I
Epigenetics 8:12, 1330-1346; December 2013; © 2013 Landes Bioscience

Expression and epigenetic regulation
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The initiation of angiogenesis can mark the transition from tumor dormancy to active growth and recurrence.
Mechanisms that regulate recurrence in human cancers are poorly understood, in part because of the absence of relevant
models. The induction of ARHI (DIRAS3) induces dormancy and autophagy in human ovarian cancer xenografts but
produces autophagic cell death in culture. The addition of VEGF to cultures maintains the viability of dormant autophagic
cancer cells, thereby permitting active growth when ARHI is downregulated, which mimics the “recurrence” of growth
in xenografts. Two inducible ovarian cancer cell lines, SKOv3-ARHI and Hey-ARHI, were used. The expression level of
angiogenesis factors was evaluated by real-time PCR, immunohistochemistry, immunocytochemistry and western
blot; their epigenetic regulation was measured by bisulfite sequencing and chromatin immunoprecipitation. Six of
the 15 angiogenesis factors were upregulated in dormant cancer cells (tissue inhibitor of metalloproteinases-3, TIMP3;
thrombospondin-1, TSP1; angiopoietin-1; angiopoietin-2; angiopoietin-4; E-cadherin, CDH1). We found that TIMP3 and
CDH1 expression was regulated epigenetically and was related inversely to the DNA methylation of their promoters in
cell cultures and in xenografts. Increased H3K9 acetylation was associated with higher TIMP3 expression in dormant
SKOV3-ARHI cells, while decreased H3K27me3 resulted in the upregulation of TIMP3 in dormant Hey-ARHI cells. Elevated
CDH1 expression during dormancy was associated with an increase in both H3K4me3 and H3K9Ac in two cell lines. CpG
demethylating agents and/or histone deacetylase inhibitors inhibited the re-growth of dormant cancer cells, which was
associated with the re-expression of anti-angiogenic genes. The expression of the anti-angiogenic genes TIMP3 and
CDHT1 is elevated during dormancy and is reduced during the transition to active growth by changes in DNA methylation
and histone modification.

Introduction

Ovarian cancer is the third most common gynecologic cancer,
butitis clearly the mostlethal because it hasa 5-y mortality greater
than 60%.' While more than 70% of ovarian cancers will respond
to primary cytoreductive surgery and combination chemotherapy,

the majority of cancers recur, accounting for the high mortality
rate. Recurrence can occur after many months or years, which
suggests that ovarian cancer, similar to other epithelial neoplasms,
can remain dormant. At “second-look” operations after primary
therapy, small, poorly vascularized deposits of ovarian cancer
cells are found within collagen-rich nodules on the surface of the
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parietal or visceral peritoneum. Several mechanisms have been
proposed for the dormancy of individual cancer cells, including
GO0-G1 arrest, immunosurveillance and failure to initiate
angiogenesis.” The outgrowth of dormant cancer cells has been
associated with the initiation of angiogenesis, although other
mechanisms could be important.? Prolonged dormancy has been
associated with impaired angiogenesis in several models. The
transition from a microenvironment with predominantly anti-
angiogenic factors and dormant cancer cells to an environment
with pro-angiogenic factors and rapid tumor growth has been
termed the “angiogenic switch.” In a model for ovarian cancer
dormancy, the outgrowth of human ovarian cancer cell spheroids
after subcutaneous injection in nu/nu mice coincided with the
ingrowth and maturation of blood vessels and the induction of
vascular endothelial growth factor (VEGF) by hypoxia in cancer
cells?

Recent studies have produced an inducible model for studying
the dormancy of human ovarian epithelial cancer, which depends
on the inducible expression of an aplasia ras homolog member
(ARHI), which is also called DIRAS3. ARHI is a maternally
imprinted tumor suppressor gene that is widely expressed by
normal tissues and is downregulated in cancers of breast, lung,
prostate and ovary.'® While ARHI is strongly expressed in
normal ovarian epithelial cells," it is downregulated in 60% of
ovarian cancers and is associated with decreased progression-
free survival” ARHI is downregulated by several mechanisms,
including loss of heterozygosity, promoter DNA methylation,
transcriptional regulation, and shortened RNA half-life.!*'®
ARHI encodes a 26 kD GTPase with a 50-60% homology to
Ras and Rap. The function of ARHI depends critically on a
33 amino acid N-terminal extension.” Re-expression of ARHI
at physiologic levels inhibits the proliferation,'® decreases the

20

motility,® and blocks the growth of xenografts, and it initiates

autophagy and induces tumor dormancy.”

The development of stable sublines of SKOv3 and Hey
ovarian cancer cells with tet-on inducible expression of ARHI
(SKOv3-ARHI and Hey-ARHI) has permitted studies of the
effect of ARHI re-expression in cell cultures and in xenografts.
Feeding doxycycline (DOX) to mice bearing SKOv3-ARHI
xenografts blocks tumor growth and induces autophagy. When
DOX is withdrawn after 6 weeks of suppression, xenografts
grow promptly to kill the mice. If chloroquine is administered
while xenografts are dormant, the outgrowth is significantly
delayed, which is consistent with the importance of autophagy in
sustaining dormant cancer cells.? In cell cultures, treatment with
DOX induces autophagic cell death. Autophagic ovarian cancer
cells can, however, be rescued by treatment with growth factors
found in xenografts, including VEGEF, interleukin-8(IL-8) and
insulin growth factor (IGF-1). In this report, we have found
that cancer cells that are treated with both DOX and VEGF
remain dormant in cell cultures and can regrow when DOX is
removed. This finding has provided the opportunity to examine
the expression of pro-angiogenic and anti-angiogenic genes while
cells are dormant in cultures or growing actively after the removal
of DOX. Tissue inhibitor of metalloproteinases-3 (77MP3),
thrombospondin-1 (75P1), angiopoietin-1 (Angl), angiopoietin-2
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(Ang2), angiopoietin-4 (Ang4), and E-cadherin (CDHI) are
upregulated in dormancy and downregulated in recurrence,
both in cell cultures and in xenografts. The expression of 7/MP3
and CDHI is regulated epigenetically by DNA methylation and
histone modification. Thus, 77MP3 and CDHI could play a key
role in the angiogenic switch that occurs when dormancy gives
way to tumor outgrowth. In this setting, epigenetic therapy might
significantly delay ovarian cancer recurrence.

Results

In the presence of VEGEF, the re-expression of ARHI induces
dormancy and autophagy in cultures of ovarian cancer cells

In previous studies, the re-expression of ARHI with the
addition of DOX induced autophagic cell death within 2-3
d in the absence of additional growth factors.” To determine
whether incubation with VEGF would induce dormancy rather
than cell death in culture, SKOv3-ARHI and Hey-ARHI cells
were treated with VEGF without the induction of ARHI, with
a transient induction of ARHI for 6 d and with a persistent
induction of ARHI for the duration of the 14-d experiment. The
results of clonogenic assays of SKOv3-ARHI cells are presented
in Figure 1 (left). Treatment with VEGF alone in the absence
of DOX increased the number of colonies when compared with
blank controls at 14 d (colony number: 143 + 5 vs. 124 = 3,
P < 0.05). The induction of ARHI by treatment with DOX
inhibited clonogenic growth (colony number: 47 + 4 vs. 124 +
3, P < 0.05). The induction of ARHI for 14 d in the presence of
VEGEF in the “dormancy” group significantly reduced the number
of colonies observed after treatment with VEGF alone (colony
number: 49 + 5 vs. 143 + 5, P < 0.05). When the re-expression
of ARHI was terminated after 6 d in the “recurrence” group, the
number of colonies increased significantly (91 + 4 vs. 49 = 5, P
< 0.05), which indicates that dormant cells were still capable of
proliferating. The number of colonies observed was, however,
lower than that observed in the VEGF control group (91 + 4
vs. 143 £ 5, P < 0.05). However, without the presence of VEGF,
the cells in the recurrence control group reduced the ability of
proliferating after DOX withdrawal (56 + 7 vs. 91 £ 4, P < 0.05).
To confirm these results, we repeated the clonogenic assays in
Hey-ARHI cells. Similar results were obtained, as shown in
Figure 1 (right), which indicates that inducing ARHI expression
with VEGF can induce dormancy without losing the ability of
proliferating in ovarian cancer cells.

Studies with real-time PCR indicated that ARHI had been
upregulated in the dormancy group with continuous DOX and
VEGF treatment and downregulated after the withdrawal of
DOX in the recurrence group (Fig. 2A), in both SKOv3-ARHI
and Hey-ARHI cells. The ARHI protein expression changes in
SKOv3-ARHI cells were similar to the mRNA changes, as shown
in Figure 2B.

Because ARHI induces autophagy and maintains tumor
dormancy in human ovarian cancer xenografts, we observed
whether ARHI would induce autophagy in the presence of
VEGEF in cell culture. Flow cytometry was used to measure acidic
vesicular organelles (Fig. 2C) in SKOv3-ARHI cells. Compared
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Figure 1. Re-expression of ARHI induces dormancy, and the downregulation of ARHI permits recurrent growth in cultures of ovarian cancer cells that
are stimulated with VEGF. (A) Clonogenic growth of SKOv3-ARHI and Hey-ARHI cells after different treatments. The cells were divided into six groups:
the blank control group (medium only), dormancy control group (cells treated with 1 pg/ml DOX for 14 d), VEGF control group (cells treated with 20
ng/ml VEGF for 14 d), dormancy group (cells treated with both 20 ng/ml VEGF and 1 pwg/ml DOX for 14 d), recurrence group (cells treated with VEGF for
14 d and DOX for only 6 d followed by DOX removal), and recurrence control group (cells treated with 1 g/ml DOX for 6 d followed by DOX removal).
(B) Colony numbers of the SKOv3-ARHI (left) and Hey-ARHI (right) cell lines in the six groups were counted. The experiments were performed in tripli-
cate, and the data are presented as the mean =+ SD of the three separate experiments. **Compared with the VEGF control group, P < 0.01. #Compared
with the dormancy group, P < 0.01
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Figure 2. ARHI induces autophagy in ovarian cancer cells. (A) Expression of ARHI in the ovarian cancer dormancy-recurrence in-vitro model as measured
by real-time PCR. Top: SKOv3-ARHI; bottom: Hey-ARHI. (B) Increased cleavage of LC3-1to LC3-Il and higher ARHI expression were shown in the dormancy
group, whereas the withdrawal of DOX resulted in decreased LC3-ll and ARHI expression in SKOv3-ARHI (C) The percentage of autophagic cells was
measured by acridine orange staining and flow cytometry. FL3H detects red fluorescence (650 nm), and FL1H detects blue fluorescence (488 nm). Dot
plots that show increased autophage formation in the dormancy (VEGF+DOX treatment) group and decreased autophage formation after the transi-
tion of dormancy to recurrence (VEGF + DOX withdrawn). *Compared with the VEGF control group, P < 0.05. **Compared with the VEGF control group,
P < 0.01. *Compared with the dormancy group, P < 0.01. *Compared with the dormancy group, P < 0.01.

with the VEGF control group, the number of autophagic cells  recurrence group compared with the dormancy group (2.58% vs.
increased significantly in the dormancy group when the cells were  16%, P < 0.05). Furthermore, using western blot, we confirmed
treated with VEGF and DOX for 14 d (16% vs. 0.21%, < 0.05).  an increased cleavage of LC3-1 to LC3-1I, a well-characterized
The number of autophagic cells decreased significantly in the marker for autophagy (Fig. 2B).
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Anti-angiogenic genes are activated in dormant ovarian
cancer cells

Using real-time PCR, we investigated the expression changes
of 15 angiogenesis-related genes: 7SPI, angiopoietin-like 2
(ANGPTL2), Angl, Ang2, Ang4, insulin-like growth factor binding
protein-3 (IGFBP3), tyrosine kinase with immunoglobulin-like and
EGF-like domains I (TIE-1), tyrosine kinase with immunoglobulin-
like and EGF-like domains 2 (TIE-2), TIMP3, H-cadberin
(CDH13), CDHI, secreted acidic cysteine rich glycoprotein
(SPARC), reversion-inducing-cysteine-rich protein with kazal
motifs (RECK), sulfatase 1 (SULF-1) and EGF containing fibulin-
like extracellular matrix protein 1 (EFEMPI).

First, we tested gene expression in six groups of SKOv3-ARHI
cells that were treated for 14 d. We compared their expression in
two settings. The first setting contained three groups (VEGEF,
dormancy and recurrence), which were all treated with VEGF
and/or DOX. Among these pro-angiogenic and anti-angiogenic
factors, mRNAs of 6 genes (TTMP3, TSP, Angl, Ang2, Ang4, and
CDH]I) were upregulated in dormant tumor cells compared with
the VEGF control group cells and downregulated in progressively
growing ovarian cancer cells compared with dormant cells, which
indicates that those factors are involved in the transition from
dormancy to growth (Fig. 3A). The second setting contained
three control groups that were all treated without VEGF. The
results showed that these six genes were upregulated when
SKOv3-ARHI cells were treated with DOX and downregulated
after DOX was withdrawn (Fig. S1A).

Because our main intention was to observe the angiogenesis
factors during the dormancy-to-recurrence transition in
this VEGF-added, in-vitro model that mimics the in-vivo
environment, we further investigated the dynamics of the
expression of the six genes in the VEGF control, dormancy, and
recurrence groups. Figure 3C shows that TIMP3 and CDHI1
expression elevated on day 6, reached a peak on day 10 and
slightly decreased on day 14 in the dormancy group, when treated
with DOX+VEGF. Compared with the expression level in the
dormancy group, four days after DOX withdrawal (day 10), the
expression of TIMP3 and CDHI was obviously decreased and
downregulated greatly on day 14.

We evaluated the expression of 6 genes in Hey-ARHI cells.
Figure 3B shows that all 6 genes were elevated in the dormancy
group and decreased in the recurrence group. The dynamics of
TIMP3 and CDHI expression were similar to that of SKOv3-
ARHI cells (Fig. 3D). The dynamics of expression of the other
four genes are shown in Fig. S1B.

Immunocytochemistry confirmed that the expression of
CDHI1 and TIMP3 protein increased in dormancy compared
with the VEGF control and decreased in the recurrent growth
compared with the dormant state (Fig. 4). The quantitative
scores are shown in Fig. S2.

DNA methylation of TIMP3 and CDHI decreased during
dormancy and increased during recurrent growth

To study the DNA methylation status of 15 angiogenesis-
related factors, bisulfite-treated DNA was sequenced. Overall, in
the basal state of the ovarian carcinoma cell line SKOv3-ARHI,
the promoters of Ang2, IGFBP3, RECK, EFEMPI, TIEI, TIE2,
and SPARC were hypermethylated (>80%); the promoters of
Angl, ANGPTL2, TSPI were hypomethylated (<10%); and the
promoters of Ang4, TIMP3, CDHI3, CDHI and SULFI were
moderately methylated (10% ~40%).

Because suppression of some genes is commonly associated
with CpG island hypermethylation within a promoter, we asked
whether the gene expression changes during dormancy-to-
recurrence transitions were due to de novo DNA methylation.
We first examined DNA methylation of these 15 angiogenesis-
related genes in the VEGF control, dormancy and recurrence
groups of SKOV3-ARHI cells that were treated for 14 d. TIMP3
promoter showed decreased methylation in dormancy and
increased methylation in recurrence (VEGF control: 22.5%,
dormancy: 9.2%, recurrence: 30%), which was in accordance to
their elevated expression in dormancy and decreased expression
in recurrence. CDHI showed dramatically hypermethylation
in recurrence (VEGF control: 44.4%, dormancy: 60.6%,
recurrence: 87.8%). In addition, sequencing results showed that
both 77MP3 and CDHI were hypomethylated in dormancy
and regained methylation in recurrence in Hey-ARHI cells.
Furthermore, these two genes represented varying changes
of specific CpG sites (Fig. 5A). However, 75P! did not show
a dramatic change in DNA methylation (7SPI, control: 1%,
dormancy: 0, recurrence: 6.7%), and the methylation changes
of the other 12 genes did not show a significant difference (data
not shown).

Because the tumor dormancy-to-recurrence transition is a
dynamic process that can be induced by DOX withdrawal in
our in vitro model, we further investigated the dynamics of
epigenetic changes of 7/MP3 and CDHI at four sequential
time points (0, 6, 10, and 14 d) in both SKOv3-ARHI and
Hey-ARHI cells. We noticed that the timing of 7/MP3 and
CDHI methylation fell slightly behind the upregulation of
TIMP3 and CDHI (Fig. 5B). For example, TIMP3 and CDHI1
expression were obviously increased on day 6 in the dormancy
group of Hey-ARHI cells, whereas DNA methylation was
significantly decreased on day 10 and was further decreased
on day 14. In accordance with that finding, in the recurrence
group, on day 10 (4 d after DOX withdrawal), 7/MP3 and
CDHI hypomethylation was reversed. On day 14 (8 d after
DOX withdrawal), the methylation level of 7/MP3 and CDHI
reached or even exceeded the level observed in the control group,
which was also consistent with the expression changes.

P < 0.01. #¥*Compared with the dormancy group, P < 0.01

Figure 3 (See opposite page). Anti-angiogenic genes are activated in dormant and repressed in recurrent ovarian cancer cells. (A) The expression of
angiogenesis-related factors in dormancy and the recurrence transition measured by real-time PCR in SKOv3-ARHI cells. Of the 15 genes, the six genes
(Ang1, Ang2, Ang4, TSP1, CDH1, and TIMP3) that were upregulated during dormancy and decreased again in recurrence were presented. (B) The expres-
sion of the six genes in the Hey-ARHI cells (C) Dynamics of TIMP3 and CDH1 expression in SKOv-3 ARHI cells. This expression was measured by real-time
RT-PCR at four time points (0, 6, 10, and 14 d). (D) Dynamics of TIMP3 and CDH1 expression in Hey-3 ARHI cells. **Compared with the control group,
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H3K9Ac, H3K4me3, and H3K27me3
expression of 7IMP3 and CDHI

Because chromatin modifications play a critical role

the

regulate

in controlling gene expression and because H3K9me2
and H3K27me3 are generally linked to gene repression in
euchromatin while H3K4me3 and H3K9Ac are linked to gene
activation, we examined histone modifications of the CDHI
and 7IMP3 promoter using ChIP assays. We designed 7 pairs
of primers for TIMP3 and 6 pairs of primers for CDHI, which
covered from the promoter region near the transcription start site
to the CpG island in exon 1 (Fig. S3A) . After testing, we found
that histone markers were modulated in the DNA fragment
between T7 (I'IMP3) and C2 (CDHI).

The TIMP3 CpG island that was associated with H3K9Ac
and H3K9Ac was significantly increased in dormancy compared
with the recurrent growth in SKOv3-ARHI (Fig. S3B; P < 0.05),
which is consistent with the increased expression of TIMP3 in
dormancy and its decreased expression in recurrence. However,
in Hey-ARHI cells, decreased H3K27me3 (a repressive marker)
at TIMP3 is associated with increased TIMP3 expression
(Fig. S3C). In contrast, the level of H3K9me2 and H3K4me3
associated with the 7/MP3 CpG island did not change during
dormancy or recurrence.

CDHI regulation was associated with different histone
markers. Two active markers, H3K4me3 and H3K9Ac, were
significantly enriched at the CDHI promoter during dormancy
and were reduced during recurrence in both cell lines (Figs. S3B
and C). These results suggest that the accumulation of
H3K4me3 and H3K9Ac at the CDHI promoter plays a critical
role in upregulating the expression of CDHI1 in dormant cells.

Inhibition of DNMT and/or HDAC prevents recurrent
growth of ovarian cancer cells after downregulation of ARHI
and upregulates angiogenesis-related factors

SKOv3-ARHI cells were treated with VEGF for 14 d and
DOX for 6 d to observe the recurrent growth. Further treatment
with the DNMT inhibitor 5-Aza-deoxycytidine (5-Aza-dC), the
HDAC inhibitor Trichostatin (TSA) or a combination of both
agents significantly inhibited colony formation when compared
with the recurrent growth (recurrence group: 151 + 4, 5-Aza-dC
group: 32 + 6, TSA group: 50 + 3, TSA and 5-Aza-dC: 36 =
5, P < 0.05) (Fig. 6A). The DNMT inhibitor and the HDAC
inhibitor altered the expression of angiogenesis-related factors
after the downregulation of ARHI. The expression of Angl,
Ang2, ANGPTL2, IGFBP3, EFEMPI, TIMP3, TIEl, TIE2,
SPARC, and CDHI was reactivated by 5-Aza-dC treatment,
whereas the expression of Ang2, IGFBP3, EFEMPI, TIMP3,
TIEI, and CDHI was elevated after TSA treatment in the
in-vitro recurrence model (Fig. 6B).

Similar colony formation inhibition effects of 5-Aza-dC and
TSA on Hey-ARHI recurrent cells were observed (Fig. 6C).
However, the changed pattern on these genes was slightly

different. The expression of Ang2, IGFBP3, TIMP3, SPARC,
CDH1, CDHI3, and SULFI was reactivated by 5-Aza-dC
treatment, whereas the expression of Angl, TIMP3, TSPI,
CDH]I, Ang4, and SULFI was elevated after TSA treatment in
the in-vitro Hey-ARHI recurrence model (Fig. 6D).

DNMT inhibitor reduces DNA promoter methylation
of TIMP3 and CDHI in ovarian cancer cells after the
downregulation of ARHI

To determine whether treatment with 5-Aza-dC could
reverse DNA hypermethylation of angiogenesis-related factors
during recurrent growth after the withdrawal of DOX and
the downregulation of ARHI, bisulfite-treated DNA was
sequenced. As expected, the methylation rates of 77MP3 and
CDH]I of the recurrence group were all reduced by 5-Aza-dC
treatment (SKOv3-ARHI cells: from 30% to 21.3% in 7IMP3
and from 87.8% to 21.7% in CDHI; Hey-ARHI cells: from
32.9% to 19.1% in 77MP3 and from 63.8% to 32.8% in CDHI)
(Fig. 5A).

Induction of ARHI induces tumor dormancy in human
ovarian cancer xenografts associated with decreased staining
for PCNA and CD31

When SKOv3-ARHI cells were grown as xenografts in nu/
nu mice, the induction of ARHI by feeding DOX to the tumor-
bearing animals significantly inhibited xenograft growth.
Control SKOv3-ARHI tumors without ARHI induction
grew to more than 1.4 cm in diameter by 75 d. When ARHI
induction was withdrawn after 32 d, xenografts grew rapidly
(Fig. 7A); this finding suggests that cancer cells remained viable
during the 32 d of ARHI induction, which is consistent with a
dormant state.

Real-time PCR and western blot results all showed that ARHI
was induced in dormant xenografts and was decreased in the
group that had progressive growth after the withdrawal of DOX
(Fig. 7B). Moreover, western blot analysis demonstrated that
the expression of ARHI correlated with an increased cleavage
of LC3-I to LC3-11, a well-characterized marker for autophagy
(Fig. 7B). Our data confirm that dormant xenografts undergo
ARHI-mediated autophagy, although our matrigel-based model
is slightly different from the previous study by Lu et al.”!

To assess the changes in cell proliferation and angiogenesis in
the in vivo model, we performed immunohistochemical staining
of PCNA and CD31. PCNA stained nuclei of cancer cells in the
xenografts. PCNA staining was reduced in dormant xenografts
that expressed ARHI relative to control xenografts that did not,
whereas PCNA staining increased once again in xenografts that
had progressive growth after the withdrawal of DOX and that
reduced the expression of ARHI. In addition, the expression
of CD31, an angiogenesis marker, followed the same trend as
PCNA (Fig. 7C). Thus, cell proliferation and angiogenesis were
decreased in dormant xenografts.

Figure 4 (See opposite page). TIMP3 and CDH1 protein expression increases in dormancy, decreases in recurrence and are upregulated by 5-Aza-dC
and TSA. The cells were divided into nine groups: the Blank control, VEGF control, Dormancy, Dormancy control, Recurrence and Recurrence control,
which were mentioned in Figure 1; the 5-Aza-dC group: recurrence group treated with 5-Aza-dC for the last 72 h; the TSA group: recurrence group
treated for TSA for the last 24 h; the 5-Aza-dC+TSA group: recurrence group treated with 5-Aza-dC for the last 72 h and with TSA for the last 24 h. The
cells were stained with CDH1 and TIMP3 antibodies with the indicated concentrations. Brown staining means positive.
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TIMP3 and CDHI are upregulated in dormant SKOv3-
ARHI xenografts

We examined the expression of the two angiogenesis-related
genes (7IMP3 and CDHI) that had been measured in the cell
culture model. Real-time PCR showed that the two genes were
upregulated more than a hundred fold in dormant xenografts
and were downregulated during recurrent growth (Fig. 8A). The
increased expression of TIMP3 and CDHI protein was confirmed
by immunohistochemistry and western blot analysis (Figs. 8B
and C). To clarify whether these changes were caused by DNA
methylation and histone modification, we also measured the
promoter methylation of the three genes and the general level of
histone modification sites H3K4me3, H3K9ac and H3K9me2 in
xenograft tissues. The results showed that the DNA methylation
level of TIMP3 and CDH1I decreased in dormancy and increased
during recurrent growth (Fig. 9). No significant changes in the
general histone modification were found during the transition
from dormancy to recurrent growth in vivo (Fig. S5).

Discussion

This report documents that multiple anti-angiogenic factors
are upregulated in dormant human ovarian cancer cells in
culture and in xenografts. Our findings support studies at other
tumor sites that indicate that angiogenesis-related genes are the
most frequently affected genes within the consensus dormancy
signature.”” Among the 15 angiogenesis factors, six (TIMP3,
TSP1, Angl, Ang2, Ang4, and CDHI) were upregulated
in dormancy and downregulated in recurrence. During the
transition from dormancy to progressive growth, 7/MP3 and
CDHI are downregulated by hypermethylation and histone
modification. DNMT inhibitors and HDAC inhibitors can
reverse these changes, upregulating those two factors.

Both genetic and epigenetic changes contribute to the process
of metastasis. Epigenetic alterations generally consist of DNA
methylation and histone modification. Abnormal methylation
patterns with malignancies are generally governed by widespread
DNA hypomethylation of tumor-promoting genes along with
site-specific DNA hypermethylation of tumor-suppressor genes.*
Of the angiogenesis factors that we studied, TIMP3 and CDH1
appeared to be regulated by epigenetic mechanisms.

TIMP3, TSP1, and CDHI all inhibit angiogenesis. TIMP3
belongs to a family of MMPs* and regulates VEGF-mediated
angiogenesis by binding directly to VEGF-2 and inhibiting
the downstream signaling that is required for the stimulation
of endothelial and cancer cells.?* CDHI is a member of the
transmembrane glycoprotein family, which is expressed in
epithelial tissue and is responsible for calcium-dependent,

cell-to-cell adhesion®

and angiogenesis.”® Studies of various
human cancers have shown a close relationship between CDHI
dysfunction and invasion and metastasis.”? TSPI, a matrix-
bound adhesive glycoprotein, exerts its anti-angiogenic activity
via binding to the CD36 receptor by triggering an apoptotic
signaling pathway.*® CDHI1 has been found to be upregulated
in a dormancy model for breast cancer.®® Several studies have

shown that the 3 genes can be downregulated in different cancers
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by DNA methylation. In our model, TIMP3 and CDHI1 were
upregulated in dormancy and downregulated in recurrence. The
methylation of 7IMP3 and CDHI was significantly lower in
dormant cancer cells than in cells that were undergoing recurrent
growth. DNA hypermethylation inhibited the expression of
the two genes, decreasing their anti-angiogenic activity and
contributing to tumor angiogenesis. However, the change in
TSPI expression during the dormancy-to-recurrence transition
did not appear to be mainly regulated by DNA methylation.

Unlike genetic changes in cancer, epigenetic changes are
potentially reversible, which raises the possibility that epigenetic
therapy might prolong progression-free survival and eliminate
dormant cancer cells. Many phase I clinical trials have indicated
that HDAC and DNMT inhibitors are well tolerated. The US
FDA has approved the use of two DNA-demethylating agents,
5-azacytidine and 5-aza-2'-deoxycytidine, for the treatment
of myelodysplastic syndrome.** The HDAC inhibitor SAHA
has been approved by the FDA for the treatment of cutaneous
T-cell lymphoma.? In addition, a combination of decitabine and
SAHA inhibited ovarian cancer xenograft growth.** The anti-
angiogenic activity of DNMT inhibitors and HDAC inhibitors
has been documented in cell culture and xenografts.>>

In this report, 5-Aza-dC and TSA significantly inhibited
colony formation that occurred after the withdrawal of
doxycycline and the downregulation of ARHI. The expression
of angiogenesis-related genes reacted to both types of agents.
5-Aza-dC elevated the expression levels of Angl, Ang2,
ANGPTL2, IGFBP3, EFEMPI, TIMP3, TIEI, TIE2, SPARC,
and CDHI in SKOv3-ARHI cells and upregulated the expression
of Ang2, IGFBP3, TIMP3, CDHI, SPARC, CDHI3, and SULFI
in Hey-ARHI cells, which indicates that methylation plays a
crucial role in their regulation during tumor recurrence. All of
the results presented above further proved that ovarian cancer
recurrence can be reversed by epigenetic agents. In addition,
the sequencing results of the 5-Aza-dC-treated recurrence
model further discovered that the hypermethylated promoters
of TIMP3 and CDHI had all been distinguishingly reversed.
Among these genes, the most significant change was observed
for CDHI, whose methylation level was reduced from 87.8%
in recurrence to 21.7% after 5-Aza-dC treatment, which is
even lower than the level in dormancy. In Hey-ARHI, CDHI
methylation also experienced a large decrease after 5-Aza-dC
treatment, from 63.8% in recurrence to 32.8%. Taking the
dramatic upregulation of 5-Aza-dC on CDHI expression in both
cell lines together, DNA methylation might be vitally important
in regulating CDHI during this process.

An interesting finding was that 77/MP3 and CDHI DNA
methylation fell slightly behind the changes of expression in the
dormancy group, which suggests that gene expression could also
be regulated by other mechanisms. Histone modifications and
other epigenetic mechanisms work together in maintaining gene
activity states. Epigenetic information in chromatin includes
covalent modifications, such as acetylation, methylation,
phosphorylation and ubiquitination of histones.”” We found a
subset of genes (Ang2, IGFBP3, EFEMPI, TIMP3, TIEI and
CDHI in SKOv3-ARHI cells; Angl, TIMP3, TSPI, CDHI,
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Figure 5. DNA methylation of TIMP3 and CDH1 decreases during dormancy and increases during recurrent growth. (A) Methylation status of TIMP3 and
CDH1 was measured by bisulfate sequencing in the in-vitro VEGF control, dormancy, recurrence and 5-Aza-dC groups. Ten clones were sequenced and
are shown here. Unmethylated CpG sites are shown as O, whereas methylated CpG sites are indicated as ®. The proportion of methylated CpG sites
among the total number of CpG sites in the 10 clones analyzed is given on the right. Note the low degree of methylation in the dormancy and 5-Aza-dC
treatment groups. (B) Dynamics of TIMP3 and CDH1 methylation in SKOv-3 ARHI and Hey-ARHI cells measured by bisulfite sequencing (BSP) at four time

points (0, 6, 10, and 14 d).

Ang4, and SULFI in Hey-ARHI) could be re-activated by
TSA treatment, which suggests that those genes are potentially
controlled by histone acetylation. Among these genes, 7/MP3
expression was also dramatically upregulated by a combination
of 5-Aza-dC and TSA in both cell lines. With our finding that
elevated TIMP3 expression was associated with an increased
H3K9Ac¢ marker at the 7/MP3_CpG island in dormant cells
and a loss in progressively growing SKOv3-ARHI cells, our
results indicate that both DNA methylation and histone
acetylation can regulate TIMP3 expression. In addition,
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decreased H3K27me3 that is associated with the upregulation
of TIMP3 during dormancy in Hey-ARHI suggests that histone
methylation might also regulate TIMP3 expression. Our results
are consistent, in part, with studies of prostate cancer in which
the reversal of 7/MP3 repression by TSA was associated with
decreased H3K27me3 and increased H3K9Ac histone markers
at the TIMP3 promoter.® CDHI expression was regulated by
both DNA and histone modification during the transition from
dormancy to recurrence. H3K4me3 and H3K9Ac, two markers of
transcriptional activation, were enriched at the CDHI promoter
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in dormant cells and were reduced in progressively growing cells. This report confirms and extends an earlier study that
Thus, our results suggest that bivalent histone methylation and ~ documented that re-expression of the imprinted tumor suppressor
acetylation markers potentially influence CDHI expression and  gene ARHI inhibits clonogenic growth, induces autophagy and
the transition from dormancy to regrowth. produces tumor dormancy in xenografts.?! For our studies, a cell
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culture model was established, in which concurrent treatment
with VEGF prevents autophagic death after the upregulation
of ARHI and permits additional clonogenic growth after the
downregulation of ARHI. This model provided a convenient
method for studying the expression of anti-angiogenic factors
that predict expression in the xenograft model. Matrigel was
found to facilitate the growth of xenograft.
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Taken together, our studies are consistent with the importance
of anti-angiogenic factors in maintaining the dormant state
in models of ovarian cancer. DNA methylation and histone
modification were essential in regulating 7/MP3 and CDHI.
Other anti-angiogenic and pro-angiogenic factors are likely to be
regulated by other mechanisms. Epigenetic therapy is, however,
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Figure 9. TIMP3 and CDH1 expression is related to DNA methylation in vivo. Methylation status of TIMP3 and CDH1 in the xenografts was measured by
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worthy of further study as consolidative therapy to inhibit or
eliminate dormant ovarian cancer cells.

Materials and Methods

Antibodies and reagents

McCoy’s 5A (GNM16600) and RPMI 1640 (GNM31800)
medium was purchased from Jinuo Co, Ltd. Matrigel was
purchased from BD Bioscience (356234). FBS and DOX were
purchased from Clontech (631106, 631311). G418 was supplied
by Gibco-BRL (11811). VEGF was purchased from R&D
Systems (293-ve). TSA, 5-Aza-dC and Blasticidin were purchased
from Sigma-Aldrich (T8552, A3656, 15205). Antibodies against
human TSP1, TIMP3, H3K4me3, H3K27me3, and H3K9Ac
were purchased from Abcam (abl823, ab58804, Ab8580,
Ab6002, and Ab4441, respectively). Antibodies against CDH1
and B-actin were purchased from Cell Signaling Technology
(3195, 4970). Anti-H3K9me2 was purchased from Millipore
(17-648). Anti-PCNA and anti-LC3 were purchased from
Epitomics (2577-1, 2057-1). Anti-ARHI was provided by the
Bast Laboratory at the University of Texas MD Anderson Cancer
Center. All of the other chemicals were purchased from Takara
Biotechnology and Tiangen Biotech.

Cell lines and culture conditions

The human ovarian epithelial cancer cell lines SKOv3-ARHI
and Hey-ARHI were obtained from the Bast Laboratory at the
University of Texas MD Anderson Cancer Center.”’ SKOv3-
ARHI was routinely maintained in McCoy’s medium, which
contained 10% FBS, 500 pg/ml G418, 50 ng/ml puromycin,
100 U/ml penicillin and 100 pg/ml streptomycin. Hey-ARHI
was maintained in RPMI 1640 medium, which contained
10% FBS, 1% Glutamine, 25 pg/ml blasticidin and 1 pg/ml
puromycin. ARHI expression was induced by adding 1 pg/ml
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DOX to the culture medium. Cells were incubated at 37 °C in
5% CO,. All of the experiments were performed by using cells in
the exponential phase of growth in culture.

Establishment of an ovarian carcinoma dormancy and
recurrence model in cell culture

Cells (1 x 10%) were seeded in six-well culture dishes and
incubated overnight in growth medium. The cells were divided
into six groups: the blank control group (medium only),
dormancy control group (cells treated with 1 pwg/ml DOX for
14 d), VEGEF control group (cells treated with 20 ng/ml VEGF
for 14 d), dormancy group (cells treated with both 20 ng/ml
VEGEF and 1 pg/ml DOX for 14 d), recurrence group (cells
treated with VEGF for 14 d and DOX for 6 d followed by DOX
removal) and recurrence control group (cells treated with 1 g/
ml DOX for 6 d followed by DOX removal). All of the media
were replenished daily.

Treatment of with  DNA
methyltransferase inhibitor and histone deacetylase inhibitors

Cells (1 x 10%) were seeded in six-well culture dishes and
incubated overnight in growth medium. The cells were divided
into six groups: the VEGF control group, dormancy group,
recurrence group, 5-Aza-dC group (recurrence group treated
with 5 wM 5-Aza-dC in the last 72 h), TSA group (recurrence
group treated with 0.4 pM TSA in the last 24 h) and 5-Aza-dC
+ TSA group (recurrence group treated with 5 uM 5-Aza-dC in
the last 72 h and with 0.4 uM TSA in the last 24 h). All of the
media were replenished daily, and all of the cells were harvested
after 14 d of treatment.

Clonogenic assays

ovarian cancer cells

Cells (1 x 10%) were cultured in control medium or medium
containing VEGF, DOX, TSA or 5-Aza-dC for 14 d. The
colonies in each well were stained with Coomassie blue and were
counted in a phase-contrast microscope.
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cDNA synthesis and SYBR green real-time PCR

RNA was isolated from cells in culture and from xenografts
using the RNAprep Micro kit (Tiangen Biotech, DP420). Reverse
transcription was performed using a RevertAid First Strand
cDNA Synthesis kit (Fermentas, K1622). Semi-quantitative
RT-PCR was performed using a SYBR Green Master Mix
(Takara Bio Inc., DRR820A) and was monitored on the Illumina
Eco Real-time PCR System. The levels of angiogenesis-related
factor mRNAs were calculated using the equation 244 and were
normalized to human B-actin mRNA levels. The sequences of
the specific primers are listed in Table S1.

DNA bisulfite modification and bisulfite
sequencing

Genomic DNA was extracted from cultured cells and tumor
xenografts. Genomic DNA was isolated using the TIANamp
Micro DNA kit (Tiangen Biotech, DP316). Bisulfite reactions
were performed using the EZ DNA Methylation-Gold kit
(ZYMO Research, D5006) according to the manufacturer’s
recommendations. For bisulfate sequencing PCR reactions,

isolation,

specific primers were designed using “Methprimer” (heep://
www.urogene.org/methprimer/indexl.html) or as previously
described.** Primer sequences and annealing temperatures are
listed in Table S2. The amplified fragments were subcloned using
the pBLUE-T vector kit (Aidlab Biotech, CV04). After cloning,
10 clones from each sample were randomly selected for DNA
sequencing. Inserts were sequenced using M13 primers.

Flow cytometry of AVO

The control and treated cells were stained with acridine
orange (Songon, A742007) at a final concentration of 1 pg/
ml for a period of 15 min at 37°C while avoiding light. After
washing twice with PBS, the cells were trypsinized, suspended
in PBS containing 1% FBS and analyzed immediately. The
fluorescence emission was measured by flow cytometry (FACS
Calibur, BD) through the FL1/ FL3 channels using CellQuest
7.0 software (Beckman Coulter Co).

Western blotting

Antibodies against TSP1 (1:200), TIMP3 (1:200), H3K4me3
(1:500), H3K9Ac (1:200), CDH1 (1:1000), B-actin (1:2000),
H3K9me2 (1:200), LC3 (1:1000) and ARHI (1:1000) were used
in western blotting. Cells and tissues were lysed in RIPA buffer
(150 mM NaCl, 50 mM Tris-base, 5 mM EDTA, 1% NP-40,
0.25% deoxycholate, pH 7.4). Protein concentrations were
measured using the BCA Protein Assay. Equal amounts of protein
were resolved by SDS-PAGE, transferred to PVDF membranes,
and incubated with appropriate primary antibodies with the
indicated concentration. Immune complexes were detected with
HRP-conjugated second antibodies (Santa Cruz, sc-2004 and
$¢2005) and ECL chemiluminescence reagent (Thermo, 32109).

Establishment of an ovarian carcinoma dormancy model in
vivo

We used matrigel to facilitate the establishment of SKOv3-
ARHI xenografts. Eight-week-old BALB/c nu/nu mice were
purchased from Sino-British SIPPR/BK Lab Animal Ltd., Co
(Shanghai, PRC). Matrigel was used as described.” Briefly,
SKOv3-ARHI cells (1 x 10”7 in 150 ul) were added to liquid
matrigel at 4 °C. The mixture (final volume 300 wl) was slowly
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injected SC into the flanks of each mouse, where the matrigel
immediately polymerized to form a solid gel. Twenty-four mice
were divided into three groups (8 mice per group). The control
and dormancy groups were given drinking water without DOX
or with DOX (2 mg/ml). In the recurrence group, DOX was
withdrawn after 32 d of treatment. The tumor size was measured
every third day using a caliper. The tumor volume was calculated
with the use of the following formula: tumor volume (mm?) = L x
I? x 0.5, where L is the longest diameter, I is the shortest diameter,
and 0.5 is a constant to calculate the volume of the ellipsoid.
At the end of the experiment (day 75), the mice were killed by
cervical dislocation. Tumors were harvested by dissection and
were either snap-frozen or fixed in formalin.

Immunohistochemistry

Formalin-fixed specimens were embedded in paraffin, and
4-wM-thick sections were prepared. Endogenous peroxidase
activity was blocked using 0.3% hydrogen peroxide. Antigen
retrieval was performed by heating the sections for 10 min
in a microwave oven with 10 mM sodium citrate (pH 6.0).
The slides were then incubated with monoclonal antibodies
against CDHI (1:200), TIMP3 (1:50), PCNA (1:100), and
CD31 (1:100) at 4 °C overnight. The slides were washed and
incubated with biotinylated secondary antibody for 30 min at
room temperature and were then washed with PBS. The slides
were incubated with avidin-biotin-peroxidase for 10 min at
room temperature and were incubated with DAB for 2 min.
Finally, the slides were counterstained with hematoxylin and
evaluated at a 200x magnification using light microscopy. Semi-
quantitative estimates were made using a composite score that
included the staining intensity values and the relative abundance
of the positive cells. The intensities were graded as 0 (negative),
1 (weakly positive), 2 (moderately positive), and 3 (strongly
positive). The abundance of positive cells was graded from 0
to 4 (0, <5% positive cells; 1, 5-25%; 2, 26-50%; 3, 51-75%;
and 4, 76-100%). The scores were determined independently by
two observers, and the average of their scores was used for the
evaluation.

Immunocytochemistry

Cultured cells were washed with PBS and fixed with 4%
paraformaldehyde. The slides were washed again, treated with
1% Triton for 15 min and blocked with 3% H,O, for 20 min.
After washing, the slides were blocked with normal goat serum
for 10 min at room temperature and incubated with anti-CDHI
(1:200), anti-TSP-1(1:25), or anti-TIMP3 (1:200) antibody at
4 °C overnight. The slides were then incubated with biotinylated
anti-rabbit secondary antibody for 30 min at room temperature.
The slides were then incubated with avidin-biotin-peroxidase
for 10 min at room temperature and incubated with DAB for
2 min. Finally, they were counterstained with hematoxylin and
evaluated at 400x magnification using light microscopy. Semi-
quantitative estimates of staining intensity were performed as
described above in immunohistochemistry.

Chromatin immunoprecipitation (ChIP) assays

Cells were subjected to ChIP based on the EZ-ChIP protocol
(Millipore, 17-371). Briefly, chromatin and DNA were cross-
linked by treatment with 1% formaldehyde. Cell lysates were

Volume 8 Issue 12



collected and sonicated to shear DNA. Soluble chromatin was
incubated for 2 h at 4 °C with 60 pl of protein A-agarose-salmon
sperm DNA. Pre-cleared lysate was incubated overnight at 4 °C
with 2 pg of anti-H3K9Ac, anti-H3K4me3, anti-H3K27me3
or anti-H3K9me2. The antibody-protein-DNA complexes were
precipitated with 60 pl of protein A-agarose beads at 4 °C for 2 h.
The complexes were eluted in elution buffer (0.1 mM NaHCO3
and 1% SDS) before the reversal of cross-links overnight at
65 °C under high salt conditions (0.5 M NaCl). After proteinase
K digestion, DNA was extracted in 25:24:1 phenol/chloroform/
isoamyl alcohol and precipitated overnight in ethanol at
-20 °C, and DNA was then eluted in Tris/EDTA buffer. The
presence of TIMP3 and CDHI gene promoter sequences in
immunoprecipitated DNA was identified by PCR using the
primer sequences listed in Table S3. The number of PCR cycle
for CDHI is 34 cycles, and for TIMP3 is 35 cycles. In control
samples, the primary antibody was replaced with non-immune
IgG. PCR products were semi-quantified by Image] software. All
of the experiments were repeated at least three times.

a = 0.05. Student 7 tests were used for the analysis of categorical
data, and all of the statistical tests were 2-sided. All of the data
were expressed as the mean + SD for the experiments that were
performed at least 3 times. A P value of less than 0.05 was
considered to be significant.
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Statistical analysis was conducted using SPSS version 15.0

(SPSS). The level of significance for all of the tests was defined as
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