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A key step in the process of metastasis is the epithelial-to-mesenchymal transition (EMT). We hypothesized that
epigenetic mechanisms play a key role in EMT and to test this hypothesis we analyzed global and gene-specific
changes in DNA methylation during TGF-B-induced EMT in ovarian cancer cells. Epigenetic profiling using the Infinium
HumanMethylation450 BeadChip (HM450) revealed extensive (P < 0.01) methylation changes after TGF-$ stimulation
(468 and 390 CpG sites altered at 48 and 120 h post cytokine treatment, respectively). The majority of gene-specific
TGF-B-induced methylation changes occurred in CpG islands located in or near promoters (193 and 494 genes
hypermethylated at 48 and 120 h after TGF-B stimulation, respectively). Furthermore, methylation changes were
sustained for the duration of TGF-B treatment and reversible after the cytokine removal. Pathway analysis of the
hypermethylated loci identified functional networks strongly associated with EMT and cancer progression, including
cellular movement, cell cycle, organ morphology, cellular development, and cell death and survival. Altered methylation
and corresponding expression of specific genes during TGF-B-induced EMT included CDH1 (E-cadherin) and COL1A1
(collagen 1A1). Furthermore, TGF-B induced both expression and activity of DNA methyltransferases (DNMT) -1, -3A,
and -3B, and treatment with the DNMT inhibitor SGI-110 prevented TGF-B-induced EMT. These results demonstrate that
dynamic changes in the DNA methylome are implicated in TGF-B-induced EMT and metastasis. We suggest that

targeting DNMTs may inhibit this process by reversing the EMT genes silenced by DNA methylation in cancer.

Introduction

DNA methylation at carbon 5 of cytosines (5-methylcytosine
or 5 mC) and typically in a CpG context plays an important role
regulating gene transcription and represents the best character-
ized epigenetic modification. CpG methylation is mediated by
DNA methyltransferases (DNMTs), primarily DNMT-1 (regu-
lates predominantly maintenance (one strand) methylation) and
DNMT-3A and -3B (catalyze de novo methylation).”? More
recently, regulation of DNA methylation has been shown to also
involve demethylases that remove the cytosine methyl group
through hydroxylation or glycosylation.>* For instance the 10-
11 translocation (Tet) proteins catalyze the conversion of 5mC

to 5-hydroxymethylcytosine (5hmC) and have been implicated
in the maintenance of embryonic stem cells.” Both increased
methylation leading to silencing of tumor suppressor genes and
hypomethylation, linked to genomic instability, have been docu-
mented in the context of cancer genomes and strongly implicated
in cancer initiation, as well as in tumor progression.2

The process of epithelial-to-mesenchymal transition (EMT) is
critical to initiation of metastasis in solid tumors. EMT is charac-
terized by the break-down of cell junctions and loss of cell polar-
ity, rendering epithelial cells motile and invasive.® An important
regulatory phase during EMT is the loss of type I cadherins
which maintain stable cell-cell contacts.” Downregulation of E-
cadherin (CDHI gene) causes a mesenchymal phenotype,®® and
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is regulated by several well described transcriptional repressors,
including Slug, Snail, Twist, Zeb 1,2, and E47.” However, in
addition to standard transcriptional regulation, the CDHI pro-
moter has been reported to be methylated,'® and induction of
EMT has been shown to repress CDHI expression through epi-
genetic silencing in breast cancer cells.'' Additionally, other
genes implicated in EMT, such as Snail, have recently been
shown to be modulated epigenetically.'*'* Whether and how
global and gene specific changes in DNA methylation contribute
to the EMT process is currently unknown.

Transforming growth factor-B (TGF-B) plays a complex
role in cancer, having both tumor suppressor and oncogenic
activities.'” Signaling from TGEF-B has been shown by us and
others to be functional in ovarian cancer,'”” acting as a
potent inducer of ovarian cancer invasiveness by regulating
proteins involved in metastasis'®'” and contributing to EMT
and increased metastasis.” TGF-B ligands and type T and type
IT TGF-B receptors are expressed in over 50% of ovarian
tumors,”’*> and TGF-B is abundantly secreted in the perito-
neal environment by both cancer and stromal cells."® Although
a known inhibitor of epithelial cell proliferation,** TGEF-B
growth inhibitory signals have been shown to be blocked in
malignancy, resulting in neoplastic epithelial cell insensitivity
to TGF-B. This loss of TGF-B-induced inhibition of epithelial
cell proliferation has been attributed to inactivating mutations
in TGF-B receptor I and II, which have been detected in ovar-

. 25,2 . . .
ian cancer,?”2° as well as to alterations of cell signaling down-

stream of SMADs."> While TGF-B-induced EMT is a well
characterized model system, epigenetic changes occurring dur-
ing this process have not been well defined.

To study global DNA methylation during EMT, we con-
ducted a time course study using TGF-B stimulation of ovar-
ian cancer cells. We demonstrate for the first time that the
cytokine induces global changes in the ovarian cancer DNA
methylome, resulting in hypermethylation of key genes and
alterations in several oncogenic pathways. TGF-B-induced
changes in promoter methylation and expression of specific
genes, including CDHI and COLIAI (collagen 1AI), were val-
idated in ovarian cancer cell lines. The effects of TGF- were
mediated primarily through increased expression and activity
of DNMTs and reversible upon TGF- withdrawal. The novel
DNMT inhibitor SGI-110 blocked EMT gene-specific
changes and reversed the TGF-B-induced mesenchymal phe-
notype. In all, our data support that aside from its well
described effects on gene transcription, TGF-f alters the activ-
ity of DNMTs, resulting in global and gene specific DNA
methylation gains and losses that contribute to its oncogenic
activities in ovarian and perhaps other cancers.

Results
TGE- induces global changes in the DNA methylome and
EMT in SKOV3 cells

To investigate changes in DNA methylation during TGEF-
B-induced EMT, SKOV3 cells were treated with TGF-f1 for up
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to 5 d. Distinct morphological changes were observed, as cells
changed from the cobblestone appearance characteristic of epi-
thelial cells (Fig. 1A, panels I-III) to the fusiform shape indicative
of a mesenchymal phenotype occurring as part of EMT (Fig. 1A,
panels IV & V). These morphological changes were accompanied
by decreased expression of the epithelial marker, E-cadherin, and
increased expression of the mesenchymal marker, vimentin, as
assessed by western blotting (Fig. 1A). Morphological changes
were partially reversible after TGF-f3 removal (Fig. 1A, panel
VI).

Genome-scale DNA methylation was measured using the
HM450 BeadChip platform after 48 h and 120 h of TGF-
stimulation, and 48 h after removal of the cytokine (120 h +
48 h off). Methylation was altered at >400 of CpGs (P < 0.01
and FDR < 0.05), of which approximately a third remained sta-
bly altered for the duration of treatment (Table 1). Similarly,
TGEF-P increased the average methylation values of ~500 CGls
located in or near gene promoters, defined as regions encompass-
ing —2000 to 4500 nucleotides relative to the TSS (Table 2).
The majority of changes occurring at 48 h were sustained for the
treatment duration. Importantly, after TGF-B withdrawal, gene
methylation changes returned to control levels (Tables 1 and 2),
suggesting that the continuous presence of the cytokine was nec-
essary to maintain de novo methylation patterns generated dur-
ing EMT. Reversal of DNA methylation patterns after cytokine
removal was also supported by the similarity in methylation pat-
terns of the control (untreated) and the TGF-B treated and
“wash-off” (120 h + 48 h off) groups (unsupervised hierarchical
clustering analysis, Figure 1B; principal component analysis
(PCA), Fig. 1C).

Although treatment with TGF-8 induced DNA methylation
changes throughout the SKOV3 epigenome, increased DNA
methylation levels represented the majority of significant changes
(Tables 1 and 2). This global effect was also reflected in an over-
all increase of average B-values of all CpG sites at 48 and 120 h
(Fig. 1D). Consistently, methylation of long interspersed ele-
ment-1 (LINE-1), a reliable indicator of global DNA methyla-
tion””? was also increased by TGF-B at the same time points
during induction of EMT (Fig. 1E).

To investigate potential gene interactions among putative
transcripts regulated by TGF-B-induced CGI hypermethylation,
IPA bioinformatics tools were used. Significantly associated net-
work functions (Table 3) and molecular and cellular functions
(Table 4) were identified. IPA analysis further revealed many
genes associated with biological pathways relevant to cancer. For
example, Figure 1F shows a network containing 22 genes associ-
ated with CGI hypermethylation linked with at least one of the
following pathways: TGE-B, PI3K, MAPK, NFxB, VEGF, or
Akt. The top hypermethylated genes in the networks were:
GPR135, ZC3HAVIL, QRICH2, CLDN3, TPTE2, SPAGG6,
RNF212, CYYRI, ASFIA, CDH7, MTNRIB, LHXS, GRIN3B,
CT47B1, SLCI2A4, GDNF, Clorf65; those with decreased
methylation were ARL4D and TGFBI (Supplementary Table
S1). The top molecular and cellular functions associated with sig-
nificant changes in promoter CGI methylation identified by IPA
included: cell-cell signaling and interaction, cell cycle, cellular
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movement, cell death and survival, and cell morphology methyltransferase functional activity. Interestingly, by 48 h after

(Table 4).

TGEF-p regulates DNMT expression and activity

TGE-B removal, DNMT activity returned to baseline levels,
consistent with the observed reversal of DNA methylation pat-
terns (Fig. 1B-E). We also examined the effects of TGF-$ on

To investigate the potential mechanisms underlying TGF-  expression of 2 proposed DNA demethylases, TET-1 and

B-induced  changes in
DNA methylation, we

examined expression levels
of DNA methyltransfer-
ases (DNMT-1, -3A, and
-3B) and demethylases
(TET-1 and -2), and
effects of TGF- on total
DNMT activity. At the
mRNA level, increased
DNMT-1, -3A4 and -38 | TGF-P
expression was observed by 3 :
12 h after TGF-B stimula-
tion (Fig. 2A). Prolonged
stimulation with TGF-8
(48 and 120 h) was associ-

120h 120h + 48h off

e — E-Cadherin
s e V/imentin
e s GAPDH

Control TGF-B
120h

ated  with increased
DNMT-1, -3A and -3B

. B C
mRNA  expression levels & Y-
(Fig. 2B). DNMT-1 and Fae Hi i . @ TGF-p 48h

GF-B 48h ierarchical Clusterin .
-3B nuclear protein levels TGF-g120h ’ @®TGF-p20h  PCA Mapping (53.7%)
i TGF-120h @ TGF-B 20h

were also increased after | ® p 48hﬂoff +48hoff
24 and 48 h of TGF-B i 'f/ \d\ N
treatment  (Fig.  2C). | WL ] i
DNMT-3A protein was g | e \\ A

o e BT /
not detectable in this cell i \® @ |\ T B
line (not shown). g 1 \ e Y
Increased DNMT-1, -3A ] i \“ i
and -3B mRNA expression | N -
levels in response to TGF- PC36.38%

B were also noted in Hey

C2 cells (Supplementary
Fig. S1) and increased D
DNMT-3B protein levels
were recorded in HeyC2

0535 - *
IGROV1 and OVCAR3 om0
ovarian cancer cells and in 0.525 |
the immortalized ovarian J——
surface epithelial (IOSE) K _—
cells (Supplementary Fig. & 5 £ |
S2). In contrast, DNMT1 -
expression levels remained 0'500 |
unchanged after TGEF-B ' S S8 &
treatment in these cells > 'O; 3
(not shown). Furthermore, o
the total DNMT activity TGF-B (h)

measured  in  nuclear
extracts of SKOV3 cells

Percent Methylation

64 -
63
62

61
60 -
59 -
58
57 -
56 -
65 -

Cellular movement,
hematological system
development and
function,

'y immune cell trafficking

*x * 4 j-‘
\ pal ¢

TGF-B (h)

was increased after 48 h of

TGF-B  treatment (Fig. Figure 1. For figure legend, see page 1464.

2D), indicating elevated

www.landesbioscience.com

Epigenetics 1463



Table 1 Numbers of CpG sites associated with significant changes in methylation during TGF-B -induced EMT in SKOV3 cells®

Increased Methylation

Decreased Methylation

Comparisons Numbers AP Range® Numbers AP Range®
48 h vs. Control 351 0.007-0.168 117 0.010-0.151
120 h vs. Control 344 0.007-0.145 46 0.009-0.130
120 h + 48 h off vs. Control 35 0.026-0.297 45 0.020-0.317
Common changes at 48 and 120 h 130 - 30 -

Cells were treated with TGF-B (5 ng/ml) for 48 h, 120 h, or 120 h followed by TGF-8 removal for 48 h (120 h + 48 h off). Significant changes: P < 0 .01

(ANOVA) and FDR < 0.05.
PAB = Difference in average B-values between treatments per CpG site.

-2,>3% but no changes in TET1 and TET-2 mRNA expression
levels were observed after 24 and 120 h of TGF-B treatment
(Supplementary Fig. 83; P > 0.05). Collectively, these results
support a role of TGF-B in the regulation of DNA methylation
through direct effects on DNMTs expression and activity.

TGEF-B-induced changes in DNA methylation are associated
with gene expression changes

Functional relevance of the DNA methylation changes
induced by TGF- was assessed by examining expression of spe-
cific genes displaying altered methylation and relation with
EMT,! including COLIAI, an EMT-associated gene known to
be upregulated by TGF-$ and which contains promoter CpGs,
but lacks a promoter SMAD binding site. To verify that the
effects of TGF- were in fact mediated through DNA methyla-
tion, we used SGI-110, a novel DNMTT1 inhibitor.>*%? The
mRNA expression levels of COLIAI were increased by TGF-3
at 48 and 120 h and also upregulated by treatment with SGI-
110 alone (Fig. 3A) suggesting promoter demethylation contrib-
utes to COLIAI transcriptional regulation. Combined treatment
with TGF-B and SGI-110 further enhanced COLIAI expression
(Fig. 3A), supporting the notion that the effects of TGF-f are
mediated through changes in promoter methylation. In contrast,
the expression of COL5A1 (collagen 5A1) was induced by TGEF-
B, but was not altered by SGI-110 alone or in combination with
TGEF-B (Fig. 3B), suggesting that the effects of the cytokine on
COL5AI expression were not mediated through DNA methyla-
tion. Similar effects of TGF-B and SGI-110 on COLI1AI and

COL5AI mRNA expression levels were observed in additional
ovarian cancer cell lines (Hey and HeyC2, Fig. 3C).

To further examine the mechanism of TGF-B activity on
COLI1AI promoter methylation and transcriptional reactivation,
we searched for potential transcription factor binding sites
(TFBS) around the COLIAI TSS using PROMO software
(htep://alggen.Isi.upc.es/cgi-bin/promo_v3). A binding site for
specificity protein 1 (SP1) is present at position —88 to —79
(NCBI RefSeq: NG_007400.1 and Transcription Regulatory
Element Database # 18363) relative to the COLIAI TSS
(Fig. 3D). A previous report demonstrated that by recruiting the
active unit of the NF-kB complex RelA to this promoter region,
SP1 repressed COLIAI expression.®* Pyrosequencing analysis of
the 3 CpG sites in the COLIAI promoter confirmed that TGF-
B treatment resulted in increased (2 < 0 .05) methylation levels
of the SP1 binding region CpG sites (Fig. 3E). Based on these
observations, we speculated that methylation of these CpG sites
may interfere with binding of RelA and SP1 transcription factors
to the COLIAI promoter. To demonstrate that RelA plays a role
in the TGF-B mediated regulation of COLIAI, we used siRNA
to knockdown RelA (Fig. 3F, left) and subsequently measured
response to TGF-B. Knockdown of Reld augmented TGEF-
B-mediated COLIAI induction (Fig. 3F, right), suggesting that
RelA inhibits COLIAI transcription in response to this cytokine.
We propose that hypermethylation of these specific CpG sites
induced by TGEF-B-regulated DNMTs makes this promoter
region resistant to the inhibitory effects of RelA and SPI and
allows for induction of COLIAI expression, illustrating for the

Figure 1 (See previous page). TGF-3 induces changes in DNA methylation during EMT in ovarian cancer cells. (A) Phase contrast microscopy iden-
tifies morphological changes induced in SKOV3 cells by TGF-B (5 ng/ml) at 48, 120, and 48 h after removal of TGF-B (magnification 100 %, panels; 200,
insets). Western blotting for E-cadherin and vimentin in SKOV3 cells treated with TGF-B for 120 h (right panel). (B) Unsupervised hierarchical clustering
displays differential DNA methylation profiles of SKOV3 cells treated with vehicle, TGF-$ for 48 and 120 h, or 48 h after removal of TGF- (n = 3 replicates
per group; each group is color coded). Rows represent individual samples and columns represent CpG sites B-values. A visual dual color code is utilized
with red and blue indicating high and low expression levels, respectively. The scale of color saturation reflects 3-values for individual CpG sites. (C) Unsu-
pervised sample classification based on principal component analysis of DNA methylation profiles of SKOV3 cells treated with TGF-f for the indicated
time points (3 replicates per group). Samples with similar profiles cluster together. (D) Average B-values for all CpG sites in SKOV3 cells treated with TGF-
B (5 ng/ml) for 48, 120, and 48 h after removal of TGF-. (E) Effects of TGF- on average percent methylation of 4 CpG sites of the LINE-1 sequence at
the indicated timepoints were determined by pyrosequencing. Bars represent means of 3 replicates + SE. * denotes P < 0 .05. (F) Gene networks were
ranked by log P-values and compared TGF-B treated versus control SKOV3 cells. Analysis within the top ranked networks (log P-value > 25) displays
interconnected genes as nodes. Genes are colored according to expression levels, red symbols corresponding to up-regulated genes and green symbols
indicating downregulation. Dashed lines between nodes show indirect interactions; continuous lines indicate direct interactions.
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Table 2 Numbers of CpG islands associated with significant changes in methylation during TGF-B-induced EMT in SKOV3 cells®

Increased Methylation

Decreased Methylation

Comparisons Numbers AP Range® Numbers AP Range®
48h vs. Control 193 0.008-0.088 2 0.036-0.049
120h vs. Control 494 0.007-0.085 1 0.042
120h + 48h off vs. Control 0 —_ 3 0.028-0.043
Common changes at 48 and 120h 138 — 0 —

Cells were treated with TGF-B (5 ng/ml) for 48 h, 120 h, or 120 h followed by TGF-8 removal for 48 h (120 h + 48 h off). Significant changes: P < 0 .01

(ANOVA) and FDR < 0.05.
PAB = Difference in average B-values between treatments per CpG island.

first time a SMAD-independent effect of TGF-8 on gene

expression.

SGI-110-induced global DNA hypomethylation represses
EMT

To demonstrate the functional significance of DNA methyla-
tion to EMT regulation, we determined the effects of the hypo-
methylating agent (HMA) SGI-110 on TGEF-B-stimulated
ovarian cancer cells. As expected, TGF-B induced EMT
(Fig. 4A, panels I vs. II), while the epithelial characteristics of
these cells were maintained by concomitant treatment with SGI-
110 (Fig. 4A, panel III), indicating that inhibition of methylation
prevents TGF-B-induced EMT (Fig. 4A). No change in the mor-
phology of cells treated with HMA alone was observed (Fig. 4A,
panel I vs. IV). To further quantify the effects of SGI-110 on
known markers of EMT, expression of CDHI and FNI (fibro-
nectin 1) was examined. Treatment with SGI-110 increased
CDHI mRNA levels (Fig. 4B), suggesting that promoter methyl-
ation regulated expression of this epithelial marker and prevented
TGF-B-induced E-cadherin downregulation. In contrast, no
change in FINI mRNA expression level was observed after HMA
treatment (Fig. 4B), suggesting that this mesenchymal marker is
not regulated by promoter methylation. Pyrosequencing analysis
confirmed that SGI-110 prevented TGF-B-induced CDH1 pro-
moter methylation (Fig. 4C).

To analyze the global effects of SGI-110 on TGF-B-induced
EMT, a pathway specific quantitative RT-PCR array was used to
examine 84 genes known to be associated with EMT. Upregula-

Table 3 Top IPA identified networks including genes displaying significant
changes in promoter associated CpG islands methylation during TGF-
B-induced EMT

Associated Network Functions Score
Digestive system development and function, organ morphology, 54
organismal development.

Cellular movement, hematological system development and 46
function, immune cell trafficking.

Respiratory system development and function, embryonic 28
development, organ development.

Embryonic development, organismal development, cellular 24
development

Behavior, cell death and survival, nervous system development 20

and function
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tion (>2-fold increase) of a significant number of genes (23 out
of 84) was observed in cells treated with SGI-110 (Table 5). Fur-
thermore, SGI-110 induced marked (>50 fold) upregulation of
several genes, including COLIA2, COL3AI, IGFBP4, KRT14,
and 7GFB2 (Table 5), suggesting a prominent role for DNA
methylation in expression of these genes.

Analysis of transcripts whose regulation by TGF-8 was pre-
vented by SGI-110, point to genes potentially regulated by TGF-
B through DNA methylation changes (Table 5). Among those,
the array confirmed that SGI-110 blocked TGF-B-induced
downregulation of CDH1. In addition, upregulation of ZEB2, a
known CDH] transcriptional repressor and inducible by TGEF-
B, was partially suppressed by the combined treatment of TGF-8
and SGI-110. Induction of ZEBI and 2 and SINAIL1 expression
levels by TGF-B and by treatment with SGI-110 were confirmed
by qRT-PCR (Fig. 4D), indicating that epigenetic modulation
of key transcription factors represents a potential mechanism of
EMT regulation. Based on these results, we suggest that TGEF-
B-induced changes in DNA methylation alter transcription of
critical genes that significantly contribute to regulatory mecha-
nisms controlling EMT.

Discussion

Our study provides important new information on the role of
DNA methylation and EMT induction in ovarian cancer cells.
Initiation of the EMT program imparts to cancer cells the ability
to invade and disseminate,>® and completion of EMT has been
linked to the generation of cells with stem-like properties.®® This
theory may explain, at least in part, how metastatic cells can form
neoplastic colonies at distant sites and allow metastasis to be

Table 4 Top IPA identified molecular and cellular functions including genes
showing significant changes in promoter associated CpG islands methyla-
tion during TGF-B-induced EMT

Numbers of
Molecular and Cellular Functions P-values Molecules
Cell-cell signaling and interaction 6.04E-08 - 2.85E-02 24
Cell cycle 7.25E-05 - 1.48E-02 6
Cellular movement 3.06E-04 — 2.85E-02 22
Cell death and survival 3.06E-04 — 2.85E-02 10
Cell morphology 5.08E-04 — 2.85E-02 19
1465



established. The initiation and maintenance of the EMT process
depends on signals provided by the tumor microenvironment,
such as TGF-B, PDGFs, and other growth factors or cytokines
that induce malignant epithelial cells to lose their epithelial char-
acteristics and acquire invasive traits.> It is accepted that a vari-
ety of transitory and plastic states ranging between pure epithelial
and pure mesenchymal phenotypes may co-exist in a highly het-
erogencous “‘mix” during the process. The EMT program is
tightly regulated by transcriptional activators and repressors
engaged by the paracrine and autocrine cues from the tumor
microenvironment. Here we provide the first evidence that activ-

ity of EMT transcriptional regulators in ovarian cancer cells is
modulated in part by the methylation state of the DNA.

Recent reports have begun to document the involvement of
epigenetic mechanisms during the EMT program, particularly of
histone and chromatin modifications. For instance the polycomb
repressor group 2 (PRC2), which modulates trimethylation of
K27 on histone H3 (H3K27me3), has been shown to repress
CDHI1.”7?® The lysine specific demethylase LSD1, which
removes a methyl group from the H3K4me3 transcription active
mark, has been shown to interact with, and be required for,
Snail-1-induced CDHI repression.'? Epigenetic reprogramming
dependent on LSD1 and involving chromatin reconfiguration,

but not changes in DNA
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Figure 3. Correlation between DNA A
methylation and gene expression during
TGF-B -induced EMT. A-B. Semiquantita-
tive RT-PCR (left panels) and densitometric
analysis (right panels) measures mRNA
expression levels of COL1AT (A) and
COL5AT1 (B) in SKOVS3 cells treated with TGF-
B (5 ng/ml), SGI-110 (5 wM), or the combi- sGl
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marker CDHI and demonstrating the

first “SMAD-independent” effect of TGF-B on gene expression.
While the methylation changes observed were on average rela-
tively modest (Tables 1 and 2), we demonstrate that some of
these changes were functionally relevant, being associated with
differential expression of specific genes (e.g., CDHI and
COLIAI). Interestingly, the increase in DNA methylation dur-
ing EMT was reversible upon TGF-f withdrawal, coinciding
with resumption of epithelial characteristics. While patterns of
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DNA methylation are considered to remain relatively stable over-
time, variations in promoter methylation leading to gene silenc-
ing have been shown to occur in association with DNA repair™
or in response to micro-environmental factors, such as increased
reactive oxygen species during inflammation.*' The observed
effects of TGF-f on DNMTs expression level and methylation
changes were more pronounced with prolonged exposure to the
cytokine (120 h compared to 48 h), consistent with the concept

1467



Control TGF-B TGF-B + SGI-110 SGI-110
E-Cadherin Fibronectin 1
14 - 30 -
*
W O e wmw  £-Cadherin 12 - 25 -
10 - i
Fibronectin 1 £ c 20 -
[40]
. e — - 58 Bl
M — — S CAPDH !é 6 - o 10 4
4 o
C TGF-8 TGF- SGI e T |
+ 2 i
SGI 0 - 0 -
e i
EL D8 EL33
o E + :E +
O o ST e
L [N
2 2
CDH1 Promoter Snail1 Zeb1 Zeb2
20 A 14 - 8 1 7 A
%* *
IS " 121 * 7 - g4 2
+— *
= 310 1 5% 35 -
= c c 5 - c
] o 8 - © * © 4 -
o 10 A S * G4 G
= 5 6 1 S 3 * 5 3
+ 5 S 5
é 5 w4 g w 2
E 2 A 1 1
0 - 0- 0 0 -
R GHG) T 900 T 20O 0 RGN
g 0 B £ W 8 g £ Wb 8 g £ w 8 8
c O + o o 4 o V] + o V] +
O - o5 = 5 5 & o F o
(] ul_ I 1 1
o (1Y [T (11
= 0] 5] [G)
=4 = =4

Figure 4. The DNMT inhibitor SGI-110 blocks TGF-B-induced EMT in SKOV3 cells. (A) Phase contrast microscopy identifies morphological changes
induced in SKOV3 cells by TGF-8 (5 ng/ml), SGI-110 (5 M), or the combination (100x for panels and 200x magnification for insets, left panels). (B) Semi-
quantitative (left panel) and real-time RT-PCR (right and middle panels) measures mRNA expression levels of CDH1 (E-cadherin) and FNT (fibronectin) in
SKOV3 cells treated with TGF-B (5 ng/ml), SGI-110 (5 wM), or the combination (n = 2 replicates). Bars represent means of 2 replicates + SE. * denotes P
< 0 .05 compared to control. (C) Effects of TGF- and SGI-110 on average methylation of CpG sites in the CDHT promoter were determined by pyrose-
quencing. Bars represent means of 3 replicates & SE. * denotes P < 0 .05 compared to control. (D) Real-time RT- PCR measures mRNA expression levels
of the EMT transcriptional regulators (Snaill, Zeb1, and Zeb2) in SKOV3 cells treated with TGF-B (5 ng/ml), SGI-110 (5 M), or the combination. Bars repre-
sent means of 3 replicates + SE. * denotes P < 0 .05 compared to control.
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Table 5 Changes in EMT-associated gene expression induced by TGF-B8 and
by the hypomethylating agent SGI-110 in SKOV3 cells®

Fold Change Up or Down vs. Control

Gene TGF- TGF-3+SGI-110 SGI-110
BMP1 2.7 3.1 2.1
CDH1 —6.9 -1.5 55
COL1A2 12.2 3555 196.8
COL3A1 2.0 187.7 63.0
COL5A2 22 4.0 32
ERBB3 —4.3 1.2 6.7
FGFBP1 —23 —4.1 —-29
FOXCc2 1.9 5.1 57
GSC 23 23 7.6
IGFBP4 -1 106.4 99.8
ILTRN —2.1 1.2 6.7
KRT14 35 384.7 90.2
KRT7 1.5 15 —22
MMP2 11.6 10.3 2.2
MMP3 1.7 9.2 13.2
MMP9 -1.3 4.0 13.6
RGS2 15 3.6 34
SNAIT 6.3 10.8 49
SNAI3 -1.1 -1.9 -23
SPP1 —-1.6 —-2.7 -35
TCF4 4.9 16.1 89
TFPI2 3.0 46 2.2
TGFB2 39 86.9 86.5
WNTT1 -1 1.6 2.6
WNT5A 4.2 35 2.7
WNT5B -1 27.3 39.8
ZEB2 5.8 3.6 24

@ Shown are genes with >2-fold change induced by SGI-110 relative to
control.

that both maintenance and de novo methylation occur during
DNA replication. Our findings are consistent with recent reports
documenting increased DNA methylation in association with
increased expression and activity of DNMTs in basal like breast
cancers,'>*? which have well-characterized EMT features.*®
Focal promoter hypermethylation and global genomic histone
marks redistribution were also observed in a Twist-induced
model of EMT in mammary cells.* Interestingly, the TGF-B
pathway was identified as a potential predictor of response to
DNMT inhibitors in a genomic analysis of tumor biopsies® col-
lected from patients with recurrent ovarian cancer treated with
decitabine in a clinical trial.*®

The involvement of DNMT1 in TGF-B-induced DNA meth-
ylation is supported by the demonstration that SGI-110 prevented
induction of EMT and silencing of CDHI and by the observa-
tions that the activity and nuclear distribution of DNMT]1
increased after TGF-B stimulation. This represents the first report
demonstrating that a DNMT inhibitor (DNMTI) blocks TGEF-
B-induced EMT, supporting the concept that agents in this class
could have powerful “metastasis preventing” effects. The massive
effects of the HMA alone on EMT-associated genes further high-
light the significance of epigenetic regulation of this key neoplastic
phenomenon. As cancer stem cells are known to harbor EMT
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characteristics, it could be postulated that epigenetic modulators
like SGI-110 also block stem-like properties. Indeed, we and
others have recently shown that low dose DNMTTIs inhibits the
survival and tumor initiating properties of cancer stem cells.”

Our study is limited by the evaluation of changes in global
DNA methylation associated with EMT in a single cell line.
SKOV3 cells were selected as the primary model for study,
because they readily undergo EMT in response to the cytokine,
compared to other ovarian cancer cells. The effects of TGF-f on
DNMTs expression levels and on specific transcripts were vali-
dated in other cells (Hey, Hey C2). Another limitation of this
study relates to the use of the Infinium HumanMethylation450
Bead Chip Arrays which has restricted quantitative capacity,*®
contributing to a higher false discovery rate and a lower sensitiv-
ity for detecting CpG island density compared to newer sequenc-
ing technologies.

In all, our findings strongly support the involvement of epige-
netic reprogramming during EMT, converge with emerging liter-
ature using other cancer models, and provide new key
information on the functions of DNA methylation during this
process. Lastly, our results have therapeutic implications suggest-
ing that DNMTIs will prevent EMT in cancer cells and subse-
quently decrease the risk of ovarian cancer metastasis.

Materials and Methods

Cell culture

The ovarian cancer cell lines SKOV3, OV90, OVCAR3,
IGROVI, Hey, and HeyC2 were obtained from the American
Type Culture Collection (ATCC). IOSE cells are telomerase
immortalized surface epithelial ovarian cells and were a gift from
Dr. N. Auersperg from University of British Columbia.*’ Cells
were maintained in RPMI-1640 (OVCAR3 and IGROV1) or
medium  containing 1:1 MCDB 105 (Sigma-Aldrich) and
M199 (Cellgro) supplemented with 10% fetal bovine serum and
1% penicillin and streptomycin solution. Cells were treated with
TGF-B1 (R&D Systems) and/or the hypomethylating agent
SGI-110 (Astex Pharmaceuticals) using doses of 5 ng/ml and
5 M, respectively. Treatment with TGF-f continued for up to
120 h and biological effects were measured up to 48 h after
TGEF-B removal.

DNA extraction and bisulfite conversion

Genomic DNA was extracted using the QIAamp DNA mini-
kit (Qiagen). Genomic DNA was treated with sodium bisulfite
using the EZ DNA Methylation-Gold kit (Zymo Research).
Bisulfite converted DNA was used to measure DNA methylation.

DNA methylation profiling

Genome-wide DNA methylation profiling used Infinium
HumanMethylation450 BeadChip (HM450; Illumina) and was
carried out at the University of Chicago Genomics Core, Knapp
Center for Biomedical Discovery (Chicago, IL) following proce-
dures provided by Illumina. Data quality and determination of

methylation levels of 485,577 CpG sites included in the
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HM450 BeadChip were assessed using Illumina GenomeStudio
Data Analysis Software. Methylation levels were calculated as
B-values ranging from 0 for unmethylated, to 1 for fully meth-
ylated CpG sites. Data have been deposited in GEO accession
number GSE56621.

DNA methylation analysis by pyrosequencing

Methylation levels of CpG sites in the promoter of selected
genes and long interspersed element-1 (LINE-1) were deter-
mined by bisulfite pyrosequencing performed at EpigenDx. In
brief, target sequences containing CpG methylation sites were
amplified by PCR using specific primers. One of the PCR pri-
mers was biotinylated to allow for purification of the PCR prod-
uct using streptavidin sepharose beads (Amersham). Sepharose
beads containing the immobilized PCR product were purified,
washed, and denatured (0.2 M NaOH) using the Pyrosequenc-
ing Vacuum Prep Tool (Qiagen). The pyrosequencing primer
(0.2 pM) was annealed to the purified single-stranded PCR
product, which was then sequenced using the Pyrosequencing
PSQY6 HS System (Qiagen). The methylation level of each locus
was determined and expressed as a percentage using QCpG soft-
ware (Qiagen).

Transfection

Transient knockdown of p65 (RELA) was performed by using
small interfering RNA (siRNA) (siGenome SMART pool, Dhar-
macon) or scrambled siRNA (control, Dharmacon) and the
DreamFect Gold transfection reagent (OZ Biosciences).

RNA isolation and RT-PCR

Total RNA was extracted from cultured cells with the RNA
Stat-60 reagent (Tel-Test, Inc.). The iScript cDNA Synthesis kit
(Bio-Rad) was used for reverse transcription and iTaq SYBR
Green Supermix with ROX (Bio-Rad) was used for real-time
PCR amplification. Relative changes in gene expression were cal-
culated by the 274*“T method using GAPDH for normaliza-
tion. Some transcripts were amplified by semiquantitative RT-
PCR using GoTaq Green master mix (Promega). PCR products
were resolved by agarose gel electrophoresis and visualized by
ethidium bromide staining. Densitometric analysis using the
Image] software (http://imagej.nih.gov/ij) was used for quantita-
tion of amplicons relative to GAPDH. The sequences of primers
and number of cycles of amplification used for PCR are included
in Supplementary Table S2.

EMT pathway analysis

Expression of 84 genes associated with EMT was analyzed
by real-time RT-PCR using RT? Profiler PCR arrays. The
EMT Profiler arrays, the RT? First Strand kit, and the RT”
SYBR Green ROX qPCR master mix were purchased from SA
Bioscience Corporation. Total RNA (500 ng) was reverse tran-
scribed, cleared of DNA contamination, and then amplified
using the real-time cycler 7900HT (Applied Biosystems). Rel-
ative changes in gene expression were estimated by the 2744¢T
method using the average of the 5 housekeeping genes (ACTB,
B2M, GAPDH, HPRTI, RPLPO) included in the array as
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reference for normalization, following the protocol provided
by the manufacturer.

Nuclear protein extraction and DNMT activity

Nuclear proteins were extracted using the EpiQuik Nuclear
Extraction kit (EpigenTek). Total DNMT activity in nuclear
extracts was determined using the EpiQuik DNMT Activity/
Inhibition Assay Ultra kit (EpigenTek). DNMT 1 activity was
calculated as OD/h/mg of protein.

Western blotting

Equal amounts of protein were separated by SDS-PAGE and
electroblotted onto polyvinylidene difluoride membranes (Milli-
pore). After blocking, membranes were probed with primary
antibodies overnight at 4°C. Antibodies for DNMT-1 (#5032),
vimentin (# 3932), and E-Cadherin (#3195), were from Cell Sig-
naling Technology, for DNMT-3B (#ab79822, clone EPR3523)
from Abcam Inc., for GAPDH (# H86504M) from Meridian
Life Sciences, Inc., and for B-Actin (#A5441, clone AC-15) from
Sigma. After incubation with HRP-conjugated secondary anti-
body, antigen-antibody complexes were visualized using an
enhanced chemiluminescence detection system (SuperSignal
West Pico, Thermo Scientific). Images were captured by a lumi-
nescent image analyzer with a CCD camera (LAS 3000, Fuji
Film). Densitometry analysis was performed with Image] 1.48
software.

Statistical analysis

Average methylation signals on the CpG sites within each
CpG island (CGI) and/or promoter region defined as regions
encompassing —2000 to 4500 nucleotides relative to the TSS
were hierarchically clustered with Pearson dissimilarity and aver-
age linkage as clustering parameters. Principal component analy-
sis on the average methylation signals was conducted using
Partek Genomics Suite (version 6.5). TGF-B-induced methyla-
tion changes were identified in both individual CpG level and in
region-specific level by considering all the CpG sites within a
CGI and/or promoter region. For individual CpG level, analysis
of variance (ANOVA) was used on the logit transformation of
the B-values identified in the HM450 BeadChip. This transfor-
mation effectively converts the B-value (ranges from 0-1) into a
normal-like distribution and has been used previously for differ-
ential methylation analysis.”® For region specific analysis, a gener-
alized linear model was used by treating different CpG sites
within a specific region as repeated measures. Such strategy effec-
tively uses all the CpG site signals within the region, and takes
into the consideration the consistency of the methylation changes
across all the sites. Since increased or decreased methylation levels
for the high or low methylated CpG sites (with high or low
B-values) cannot be effectively identified, the CpG sites with
B-value > 0.9 or < 0.1 in the control condition were not
included in the region specific analysis. In order to correct the P-
values for the multiple hypothesis testing, false discovery rates
(FDR) were calculated by using an improved Benjamini-Hoch-
berg procedure.”’ The CpG sites/CGls with FDR < 0.05 were
Lists of differentially

considered as significant changes.
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methylated CpG sites genes between groups were imported into
Ingenuity Pathway Analysis (IPA Ingenuity Systems) software to
identify gene pathways and networks regulated by methylation.

For other variables compared among experimental groups, signif-
icant differences (P < 0 .05) were determined by t-tests.
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