanyor tissue
and cancer cell lines in comparison with normalr@mraepithelium and cell linesl) genes
reactivated in cancer cell lines by 5-aza-dC treatmAll these criteria were combined using a
score scheme methodology and the top 250 probegsponding to 88 genes, were selected for
further analysis. Additional filtering scheme waspoyed as shown iRigure 1, resulting in a
total of 43 genes that were downregulated in tusaonples (or cancer cell lines) and reactivated

after treatment with 5-aza-dSypplemental Table 3.

12



Experimental validation of methylated genes identied by array-based analysis

43 candidate genes (summarized Supplemental Table 2 were analyzed by bisulfite
sequencing in the same cell-lines used for phartogmo unmasking. Five of the 43 genes
(GULP1, CLIP4, BAMBI, NT5E, TGFB2) showed a cancer-specific methylation pattern. As
GULP1 was reported to be involved in ovarian carcinogenfl9] , we focused on evaluating
GULP1 methylation in different cohorts of primary OC gaes. We also performed functional

characterization oBULPL in ovarian carcinogenesis.

Methylation analysis of GULP1 in OC and normal ovarian epithelium by conventiond

MSP

Based on our bisulfite sequencing datmre 2A, left), we designed MSP primers to assess the
methylation status oGULP1 by PCR. After optimizing MSP primers using cetids(Figure

2A, right), we analyzed 15 primary OC and 13 normal ovaripithelial tissue samples.
Methylation of GULPlwas determined in 15/15 (100%) tumor tissues and level of
methylation was detected in 3/13 (23%) (p<0.000&jnral ovarian epithetlium specimens

(Figure 2B).

GULP1 methylation inversely correlates with mRNA and prdein expression levels

We observed low level oBULP1 expression in ovarian tumors in comparison witmnmea
ovarian surface epithelial washing samples by nalcay analysisKigure 2C). To assess the
association between methylation@JLP1 and its expression, we measured mRNA and protein

expression ofGULPL1 in normal ovarian and cancer cell-lines. We obsgnan inverse

13



correlation betweeiGULP1 expression and methylation in all cell lines amaty Figure 2A
and D). OC cell lines (2008 and IGROV) that harlBULP1 methylation were treated with
either 5-aza-dC or TSA, artBULP1 re-expression was observed only by 5-aza-dC tesativut
not by TSA Gupplemental Figure 1A and data not shown This observation is complemented
by the data that shows the inverse correlation éetwexpression and methylation in primary
ovarian tumors as wellSupplemental Figure 1B, suggesting thaGULP1 methylation is an

important regulatory mechanism for its expression.

To further validate our observations GULP1 expression and methylation in a large-scale
population-based dataset, we used gene expressiomethylation data available fQULPL1 in

the The Cancer Genome Atlas (TCGA) ovarian serooisort. Confirming our findings,
expression ofGULP1 was significantly lower in tumor samples (n=569)mpared to tissue
specific normal controls (n=8), (p=0.000Bidure 2 E). We next categorizeGULP1 mRNA
expression as high level (one standard deviatimvalthe mean of the TCGA tumor group;
n=83) or low level (one standard deviation below thean of the TCGA tumor group; n=16)
(Figure 2F). GULP1 was significantly more hypermethylated in tumorghwlow GULP1
expression levelsHgure 2 G), reinforcing thatGULP1 methylation in OC is associated with

expression.

QMSP for GULP1 methylation in two independent sets of ovarian tsue samples

We tested two independent cohorts of primary owatienor tissue samples. In the training set,
we used QMSP on 61 OC samples and 13 normal ovapghelium samples. Using a
methylation cutoff value of 0.72, 34.4% (21/61) thle tumor samples were found to be

hypermethylated in comparison to 0% (0/13) of tleemral ovarian samples (p=0.03Fidure

14



3A). The cutoff of 0.72 was obtained by maximizingsavity and specificity. By two methods,
we obtained the same value of the cutoff. By carsng) it above the highest normal and by
using ROC (receiver operating curve) to pinpoirg thtersection of highest sensitivity and
specificity. In the independent validation cohofiafle 1 B, Supplemental Table 1) the
sensitivity and specificity o6ULP1 methylation was 40% and 100% respectively, comsige
the same cutoff of 0.72. The observed methylatiequencies were 146/365 (40%), 2/18 (11%)

and 2/16 (13%) for OC, borderline tumors and cystatnas respectively¥igure 3B).

Association of GULP1 methylation with clinicopathological parameters

We examined associations between several clinibopagical and demographic parameters
with methylation of GULPL in our clinical cohort of 365 ovarian tumor sangl®&y logistic
regression analysisGULP1 methylation was associated with older age (p<0,08&rous
histology (p=0.033), higher grade (p=0.033), adeahstage IIl/IV (p=0.001) and residual

disease (> 2cm) (p<0.0003)gble 1C, Figure 3C-E).

We further evaluate@ULP1 methylation and patient’s outcome. The mediarof@lup was 29
months (range 0-234). As shown by Kaplan—Meier isatvcurves, using cox regression
analysis,GULP1 methylation was significantly associated with veo@S (p=0.023) and disease
specific survival (DSS) (p=0.011Figure 3F, G). In multivariate analysis both OS and DSS,
higher age, higher stage and presence of residisehsk after surgery, but n@ULP1

methylation, were predictive of poor prognosis &adt shown).

Since our validation cohort comprised of patientgwlifferent histologic subtypes of OC, we
evaluated the association betweBWLP1 methylation and clinicopathological parameters in

patients with serous O(=222), which represents the most common typepifielial OC [20].

15



Similarly, GULP1 methylation was significantly higher in serous O&@mples compared to
normal controls, borderline tumors (p<0.001) anstagenomas (p=0.002) (data not shown).

GULP1 modulates ovarian cancer cell viability and colonyormation

To test the role oGULP1 in cell growth and proliferation, we overexpres§&idl P1 in IGROV
OC cell line. Forced expression GULPL resulted in decreased cell survival of IGROV cells
(p=0.002) (Figure 4A, B, Supplemental Figure 1C) Moreover, down-regulation of the
proliferative markeCyclin D1 in GULP1-overexpressing cells is consistent with the deserea
cell viability. The opposite effect on cell vialyliwas observed aft€sULP1 expression knock-
down inA2780 cells, compared to control and scramble fesntion (p=0.0001fFigure 4C, D).

To assess long-term growth, colony formation assare performedGULPL overexpression in
2008 cells showed a potent growth-suppressive igctty markedly reducing the number and
size of the colonies (p=0.03fFigure 4E). In an invasion assay, we found that the numlber o
invasive 2008 cells decreased after 48 hGofLP1 transfection (p=0.04)Figure 4F). As
expected, a significant reduction in cell viabiligas also observed BULP1 expressing cells
(Figure 4G). Collectively, these findings suggest tHalULP1 exhibits a growth inhibitory

ability.

GULP1 expression correlates with dysregulation of cancgeromoting pathways

To explore the potential signaling pathways thay rba associated witbULP1 expression in

cancer, we analyzed Affymetrix microarray gene egpion data obtained from 15 OCs and 10
normal ovarian epithelium samples by two indepehdemputational approaches [Ingenuity
Pathway Analysis (IPA) and iPANDA [16]]. The deréafed pathways by both approaches are

shown inSupp. Figure 2A and 2B Notably, WNT signaling was among the most sigaifitly

16



dysregulated pathways identified by both bioinfotiocsapproaches. To experimentally validate
this observation, we performed western blot analydip-catenin, a downstream effector of
WNT activation [21], in two cell lines that exhibiib endogenou§ULP1 expression and one
cell line that expresse&ULP1. The level ofp-catenin was substantially lower BULP1
expressing cells compared ®JLP1 non-expressing cellS(pp. Figure 2Q. Furthermore, the
phosphorylation of multifunctional serine/threoniki@ase GSK3, which target$-catenin for
ubiquitination and subsequent proteasomal deg@ud®l1], was much higher ifGULP1
expressing cellsSupp. Figure 2Q, suggesting thaGULP1 may regulate WNTR-catenin

signaling pathway in ovarian tumorigenesis.

We then analyzed RNA-sequencing data from TCGA Qfaskt (n=569). We categorized
GULP1 mRNA expression as high level (n=83) or low leye+16), and used iPANDA to
predict differentially activated pathways in thesgnor cohorts. Our analysis revealed that
pathways involved in cancer initiation, progressaond maintenance (such as those associated
with AKT, ILK, RAS, MAPK/ERK, PAK/P38, and WNT sigling) were significantly
upregulated in most of the patients @ULP1-low expression group, whereas pathways
associated with apoptosis have been significamhyrdregulated in this cohorFigure 5A).
Interestingly, a pattern of dysregulated signalpaghways observed iBULP1-low expressing
TCGA tumors was very similar to that seen in 15 @Cgur data setSupp. Figure 2B. Taken
together, these findings suggest tl@&tLP1 regulates genes associated with key cancer

pathways and may act as a potential tumor suppressiC.

Validation of pro-survival signaling pathways

17



ForcedGULP1 expression in IGROV cell line led to a noticealdywer MAPK, AKT and PDK1
(the upstream activator of AKT) phosphorylatioRigure 5B) which is paralleled with a
significant decrease in cell viability after forc&ULP1 expression Kigure 4B). To further
confirm the role ofGULP1 in the regulation of the AKT activation, we usé&tJLP1-specific
shRNA to selectively knock-down its expression i2780 cell line. As expectedz;ULP1
knock-down significantly increase in AKT and MAPKte&ation Figure 5C). These results
paralleled a significant increase in viability ®ULP1-depleted A2780 celld{gure 4D). Taken
together with pathway activation analyses, our datggest thalGULP1 regulates cellular

survival and proliferation by modulating key canessociated pathways.

18



4. DISCUSSION
Numerous strategies using different platforms hia@en undertaken to identify cancer-
specific methylated genes. We employed a genome-witroarray platform using a carefully
selected cohort of normal and OC tissues/cell Jirmapled with functional pharmacologic
unmasking of epigenetically silenced genes by itigatancer cell lines with a demethylating
agent. We identified 43 novel potentially OC spiecimethylated genes by computational
approach and additional filtering criteria, and &ngs CLIP4, NT5E, BAMBI, TGFB2, and

GULP1) were experimentally validated to be regulatedri@thylation in this tumor type.

The biological role of these potential tumor sugpme genes (TSGs) in the initiation and
progression of OC is largely unknown. A previoupar suggested thaClLlP4 regulates
receptor tyrosine kinase endocytosis and contnale/lp factor-induced cellular functions [22],
whereas mutations IitNTSE have been shown in calcification of joints andeaes [23].
Downregulation oBAMBI, a regulator of the transforming growth factoreb€fGFf) signaling
pathway, was reported in lung, bladder and breaster [24-26]. However, contrasting data
were reported in OC [27] and its role in OC warsafutrther investigationTGFB2 is frequently
upregulated in several neoplasms [28-30], howeverefffect of TGFB2 expression on clinical
outcome remains controversial [29, 31, 32]. White study reportedGFB2 overexpression in
OCs [28], its role in ovarian tumorigenesis is ppainderstood. Expression GULP1, a critical
gene in the engulfment pathway, was reported tdipely regulate TGH3 signaling, leading to
growth inhibition of OC cell lines [19]. Moreoveits expression was shown to be frequently
down-regulated in a small cohort of ovarian adermoamas [19]. This prompted us to perform
methylation analysis oGULPL in numerous primary ovarian tumor tissues and logds and

also to functionally characterize this gene. Inta# three data sets we have analyz&dl P1
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methylation was found to be OC specific. Our firgdinndicate that in at least one third of OC
casesGULP1 is inactivated by methylation. Furthermore, afaged data and RT-PCR analysis
confirmed the reactivation dBULP1 in cell lines following the 5-aza-dC treatmentvénse
correlation of GULP1 methylation with expression was also observed & TRGA data set,

further validating our findings.

GULP1 methylation was correlated with late stage OC,cwhs in line with previously
reported methylation markers in advanced stage®®f[33], highlighting its potential as a
prognostic marker after further validatidBULP1 methylation was seen in 26% of patients with
early stage (stage | and Il) disease, suggestiag2LP1 silencing by methylation may be an
early event in some ovarian tumoGULP1 methylation was significantly higher in serous
ovarian carcinoma and additional studies are neddedonfirm GULP1 serous histology
specificity in OC.GULP1 methylation levels in cystadenomas and bordertimarian tumor
samples fall between that of normal and OC specm@nly a few reports are available about
gene methylation in cystadenomas and borderlinetsiniam et al. [34] showed a similar trend

of methylation in a panel of genes in these ovaneoplasms.

Our data showed th&ULP1 methylation is associated with late stage, residisease
and high grade These were observed by univariaatysig, but not in multivariate analysis,
indicating that it is not an independent factorstddy with a larger cohort is needed to explore
and confirmGULP1 methylation as a valuable clinical tool for pati@nognosis at the time of
diagnosis. Perhaps other yet to be identified (@wn) prognostic factors could be combined
with GULP1 methylation status to better predict patient posgs Interestingly, although not
statistically significant, early stage patientshrWBULP1 methylation, had a trend towards worse

prognosis. Multiple data sets with well-annotatellioiv-up data need to be tested to determine
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whetherGULP1 methylation can be used as a prognostic fact@paddently or in combination

with others.

GULPL1 is a cytoplasmic adaptor protein composed of a pinatyrosine binding (PTB)
domain at its N terminus, and a C-terminal serirgdipe-rich region [35, 36]. Several PTB
domain-containing proteins, act as adaptor molscutending to phosphorylated tyrosine
residues present on activated receptors, and tiagygiownstream molecules to form a signaling
complex [37]. AlthoughGULP1 downregulation in OCs was previously reported isnaall
cohort [19], the multifaceted molecular mechanisumglerlying this association is not yet
defined. Besides its well characterized primarycfiom in engulfment [35]GULP1 plays a role
in the process of programmed cell death [38-40]dlhomeostasis [41] and regulationAsf6-
mediated signaling, a GTPase known to regulate ipheltcellular processes including
endocytosis, secretion, phagocytosis, cell adhesioth cell migration [42]. More recently,
GULP1 was established as a novel downstream regulat@iGéi{3 signaling in ovarian cells,
crucial for maintaining their sensitivity toward F&-induced cell growth arrest [19]. Our
studies have shed light on the mechanisms undgrigldLP1-mediated growth suppression.
The novel bioinformatics software suite used far #malysis of intracellular signaling pathway
activation using transcriptomic data, for quantatand qualitative comparison of the signaling
pathway activation betwedbBULP1-low-expressing an@ULP1-high ovarian tumors in TCGA-
OC dataset, has predicted that mitogenic and salnsignaling pathways, such a&KT,
MAPK/ERK, RAS, ILK, PAK/P38, WNT and JNK were sidigantly upregulated among
GULP1-low tumors. These pro-survival signaling axes pdagrucial role in cancer initiation,
progression and maintenance in various solid tumoduding OC, and may contribute to

acquisition of an aggressive phenotype via inlohitiof apoptosis and induction of cell
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proliferation. In line with these observations, jaq@optotic and anti-proliferative pathways
including those associated with TP53 and Tg>&ignaling were predicted to be downregulated
in most of theGULP1-low tumors.Of note, in the lowGULP1 cohort, TGFB signaling was
significantly down-regulated in 12 of 16 patientgnsistent with the role oGULPL in
mediating the anti-proliferative effect of TGF[L9]. In accordance with thie-silico analysis,
reconstitution oflGULP1 expressionn vitro resulted in marked suppression of MAPK and AKT
phosphorylation, along with concomitant reductiancell proliferation, survival and invasion,
while GULP1 depletion led to opposite effects. Although omdfngs indicate that GULP1 may
assert its tumor suppressive activities by tetlgenmembers of multiple, cross-talking pathways
involved in cell growth and survival control, fuethbiological studies are warranted to fully

elucidate the role of GULPL1 in ovarian tumorigesesi

In summary, by an integrated approach, we repdtteddentification of several novel

OC specific methylated genes. Among these gegBgsP1 gene was tested in a training set and
further validated in a larger cohort of ovarian pées. Our data implicate that epigenetic
regulation ofGULP1 expression may play an important role in OC paginegis, and suggests its
potential clinical value as a promising prognostiomarker. Although we did not investigate
other possible mechanisms f@ULP1 down-regulation, which may include microRNA-
mediated silencing, transcriptional regulationhomozygous deletions, a deeper understanding
of the role ofGULP1 methylation in the development of OC may offer iiddal possibilities

for the management of OC.
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Figure Legends

Figure 1. Filtering scheme for selection of candidate TSG3aVe used 3 immortalized normal
ovarian epithelium cell lines (OSE2A, OSE2B and @B ovarian cancer (OC) cell-lines
(IGROV, A2780 and 2008), 15 late stage primary mracancer samples and 10 normal ovarian
samples derived from the surface epithelium brughoh tumor-free females to screen for
candidate TSGs after microarray analysis. Cellslimeere treated with 5 pmol/L 5-aza-dC
(reactivation filter) before microarray analysisor@bining the reactivation filters in cell lines
and primary tumor tissues expression patterns, btaireed 88 unique candidate TSGs. We
diminished the number of candidates by excludingg@@es that are not promising for suitable
primers design, 12 genes contain no CpG islanchar fpromoters, 9 genes probes located
outside the extended promoters/regulatory regiar 2 genes were previously reported as
methylated in OC. From the remaining 43 genes, ropiecal testing, we found 5 genes that
harbored cancer specific hypermethylation in primmor tissues and cancer cell lines by
direct sequence analysis or MSP. QMSP was develtppe@ULP1 gene for high throughput
analysis in multiple set of primary ovarian tissiresuding normal ovarian epithelium, benign

growth and primary tumor tissues. Functional chiar@gation of GULP1 was also performed.

Figure 2. GULP1 methylation inversely correlated with mRNA and protein expression
level. A. DNA isolated from ovarian cancer and normal cek$ was subject to bisulfite
treatment; and methylation status of the CpG islaitdin the GULP1 was assessed by bisulfite
sequencing analysis (left panel) or MSP (right haf@nk boxes indicate the location of CpG
sites. Unmethylated cytosines are converted toilumad detected as adenine while methylated

cytosine detected as guanine. U - unmethylated DNIA; methylated DNA.B. GULP1
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methylation in 15 primary OC (top) and 13 normadoan epithelial tissue (bottom) determined
by conventional methylation specific PCR (MSP). Wnmethylated DNA, M - methylated
DNA. C. The expression levels of tHe&ULP1 mRNA in 15 primary OC tissues (red) and 10
normal ovarian surface epithelial washing sampidse] determined by Affymetrix U133 Plus
2.0 expression array analysiB. RT-PCR (top panel) and western blot (WB) (lowengia
showing the expression status of GULP1 at the RNA protein levels in the indicated cell
lines. GAPDH and B-actin was used as loading controls for RT-PCR ARl respectively E.
MRNA expression oGULP1 determined by RNA-seq analysis in the TCGA OC ¢bfoC,
n=569 (red), normal ovarian epithelium, n=8 (blye¥0.0001]F. GULP1 mRNA expression in
the TCGA cohort was categorized as high level &aedard deviation above the mean) or low
level (one standard deviation below the mean), @dJGULP1 methylation was assessed in
TCGA tumors with highGULP1 expression (blue, n=83) and tumors expressingléwels of

GULP1 (red, n=16). p=0.0001.

Figure 3. GULP1 methylation is associated with advanced disease amebrse survival of
ovarian cancer patients.A. GULP1 methylation was assessed by QMSP in a training set
containing 61 epithelial ovarian cancers and 13nabrovarian epithelium. By using an optimal
cutoff of 0.72, 34% (21/61) of the tumor samplesravéound to be hypermethylated in
comparison to 0% (0/13) of the normal ovarian egithm samples (p=0.03). The scatter plot
shows the samples categorized as unmethylated thylated based on detection of methylation
above the cut-off (Y-axis, quantity of methylateltele (GULP1p-actin x 1000).B. GULP1
methylation was assessed by QMSP in 365 epithelialian cancers, 16 borderline ovarian

tumors, 18 cystadenomas and 13 normal ovarian ejaitltissues. The scatter plot shows the
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samples categorized as unmethylated or methylaasddoon detection of methylation values
above the same cut-off as noted above (Y-axis, tgyanethylated allele (log 10 of GULH3/
actin x 1000).C. 365 ovarian tumors (independent cohort) were diaglsas early (stage | and
II) or advanced (stage lll and IV) disease. Scaitets showing quantitativeULP1 methylation
values in early (triangles) and advanced (circiage ovarian tumors (p<0.00D). 365 ovarian
tumors (independent cohort) were classified as @wwhigh grades. Scatter plots GULP1
methylation values of low (triangles) and high ¢t#s) grade ovarian tumors (p<0.03B).
Stratification of independent set by presence senbe of residual disease (smaller or larger and
equal 2cm). Scatter plots GULP1 methylation values in <2cm (triangles) and >2cnnc{es)
residual disease (p<0.0008}.. Kaplan Meier estimates of overall survival basedGiJLP1
methylation status in the independent cohort (nF86®varian cancer patients (unmethylated -
blue line, methylated - green line) (p=0.0B). Kaplan—Meier estimates of disease specific
survival based on th6ULP1 methylation status in the independent cohort (5¥38 ovarian

cancer patients (unmethylated - blue line, metiedatgreen line) (p=0.011).

Figure 4. GULP1 modulates ovarian cancer cell viability and colony formation.

A. Forced expression of GULP1 in IGROV cells usingtilerus-encoded GULP1-GFP. Cell
lysates were collected from GULP1-expressing (GUGEP) cells and control cells infected
with empty vector (E.V.) and analyzed by westerot libr the expression of indicated proteins.
B-actin was used a loading contrdB. IGROV-GULP1-GFP and control IGROV-E.V. cells
were plated at equal numbers in triplicates andtike cell viability was determined using an
Alamar Blue assay at indicated times poitsGULP1 expression was knocked down in A2780

cells by stable expression of short-hairpin RNAIl @ansfected with empty or scramble vectors
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were used as controls. Whole cell lysates were goegb from GULP1-depleted (A2780-
shGULP1) and control (A2780-E.V. and A2780-scrambédls and analyzed by western blot for
the GULP1 expressioffi-actin was used as a loading contidl. GULP1 depleted and control
IGROV cells were plated at equal numbers in trggks and relative cell viability was
determined using an Alamar Blue assay at indictiteds pointsE. Colony formation assay:
GULP1-overexpressing (2008-GULP1-GFP) or contrddO@E.V.) cells were treated with
G418 for 14 days. Colonies were stained, scanneb carantified with GelCount Colony
Counter.F. Matrigel Boyden chamber invasion assay: 2008-GUGFP and 2008-E.V. cells
were allowed to invade through the Matrigel for 26td invaded cells were stained with H&E.
Images were captured under a light microscope @0 xhd stained cells were automatically
qguantified with ImageJG. 2008-GULP1-GFP and control 2008-E.V. cells werdquaat equal
numbers in triplicates and relative cell viabilisas determined using an Alamar Blue assay at

indicated times points.

Figure 5. GULP1 expression correlates with dysregulation of cancer promoting pathways.

A. GULP1 RNA-Seq mRNA expression in the TCGA ovarian cancehort (n=569) was
categorized as high level (one standard deviatlmyve the mean) or low level (one standard
deviation below the mean) and pathway activatiosansfth (PAS) values have been calculated
according to iPANDA algorithm. Hierarchically clesed heatmap represents differentially
activated pathways in 16 tumors with |dBULP1 mRNA expression (83 tumors with high
GULP1 expression were used as a reference). Downregul@®AS values for each
sample/pathway are indicated in blue, whilst uplatgal PAS values are shaded in ddCell

lysates were collected from GULP1-expressing (GUIGFP) cells and control cells infected
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with empty vector (E.V.) and analyzed by westerot libr the expression of indicated proteins.
B-actin was used as a loading cont@l.Whole cell lysates were prepared fradBULP1-
depleted (A2780-shGULP1) and control (A2780-E.Vd &®2780-scramble) cells and analyzed

by western blot for the expression of indicatedqire.-actin was used as a loading control.

Table 1. Demographic and clinical characteristics of ovagancer patients

A. Training set and Normal controlB; Independent validation set with Borderline Tumans|
CystadenomaC. Association between GULP1 methylation and clinatbplogical factors by

logistic regression.
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Tablel. Demographic and clinical characteristics of ovarian cancer patients

A. Training set and Normal controls; B. Independent validation set with Borderline Tumors and Cystadenoma; C.
Association between GULP1 methylation and clinicopathological factors by logistic regression.

A. Training Set
Training set Controls
(n=61) (n=13)
Ageat diagnosis
Median 57 46
Range 37-81 40-55
Race
Caucasian 58 0
African-american 0 0
Hispanic 0 13
Unknown 3 0
Histology
Serous-papillary 41
Endometrioid
Mucinous
Undifferentiated
Unknown 11
Stage
| 13
Il 9
11 38
v
Unknown 2
Grade
Gl 11
G2 9
G3 30
Unknown 11
B. Validation set
Ovarian cancer patients n=365
Ageat diagnosis
Median 61
Range 21-89
Follow-up time (months)
Range 0-234
Unknown n=1
Histology n
Serous 222
Mucinous 43
Endometrioid 38



Clear cdll 17

Adenocarcinoma 13
Unknown 32
Grade

Low (1/11) 157
High (111/1V) 202
Unknown 6
Stage

Early (1/11) 95
Advanced (111/1V) 270

Residual disease after surgery

<2cm 180
>2 cm 157
Unknown 28

Borderlinetumorsn=16

Ageat diagnosis
Median 50.5
Range 19-77

Unknown (n=4)

Cystadenoma n=18

Ageat diagnosis

Median 30
Range 26-55
Unknown (n=15)

C. Association between GUL P1 methylation and clinicopathological factors by logistic regression.

*OR 95% TC.I. P-value
Age (continuous) 1.03 101 1.05 0.000
Age (=>61) 1.82 1.19 2.77 0.006
Histology (serous) 1.69 1.04 272 0.033
Grade (I11/undifferentiated) 16 1.04 245 0.033
Stage (111/1V) 2.34 14 3.92 0.001
Residual disease after surgery (5 2.24 144 3.49 0.000

*OR=0dd Ratio; C.I= Confidence Interva
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I ntegrated Transcriptomic and Epigenomic Analysis of Ovarian Cancer Reveals
Epigenetically Silenced GULP1

Highlights

* GULP1is specifically methylated in ovarian cancer
* GULP1 isassociated with clinicopathological parameters in ovarian cancer patients
* GULP1lisapotential tumor suppressor gene



