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ABSTRACT

Inhibitor of DNA binding/differentiation protein 4 (ID4) is dominant negative
helix loop helix transcriptional regulator is epigenetically silenced due to promoter
hyper-methylation in many cancers including prostate. However, the underlying
mechanism involved in epigenetic silencing of ID4 is not known. Here, we
demonstrate that ID4 promoter methylation is initiated by EZH2 dependent tri-
methylation of histone 3 at lysine 27 (H3K27me3). ID4 expressing (LNCaP) and
non-expressing (DU145 and C81) prostate cancer cell lines were used to investigate
EZH2, H3K27me3 and DNMT1 enrichment on ID4 promoter by Chromatin immuno-
precipitation (ChIP). Enrichment of EZH2, H3K27Me3 and DNMT1 in DU145 and
C81 cell lines compared to ID4 expressing LNCaP cell line. Knockdown of EZH2 in
DU145 cell line led to re-expression of ID4 and decrease in enrichment of EZH2,
H3K27Me3 and DNMT1 demonstrating that ID4 is regulated in an EZH2 dependent
manner. ChIP data on prostate cancer tissue specimens and cell lines suggested EZH2
occupancy and H3K27Me3 marks on the ID4 promoter. Collectively, our data indicate
a PRC2 dependent mechanism in ID4 promoter silencing in prostate cancer through
recruitment of EZH2 and a corresponding increase in H3K27Me3. Increased EZH2 but
decreased ID4 expression in prostate cancer strongly supports this model.

INTRODUCTION

ID4 (Inhibitor of differentiation 4), a helix loop
helix (HLH) protein is a dominant negative transcriptional
regulator of basic HLH (bHLH) transcription factors
[1]. ID4 is required for normal prostate morphogenesis
where it is specifically expressed in the luminal epithelial
cells [2]. Prostates from Id4-/- mice exhibit decreased
branching morphogenesis and often display prostatic
intra-epithelial neoplastic lesions (PIN) [2]. Loss of ID4
expression is also frequently observed in prostate cancer
suggesting its essential role as a tumor suppressor [3,
4]. Knockdown of ID4 in LNCaP prostate cancer lines
results in aggressive growth, increased cell survival and
acquisition of castration resistance phenotype usually
associated with advanced disease [5].

In addition to prostate cancer, decreased ID4
expression is also observed in leukemia [6], AML [7-11],
CLL [12], ALL [13], glial neoplasia [14], squamous cell
carcinoma [15], gastric cancer [16], pancreatic cancer [17],
colorectal adenocarcinoma [18, 19], malignant lymphoma

[20], cholangiocarcinoma [21], Barrett’s esophagus and
esophageal adenocarcinoma [22] and lung cancer [23].

ID4 gene as a whole, including 5* and 3 UTRs
and the proximal promoter is rich in CpG islands (CGI)
[16]. The CGI rich promoters also tend to be enriched for
Sp! and EBox response elements. In fact, Spl and E-box
transcription factors within the CGIs around the TATA
box are also required for ID4 transcriptional regulation
[24]. Therefore accessibility of CG rich regulatory sites
such as Sp1 and EBox within CGIs are dependent on CpG
methylation. Indeed, in many of the cancers listed above
including prostate, ID4 promoter is hyper-methylated
around the TATA box. Thus epigenetic inactivation of
ID4 due to promoter methylation appears to be the key
mechanism in many cancers.

DNA methylation is a complex series of epigenetic
re-programming events which involves precise interaction
of a multitude of chromatin proteins including assembly
of polycomb repressive complex 2 and 1. EZH2 (enhancer
of Zeste 2) is part of the Polycomb repressor complex
2 (PRC2) that also includes SUZ12 (suppressor of
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Zeste 2) and EED (embryonic ectoderm development).
Together, this PRC2 complex is involved in epigenetic re-
programming in both normal and disease states including
cancer [25]. As a histone methyl transferase, EZH2 is
specifically involved in covalent modification of histone
tails, specifically tri-methylation (me3) of lysine 27
(K27) on histone 3 (H3) (H3K27me3), a repressive mark
found on many gene promoters that are silenced [26].
EZH2, as part of the PRC2 complex also recruits DNMTs
(DNA methyl transferases) that in turn promotes DNA
methylation at CpG islands (CGI) thus connecting the
two key epigenetic repression systems [27]. EZH2 plays
a critical role in cell fate determination and its increased
expression is observed in many cancers [28], including
prostate cancer [29, 30].

Collective observations led us to hypothesize that
increased EZH2 expression could be involved in down-
regulation of ID4 in prostate cancer. Here, we report,
to our knowledge for the first time, that ID4 is a PcG
(Polycomb group) protein EZH2 target gene in prostate
cancer. Assembly of PRC2 complex on ID4 promotes
repressive H3K27me3 histone modification and recruits
DNMTT resulting in ID4 promoter hyper-methylation.

RESULTS

Meta-Analysis of ID4 promoter methylation

To address the mechanism involved in the epigenetic
regulation of ID4, we first analyzed the expression of
genes involved in the DNA methylation including DNMTs
(DNMT1, DNMT3A and DNMT3B) and constituents of
PRC2 (EZH2, Suz12, EED) and PRC1 (RING1) complex
in The Cancer Genome Atlas (TCGA) [31] prostate cancer
adenocarcinoma (PRAD) gene expression (IlluminaHiseq)
database (Fig. 1A). The meta analysis suggested high ID4
expression in adjacent normal samples was associated
with low EZH2 whereas inverse was observed in cancer
samples i.e. low ID4 but high EZH2 expression (Fig. 1A,
right panel). The corresponding normalized EZH2 and
ID4 expression values for each sample were obtained
from the TCGA dataset and plotted to obtain a correlation
between ID4 and EZH2 (Fig. 1A, left panel). A significant
(P<0.001) negative correlation (slope -0.8720+0.06) and
correlation coefficient R2 = 0.3573 suggested that ID4
expression is inversely related with EZH2 expression.
These results were used to develop the hypothesis that
EZH2 could be involved in epigenetic silencing of ID4
in prostate cancer. EZH2 forms a multimeric protein
complexes e.g. with EED and catalysis tri-methylation
(Me3) of lysine 27 (K27) of histone 3 (H3). We next
explored the embedded “expression” and “regulation”
tracks using UCSC genome browser to further explore
if in fact histone modifications such as EZH2 mediated

H3K27Me3 is observed on ID4 promoter in cells that lack
ID4 expression such as chronic myelogenous leukemia
cell line K562 [32].

Consistent with earlier reports, the first predicted
CpG island (proximal) in ID4 gene in UCSC genome
browser was observed essentially spanning the entire
length of the gene (CpG:196 track, FiglB), including
proximal promoter whereas the second CpG island was
approximately 400bp upstream of the transcriptional start
site (CpG:17 track, Fig. 1B).

Two non-ID4 expressing cell lines HUVEC and
K562 [32] and ID4 expressing cell line HSMM (Human
Skeletal Muscle Myoblasts) were used to investigate
histone modifications and respective promoter methylation
in USCS genome browser. The rationale behind this
approach was to consolidate our hypothesis that histone
modification, in part due to EZH2 recruitment is involved
in ID4 gene silencing. Active methylation in K562
was observed (ENCODE Hudson Alpha Methyl-seq,
similar dataset for HUVEC was not available) around
the proximal promoter which was consistent with the
studies reported earlier in other cell lines/ tissues [32].
The CpG methylation marks in K562 cell lines was
associated with increased H3K27Me3 marks (repressive)
but no H3K4Me3 marks (active) were observed. Similar
repressive H3K27Me3 marks were observed in the
HUVEC cell lines. The HSMM (Human Skeletal Muscle
Myoblasts) cells expressed ID4 but the methylation
and Histone modification data were not available in the
USCS genome browser at the time of this study. These
results strongly suggested that H3K27Me3 could be
associated with ID4 epigenetic inactivation supporting
the relevance of EZH?2 in this process. ID4 promoter was
also methylated in prostate cancer but un-methylated
in adjacent normal in TCGA datasets (Fig. 1C) that is
supported by methylation specific PCR in tissue samples
as reported earlier [3]. Collectively, data mining supported
EZH2 dependent histone modification, specifically
H3K27me3 on ID4 promoter.

ID4 and EZH2 expression in prostate cancer cell
lines

Our previous studies demonstrated that I1D4
promoter is hypo-methylated in LNCaP cells but hyper-
methylated in DU145 cells [3]. The C-81 cells, a more
metastatic, androgen insensitive derivatives of LNCaP
cells also demonstrate ID4 promoter hyper-methylation
[3]. These three cells lines were used as models to
understand the mechanism by which ID4 promoter
is epigenetically regulated. Consistent with promoter
methylation status, significantly lower D4 transcript
(Fig. 2A) and protein (Fig. 2B) was observed in DU145
and C-81 cells as compared to LNCaP cells. The EZH2
transcript and protein expression was significantly higher
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in DU145 cells but no change was observed in C81 cells ID4 promoter is enriched with EZH2 and
as compared to LNCaP cells (Fig. 2A and B). These results H3K27me3 in DU145 and C81 cells

are also consistent with other studies showing that EZH2

transcript and protein expression is higher in DU145 . . .

cells as compared to LNCaP [33, 34]. DNMT1 was also T,he promoter regions showing hlgher H3K27me3
expressed in all three cell lines at similar levels. These marks 1n.K562 and HUVEC cell.s (Fig. 1B) were.used
results suggested that ID4 promoter hyper-methylation to investigate whether these regions are also enriched
in DU145 and C-81 and hypo-methylation in LNCaP for EZH2 and H3K27me3 in prostate cancer cells. We
is not dependent on EZH2 and DNMTI1 expression designed primers FO scan +38 to -400 bp region of the
which prompted us to investigate whether these proteins ID‘% promoter t.o investigate EZH2 and/or H3K27me3
are actively recruited on the ID4 promoter leading to enrichment. This area was selected based on the USCS

differential methylation patterns genome browser dataset (Fig. 1). The primer set spanning
-346 to -238bp upstream of the transcriptional start
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Figure 1: Meta-analysis of ID4 expression and epigenetic re-programming in prostate cancer and cell lines. A: Right
panel - The cancer genome Atlas (TCGA) prostate adenocarcinoma (PRAD) gene expression (IlluminaHiseq) data set was used to investigate
expression of ID4 and genes involved in the formation of PRC2 and PRC1 complex. The cancer samples are represented by the blue bar
and the adjacent normal by pink bar as indicated on the right (n=302). Left Panel — The EZH2 and D4 normalized expression data for each
sample in TCGA PRAD dataset (Right panel) was plotted to calculate the correlation between ID4 and EZH2 expression. The results of the
statistical analysis are shown. A significant (P<0.001) inverse correlation (negative slope) was observed between EZH2 and ID4 expression
B: The custom UCSC genome browser tracks showing location of ID4 gene (ID4), the protein coding region (CCDS), CpG islands (CpG:17
and CpG196), Methylated regions in K562 cell line (K562 1 and 2), H3k27Me3 marks in K562 and HUVEC (bottom, scale 1 to 10) and
Expression of ID4 in HSMM, HUVEC and KG62 cell lines (scale 1 to 100). The source of each dataset is indicated above each track. The
yellow box next to 5’UTR in ID4 ref-seq track (blue) is the location used for methylation specific PCR, whereas the 5’ pink box (indicated
by arrow) is the region used to investigate EZH2, H3K27Me3, DNMT1 and H3Ac enrichment which corresponds to H3K27me3 marks in
K562 and HUVEC tracks. C: ID4 promoter methylation profile extracted from TCGA prostate adenocarcinoma (PRAD) DNA methylation
(HumanMetylation450) dataset (see above). The degree of methylation is indicated by blue (un-methylated) and red (Hyper-methylated)
in relation to ID4 gene (top panel).
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site yielded a positive signal EZH2 and H3K27me3
enrichment. This region also corresponds to H3K27me3
enrichment in HUVEC and K462 cell lines (Fig. 1B).

Chromatin  immuno-precipitation  experiments
demonstrated that ID4 promoter is enriched with
EZH2 in C81 (% input 0.11+0.024, P<0.001) and
DU145 (0.23+0.0.052, P<0.001) cells as compared to
LNCaP cells (EZH2: 0.03+0.004). The corresponding
H3K27me3 enrichment was also higher in DU145 and
C81 cells (0.36+0.084 and 0.24+0.065 in C81 and DU145
respectively) as compared to LNCaP cells (0.11+0.021).
Decreased RNA polymerase II (PolA) occupancy in C81
(0.037+0.0054) and DU145 (0.116+0.022) as compared
to LNCaP (0.36+0.061) is also consistent with ID4
transcription (Fig. 3A) in these three cell lines. Actively
transcribed genes also commonly exhibit increased H3
acetylation as opposed to decreased H3K27me3. As
expected, decreased H3 acetylation was observed in
C81 (0.079+0.036, P<0.001) and DU145 (0.13+0.021,
P<0.001) cells as compared to LNCaP cells (0.26+0.033)
(Fig. 3A).

Laser capture micro-dissected prostate cancer and
benign prostate tissue was used to further investigate
EZH2 dependent histone modifications. The prostate
cancer samples (n=5) and benign prostate tissue (n=5)
were drawn from our well established sample set with
validated ID4 promoter methylation status [3]. EZH2
enrichment in benign prostate tissue was significantly
lower (0.076+0.042) as compared to that in prostate
cancer (0.44+0.077, P<0.001) (Fig. 3B). H3K27me3

enrichment also revealed a similar profile, i.e. low in
benign (0.314+0.071) and high enrichment in prostate
cancer tissue (0.99+0.26, P<0.001). In contrast, ID4
promoter was highly enriched for the RNA polymerase I1
and H3 acetylation (0.55+0.078 and 0.70+0.144, P<0.001,
respectively) in benign prostate as compared to prostate
cancer (0.124+0.061 and 0.35+0.051, respectively) (Fig.
3B). Together, results from prostate cancer cell lines and
prostate tissue suggested that ID4 is regulated in part by
histone modifications in an EZH2 dependent manner.

Knockdown of EZH?2 leads to re-expression of
ID4

To determine whether EZH2 in fact down-
regulates ID4 expression directly, we performed RNA
interference mediated knockdown of EZH2 in DU145
cells (DU145+siEZH2). The immuno blot analysis in
DU145 cells showed knockdown of EZH2 with siRNA2
to a greater extent as compared to siRNA1 and non-
specific siRNA (ns-siRNA) 72h after transfection (Fig.
4A). Based on these results, all subsequent studies
were performed with EZH2 siRNA2. The results from
quantitative real time PCR revealed that a significant
increase in the expression of ID4 and KLF2 (Fig. 4B)
in DU145+siEZH2 cells as compared to non-silencing
controls (DU145+siNS). KLF2 was used as a positive
control which is down-regulated by EZH2 [35]. The
immuno-fluorescence analysis also revealed increased
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Figure 2: Expression of ID4, EZH2 and DNMT1 in prostate cancer cell lines. A: Quantitative real time RT-PCR of respective
genes. The data (mean+ SEM, n=3 in triplicate) is normalized to GAPDH followed by fold change over LNCaP cells. The bars marked with
“a”, “b” and “c” corresponding to ID4, EZH2 and DNMT1 demonstrate statistical differences with LNCaP cells (***: P<0.001). B: Right
panel Western blot analysis of DNMT1, EZH2 and ID4 expression in LNCaP, DU145 and C81 cells. GAPDH was used as loading control.
Representative data of 3 independent experiments is shown. Left Panel — Semi-quantitative analysis of the western blot data (right panel).
The data is normalized to GAPDH (mean+SEM, n=3, ***: P<0.001 as compared to LNCaP cells).

www.impactjournals.com/oncotarget

7175

Oncotarget



ID4 expression in DU145+siEZH2 as compared to non-
silencing controls (Fig. 4C4). Knockdown of EZH2 also
resulted in decreased EZH2 specific H3k27me3 repressive
marks with a corresponding increase in the enrichment of
transcriptionally active H3 acetylation marks and RNA
polymerase Il on ID4 promoter (Fig. 4D).

EZH2 physically interacts with and recruits DNA
methyl-transferases DNMT1, 3A and 3B to promote
methylation and establish stable repressive chromatin
structures [27] suggesting that histone modifications acts
upstream of methylation and/or its initiation. Previous
studies form our laboratory have shown that treatment
of DU145 cells with 5-azacitidine leads to re-expression
of ID4 [36]. S5-azacitidine promotes proteosomal
degradation specifically of DNMT1 [37] suggesting that
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Figure 3: Enrichment of EZH2 and histone
modifications on ID4 promoter in prostate cancer cell
lines and tissue on Chromatin immuno-precipitated
(ChIP) DNA. A: Enrichment of Pol II, EZH2, H3K27me3
and H3Ac on ID4 promoter in prostate cancer cell lines LNCaP,
DU145 and C81 cells. The data is expressed (mean+SEM,
n=3 in triplicate) as % of input. The statistical significance
between enrichment (indicated by letters “a”, “b”, “c” and
“d” corresponding to Pol II, EZH2, H3K27me3 and H3Ac
respectively) is based on comparison with LNCaP cells (*:
P<0.001). B: Similar to “A” above but the enrichment was
performed on DNA isolated from FFPE cancer/ normal prostate
tissue by laser capture micro-dissection. The number of Benign
and prostate cancer samples were 5 each.
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Figure 4: Effect of EZH2 silencing on 1D4 expression.
A: Two different siRNAs (siRNA1 and siRNA2) were used
to transiently knock down EZH2 in DU145 cells followed by
western blot analysis of EZH2, ID4 and KLF2 (used as a positive
control for EZH2 dependent down-regulated gene). Increase in
ID4 expression with greater EZH2 knock down was observed with
siRNA2 that was used for all subsequent studies. Representative
western blot is shown. B: Real time quantitative RT-PCR
analysis of corresponding gene expression following EZH2
knockdown by siRNA2. The data is expressed (meant+SEM, n=3
in triplicate) as fold change compared to non-specific siRNA.
C: Immuno-cytochemical analysis of ID4 expression following
siRNA2 mediated knockdown of EZH2 in DU145 cells (x200
magnification). ID4 expression is in red and the nuclei in Blue
(DAPI). C.1 and C.4 are merged images of Blue (Nuclei, C.2
and C.5) and Red (ID4, C.3 and C.6). C.1, C.2 and C.3 are
DU145 cells transfected with non-specific siRNA (DU145+NS).
Panels C.4, C.5 and C.6 are DU145 cells transfected with EZH2
siRNA (DU145+siEZH2). Representative images are shown. D:
Enrichment of EZH2, H3K27me3, H3Ac and DNMT1 on ID4
and KLF2 promoters following EZH2 knockdown in DU145
cells. The data is expressed (meantSEM, n=3 in triplicate)
fold change of % input as compared to DU145 cells transfected
with non-specific EZH2 siRNA. E: Western blot analysis of
DNMTI expression in DU145 cells with non-silencing siRNA
or with EZH2 si-RNA2 (siEZH2). Representative of 3 blots is
shown. F: Methylation specific PCR (MSP) on ID4 promoter
following knockdown of EZH2 in DU145 cells. A band in “M”
lane represents methylation of ID4 promoter where as a band
in “U” lane represents un-methylated promoter. Representative
results are shown.
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ID4 promoter hyper-methylation in DU145 cells is in
part mediated by DNMT]1. Based on these studies, we
next investigated whether DNMT1 is also recruited on
ID4 promoter in an EZH2 dependent manner. Results
from Chromatin immuno precipitation experiments
suggested significantly decreased DNMT1 enrichment
on ID4 promoter in DU145+siEZH2 as compared to
DU145+siNS cells (Fig. 4D). Surprisingly, enrichment
of DNMT1 on KLF2 promoter was not significantly
different between DU145+siEZH2 and DU145+siNS
cells. KLF2 promoter is also an EZH2 target gene in many
cancers [35] and recently shown to be hyper-methylated
by DNMT]1 in endothelial cells [38]. The reduction in
DNMT1 enrichment on ID4 promoter could be due to
its decreased expression following EZH2 knockdown.
In order to confirm this, we investigated the expression
of DNMTI in DU145+siEZH2 and DU145+siNS cells
(Fig. 4E). Surprisingly, the DNMT1 levels were similar
between DU145+siEZH2 and DU145+siNS cells. These
results suggested that the reduced DNMT1 recruitment
on D4 promoter was due to decreased EZH2 recruitment
and not due to decreased expression of DNMT1. Next,
we investigated whether increased ID4 expression in
DU145+siEZH2 (Fig.4A and 4C) was due to decreased
ID4 promoter hyper-methylation. The methylation specific
PCR on ID4 promoter using bisulfite treated DNA from
DU145+siEZH2 cells reveled decreased promoter
methylation as compared to DU145+siNS (Fug. 4F).

10 20 30 40 50 60
e e e o T T I I
GENOMIC TAGCCGGACT CCCCGCCCCC CAGCACCGCC CGGAGCCCCC GCCCTCGCCT CTCCCTCCGC
(-192)
BSP TAGTRGGATT TTTRGTTTTT TAGTATRGTT QGGAGTTTTHE GTTTTRGTTT TTTTTTT
LNCaP TAGTRGGATT TTTRGTTTTT TAGTATRGTT QGGAGTTTTH GTTTTRGTTT TTTTTTT
DU+siNS TAGTE@GGATT TTTEGTTTTT TAGTATEGTT BGGAGTTTTE GTTTTRGTTT TTTTTTT
DU+siEZ-1TAGTRGGATT TTTRGTTTTT TAGTATRGTT RGGAGTTT GTTTT@GTTT TTTTTTT]
DU+siEZ-2TAGTRGGATT TTTRGTTTTT TAGTATEGTT RGGAGTTTTH GTTTTRGTTT TTTTTTT
A A A A A A
70 80 90 100 110 120
R F P L R R | el
Genomic GCCCCCGCCC GCGCGCCCAG CGGGCTCCGC TCGGCTCGCG CTGCGACCCG GCCCGCGCGC
BSP GTTTTRGTT] GTTTAG BGGGTTTEGT TRGGTT) G TTGEGATTEG GTT] GT
LNCaP GTTTTRGTT] GTTTAG QGGGTTTRGT TRGGTT] G TTGEGATTRG GTT| GT
DU+siNS GTTTT@GTT] GTTTAG BGGGTTTEGT TRGGTT] G TTGEGATTEG GTT] GT
DU+siEZ-1GTTTTRGTT) GTTTAG GGTTTQGT GGTT] G TTGEGATTRG GTT] T
DU+siEZ-2GTTTTEGTT] GTTTAG BGGGTTTEGT TRGGTT] G TTGEGATTEG GTT] GT
A A A A A
130 140 150
e e e
Genomic TGGTCCCGCC CCCGGGGCGC ACGGCTCTAT AAATACAG
(-35)
BSP TGGTTTEGTT TTRGGGGEGT GGTTTTAT AAATATAG
LNCaP TGGTTTRGTT TTRGGGGEGT GGTTTTAT AAATATAG
DU+siNS TGGTTTE@GTT TTEGGGGEGT GGTTTTAT AAATATAG
DU+siEZ-1TGGTTTRGTT TTRGGGGEGT GGTTTTAT AAATATAG
DU+siEZ-2TGGTTTRGTT TTRGGGGEGT GGTTTTAT AAATATAG

A

A

Together, these results suggested that EZH2 silencing
leads to decreased DNMT 1 recruitment resulting in ID4
promoter hypo-methylation.

Knockdown of EZH2 results in Hypo-methylation
of ID4 promoter

Finally, direct bisulfite sequencing was performed
on DU145+siNS, DU145+siEZH2 and LNCaP cells.
The sequence of the region amplified MSP primers (the
sequencing primers flanked the MSP region shown in
Fig. 4F) confirmed, as expected that the CpG islands in
LNCaP cells were hypo-methylated (conversion of “C” to
“T” by bisulfite reaction) but were hyper-methylated in
DU145+siNS (no conversion of “C” due to methylation).
Partial conversion of “C” to ”T” was observed in
DSU145+siEZH2 cells. Sequence alignments allowed us
identify critical CpG islands (indicated by arrow heads
(Fig. 5) that were hypo-methylated in DU145+siEZH2
cells resulting in ID4 expression (Fig. 4). These results
led us to conclude that EZH2 recruitment promotes 1D4
hypermethylation through a complex process involving

H3K27me3 a

nd DNMTI.

DISCUSSION

The data presented here supports an EZH2

Figure 5: Bisulfite sequence of MSP/ USP region of ID4 promoter. The Genomic sequence is indicated at the top (-192 to
-35 bp from transcriptional start site). BSP: The predicted sequence after bisulfite conversion. The consensus sequences from LNCaP,
DU145+siNS (DU+siNS), DU145+siEZH2 (DU+siEZ) are represented. The methylated Cytosine (C, red) and un-methylated Cytosine
converted to Thymidine (T, Green) after bisulfite conversion are indicated. Polymorphism was observed at CpG islands in DU145+siEZH2
(C/T) hence two sequences are displayed. The read from two representative sequences is shown. The arrow heads at the bottom indicates
possible site of hypo-methylation on ID4 promoter in DU145+siEZH2 cells.
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dependent epigenetic silencing of ID4 in prostate
cancer. This conclusion is particularly compelling when
the experimental data (cell line and clinical studies) is
compared to the meta-analysis of ID4 promoter (UCSC
genome browser) and remarkable mutually exclusive
expression profile of EZH2 and ID4 in prostate cancer
(TCGA datasets and experimental evidence).

A number of studies support the role of EZH2 as
an oncogene in prostate cancer that is typically associated
with increased risk of metastasis and recurrence [29, 30,
39]. Knockdown of EZH2 in prostate cancer cell lines
results in decreased cellular growth and invasion [34, 40-
42]. EZH2 mediated transcriptional repression of putative
tumor suppressors such as E-cadherin [43] via increased
H3K27me3 is dependent on SET domain that in addition
to methyl transferase activity also requires histone de-
acetylase activity, possibly through recruitment of HDAC2
by EZH2, itself a component of PRC2 complex [44]. Such
a co-operative histone modification is clearly observed
on ID4 promoter where increased EZH2 dependent
histone methylation is associated with decreased histone
acetylation, further contributing to the repressive histone
marks.

ID4 expression is also tightly controlled by
epigenetic  mechanisms  during  oligodendrocyte
differentiation by PRMTS, a type II protein arginine
methyltransferase. PRMTS associates with ID4 CpG
islands and is required for maintaining its methylation
status and subsequent gene silencing in differentiating
oligodendrocyte [45]. In prostate cancer cells PRMTS
expression is primarily cytoplasmic and promotes
growth. In contrast, PRMTS5 is nuclear in benign prostate
epithelial cells where it inhibits growth [46]. Thus
PRMTS localization (predominantly cytoplasmic) in
prostate cancer does not correspond with its role in ID4
methylation or association with CpG islands, which as
one would expect to be in the nucleus. However direct
evidence demonstrating the ID4 gene expression is
independent of PRMTS in prostate cancer remains to be
investigated.

Re-expression of ID4 by silencing EZH2 suggests
that EZH2 dependent H3K27me3 could be an early event
in establishing this histone code that may recruit DNA
methyl- transferases to promote DNA methylation. We
and other have demonstrated that inhibition of DNMT]1 by
5- Azacitidine treatment also promotes ID4 expression in
DU145 [4, 36], clearly suggesting that these two processes
are inter-related. Indeed, studies have shown that treatment
of cells with 5-Aza results in removal of H3K27me3
marks without altering the expression of EZH2 or other
Histone methyl transferases [47]. Furthermore, we
observed that methyl transferases such as EZH2 were
present in the same region as DNMT1 on ID4 promoter,
possibly in the same protein complex [27, 48, 49]. Thus
interfering with either EZH2 (siRNA) or DNMT1 (5-
Aza) could de-stabilize the epigenetic mark resulting

in increased ID4 expression. Thus increased EZH2
expression and its subsequent recruitment appears to be
the primary mechanism involved in epigenetic silencing
of ID4 in prostate cancer. The role of other co-operating
proteins within PRC1 and PRC2 cannot be ruled out as
their expression/ recruitment could alter ID4 methylation/
histone modifications. Lack of a significant change in the
expression of DNMT]1 following EZH?2 silencing further
suggests that recruitment of protein complexes takes
precedence over expression in epigenetic modifications
at least in context of ID4. This is partly reflected in the
TCGA expression profile where the expression of other
PRC1/2 complex proteins does not change to the extent as
compared to EZH2 in normal prostate and prostate cancer.
Evidence that assembly and not expression of PRC1/2
complex proteins is dependent on recruitment EZH2 as
the initial step is also evident from studies indicating that
the expression of BM1-1, SIRT-1, DNMT1 and DNMT3B
is not associated with prostate cancer [50].

Whether the EZH2-DNMT mechanism is specific
to prostate cancer or a more general pro-cancer pathway
involved in ID4 gene silencing remains to be investigated.
It is also possible that ID4 gene regulation may be distinct
in cancer cells versus cell undergoing proliferation/
differentiation that require stage specific accessibility to
ID4 transcriptional regulators such as those involving
spl/ bHLH/ hormones through alternate mechanism e.g
PRMTS cellular localization.

The EZH2-DNMT dependent mechanism at least
in prostate cancer suggest that targeting this pathway
through specific inhibitors resulting in general epigenetic
re-programming including up-regulation of ID4 could be
a strong therapeutic strategy. Our previous studies have
shown that ectopic ID4 expression alone results in cell
cycle arrest [36], induction of apoptosis and senescence
[51], activation of p53 [52] and increased sensitivity to
chemo-therapeutics [51]. Thus strategies that can either
specifically re-program ID4 promoter or target 1D4
dependent downstream pathways are strong therapeutic
approaches that needs to be explored.

MATERIALS AND METHODS

Prostate cancer cell lines

LNCaP and DU145 prostate cancer cell lines
were purchased from ATCC and cultured as per ATCC
recommendations and as described previously [3]. C-81
cells were kindly provided by Prof. Ming-Fong Lin (Dept.
Biochemistry and Molecular Biology and Eppley Institute
for Cancer, University of Nebraska Medical Center,
Omaha, NE) [53].
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EZH?2 siRNA transient transfections

Cells were seeded in 6 well plates at 1.25x10° cells/
well in 5% Bovine Calf Serum (VWR) and allowed to
attach overnight. The following day, cells were rinsed
with serum free media immediately prior to transfection.
Transient transfection reagent (Santa Cruz) was used
to transfect EZH2 siRNA (cell signaling, cat # 6509S
(siRNAT1) or Santa Cruz, cat # SC-35312 (siRNA2))
and EZH2 siRNA control (Santa Cruz, cat # SC-37007)
in DU145 cells according to manufacturer’s protocol
and the cells were then cultured for additional 48-72
hours. Subsequently, the transiently transfected cells
were harvested for RNA/protein or cross linked with
formaldehyde for Chromatin immuno-precipitation.

Prostate Tissue Samples

Duplicate ten micron FFPE (Formalin fixed and
paraffin embedded) sections from age matched prostate
cancer (mean age 64.3+ 2.4) and benign prostate
hyperplasia (mean age 61.8 + 3.1) affixed on Leica PEN
(polyethylene naphthalate) membrane coated slides were
obtained from Cooperative Human Tissue Network
(CHTN), Southern Division at University of Alabama
at Birmingham following appropriate IRB approvals.
Specific cancerous and non-cancerous regions were
isolated by Laser Capture micro-dissection for subsequent
analysis as described previously [3].

Chromatin Immuno-precipitation (ChIP) Assay

Formalin-fixed paraffin-embedded (FFPE) samples
(see above) were used for ChIP based analysis for
enrichment of EZH2, H3K27me3 and H3Ac on ID4 and
KLF2 promoter. For this analysis, the regions showing
>75% cancerous regions or more than >80% normal/
benign regions were dissected using Leica LMD6500 and
captured in micro centrifuge tubes. Genomic DNA was
isolated from these sections by the method of Fanelli et
al., [54] except that tissue samples were de-paraffinized
with xylene instead of histolemon. The chromatin
extracted from tissue samples was sheared (Covaris
S220), subjected to immuno-precipitation with either
EZH2 (Active Motif)), DNMT1 (Epigentek), RNA POL
II (Millipore), H3Acetylation (global, Active Motif)
or IgG (Millipore) antibodies, reverse cross linked and
subjected to quantitative ChIP- PCR (qChIP). The qChIP
was performed on sheared DNA with following primers:
KLF2 [35] FP 5’- GAG ACT CCA GAC TTC CCA TCC;
RP: 5’- CAG AGA CTC TCA GGG GAG CAC and ID4
FP: 5°- GAC TCC CAC TCA GCT CTC TT, RP: 5°- TGG
AGT GGC CAG CCA ATC A. The ID4 primers amplified
-346 to -238 bp region upstream of the transcriptional start

site.

Chromatin immuno-precipitation in cell lines was
performed using the ChIP assay kit (Millipore, Billerica,
MD) as per manufacturer’s instructions. The chromatin
(total DNA) extracted from cells was sheared (Covaris
S220), subjected to immuno-precipitation with respective
antibodies (see above), reverse cross linked and subjected
to quantitative ChIP- PCR in Bio-Rad CFX.

Western Blot Analysis

30ug of total protein, extracted from cultured
prostate cancer cell lines using M-PER (Thermo Scientific)
was size fractionated on 4-20% SDS-polyacrylamide
gel. The SDS-gel was subsequently blotted onto a
nitrocellulose membrane (Whatman) and subjected to
western blot analysis using respective protein specific
antibodies: EZH2 (Cell signaling), ID4 (Bio-Check),
KLF2 (Millipore), and GAPDH (Cell signaling). After
washing with 1x PBS, 0.5% Tween 20, the membranes
were incubated with horseradish peroxidase (HRP)
coupled secondary antibody against rabbit IgG and
visualized using the Super Signal West Dura Extended
Duration Substrate (Thermo Scientific) on Fuji Film LAS-
3000 Imager.

RNA preparation, RT-PCR and quantitative RT-
PCR (qRT-PCR)

Total RNA was extracted using TRIzol (Invitrogen,
Carlsbad, CA) as described previously [55]. The reverse
transcribed [36] RNA was used to perform qRT-PCR as
described previously using gene specific primers [56]:
1D4: Forward Primer (FP) 5°- TGC AGT GCG ATA TGA
ACG AC, reverse primer (RP) 5’- AGC TGC AGG TCC
AGG ATG TA- 3’; EZH2: FP 5°- TCG GTG ACC AGT
GAC TTG GA, RP 5’- CTG CTG TAG GGG AGA CCA
AGA; DNMTI: FP 5’- AAC CTT CAC CTA GCC CCA
G, RP 5’- CTC ATC CGATTT GGC TCT T; KLF2: FP:
5’-CGT CCT TCT CCA CTT TCG CCA G, RP 5’- GAA
GTC CAG CAC GCT GTT GAG G; GAPDH: FP 5°-
GAA GGT GAA GGT CGG AGT C, RP: 5’- GAA GAT
GGT GAT GGG ATT TC.

Immuno-cytochemistry

Cells were grown on glass chamber slides up to
75% confluency. The slides were then washed with PBS
(3x) and fixed in ice cold methanol for 10 min at room
temperature and stored at -20C until further use. Before
use, the slides were equilibrated at room temperature,
washed with PBS (5min x3), blocked with 1%BSA in
PBST for 30 min at room temp and Incubated overnight
(4C) with primary antibody (1% BSA in PBST, Table
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A.1). The slides were then washed in PBS and incubated
with secondary antibody with fluorochrome conjugated to
DyLight (Thermo Scientific) in 1% BSA for 1hr at room
temp in dark. The slides were subsequently washed again
and stained in DAPI (1pg/ml) for 1 min and mounted with
glycerol. Images were acquired by Zeiss fluorescence
microscope through Axiovision software.

DNA Methylation Analysis

ID4 promoter methylation was analyzed using
methylation-specific PCR (MSP) as described previously
[3, 36, 57]. The MSP region amplified in context of the
ID4 genome in this study has been previously investigated
and well characterized in gastric [16], breast [57, 58] and
colorectal cancers [59].

Bisulfite Sequencing

Direct bisulfite sequencing of the PCR product was
performed as reported earlier [16] using ABI sequencer.

Statistical Analysis

Quantitative real time data was analyzed using the
AACt method. The ChIP data was analyzed against non-
immune IgG used as a negative control. Within group
Student’s t-test was used for evaluating the statistical
differences between groups. Normalized expression
values were extracted from TCGA PRAD dataset and were
subjected to linear regression analysis in GraphPad Prism
5 to obtain correlation coefficient between EZH2 and ID4
expression in adjacent normal prostate and prostate cancer.

ACKNOWLEDGEMENTS

The work was supported by NIH/NCI CA128914
(JC) and in part by NIH/NCRR/RCMI G12RR03062.

Conflict of Interest Statement

The authors declare no conflict of interest

Editorial note

This paper has been accepted based in part on peer-
review conducted by another journal and the authors’
response and revisions as well as expedited peer-review
in Oncotarget

REFERENCES

1. Pagliuca A, Bartoli PC, Saccone S, Della Valle G and Lania

10.

11.

L. Molecular cloning of ID4, a novel dominant negative
helix-loop-helix human gene on chromosome 6p21.3-p22.
Genomics. 1995; 27(1):200-203.

Sharma P, Knowell AE, Chinaranagari S, Komaragiri S,
Nagappan P, Patel D, Havrda MC and Chaudhary J. 1d4
deficiency attenuates prostate development and promotes
PIN-like lesions by regulating androgen receptor activity
and expression of NKX3.1 and PTEN. Mol Cancer. 2013;
12(1):67.

Sharma P, Chinaranagari S, Patel D, Carey J and Chaudhary
J. Epigenetic inactivation of inhibitor of differentiation 4
(Id4) correlates with prostate cancer. Cancer Medicine.
2012;2(1)176-186.

Vinarskaja A, Goering W, Ingenwerth M and Schulz
WA. ID4 is frequently downregulated and partially
hypermethylated in prostate cancer. World journal of
urology. 2012; 30(3):319-325.

Patel D, Knowell AE, Korang-Yeboah M, Sharma P, Joshi
J, Glymph S, Chinaranagari S, Nagappan P, Palaniappan
R, Bowen NJ and Chaudhary J. Inhibitor of differentiation
4 (ID4) inactivation promotes de novo steroidogenesis
and castration resistant prostate cancer. Mol Endocrinol.
2014:me20141100.

Yu L, Liu C, Vandeusen J, Becknell B, Dai Z, Wu YZ,
Raval A, Liu TH, Ding W, Mao C, Liu S, Smith LT, Lee
S, Rassenti L, Marcucci G, Byrd J, et al. Global assessment
of promoter methylation in a mouse model of cancer
identifies ID4 as a putative tumor-suppressor gene in human
leukemia. Nat Genet. 2005; 37(3):265-274.

Liu F and Xu RR. [Study on the correlation between
Chinese medical syndrome types and ID4 gene promoter
methylation in human acute myeloid leukemia]. Zhongguo
Zhong xi yi jie he za zhi Zhongguo Zhongxiyi jiche zazhi
= Chinese journal of integrated traditional and Western
medicine / Zhongguo Zhong xi yi jie he xue hui, Zhongguo
Zhong yi yan jiu yuan zhu ban. 2012; 32(4):471-473.

Claus R, Wilop S, Hielscher T, Sonnet M, Dahl E, Galm O,
Jost E and Plass C. A systematic comparison of quantitative
high-resolution DNA methylation analysis and methylation-
specific PCR. Epigenetics : official journal of the DNA
Methylation Society. 2012; 7(7):772-780.

Borinstein SC, Conerly M, Dzieciatkowski S, Biswas S,
Washington MK, Trobridge P, Henikoff S and Grady WM.
Aberrant DNA methylation occurs in colon neoplasms
arising in the azoxymethane colon cancer model. Mol
Carcinog. 2010; 49(1):94-103.

Wang H, Wang XQ, Xu XP and Lin GW. ID4 methylation
predicts high risk of leukemic transformation in patients
with myelodysplastic syndrome. Leukemia research. 2010;
34(5):598-604.

Uhm KO, Lee ES, Lee YM, Park JS, Kim SJ, Kim BS,
Kim HS and Park SH. Differential methylation pattern of
ID4, SFRP1, and SHP1 between acute myeloid leukemia
and chronic myeloid leukemia. Journal of Korean medical
science. 2009; 24(3):493-497.

www.impactjournals.com/oncotarget

7180

Oncotarget



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Chen SS, Claus R, Lucas DM, Yu L, Qian J, Ruppert AS,
West DA, Williams KE, Johnson AJ, Sablitzky F, Plass C
and Byrd JC. Silencing of the inhibitor of DNA binding
protein 4 (ID4) contributes to the pathogenesis of mouse
and human CLL. Blood. 2011; 117(3):862-871.

Hu HB and Hu Q. [ID4 methylation patterns in childhood T
line and B line lymphocytic leukemia.]. Zhongguo dang dai
er ke za zhi = Chinese journal of contemporary pediatrics.
2010; 12(12):940-942.

Martini M, Cenci T, D’Alessandris GQ, Cesarini V,
Cocomazzi A, Ricci-Vitiani L, De Maria R, Pallini R
and Larocca LM. Epigenetic silencing of 1d4 identifies
a glioblastoma subgroup with a better prognosis as a
consequence of an inhibition of angiogenesis. Cancer. 2013;
119(5):1004-1012.

Ruchusatsawat K, Wongpiyabovorn J, Protjaroen P,
Chaipipat M, Shuangshoti S, Thorner PS and Mutirangura
A. Parakeratosis in skin is associated with loss of inhibitor
of differentiation 4 via promoter methylation. Hum Pathol.
2011;42(12):1878-1887.

Chan AS, Tsui WY, Chen X, Chu KM, Chan TL, Li R,
So S, Yuen ST and Leung SY. Downregulation of ID4 by
promoter hypermethylation in gastric adenocarcinoma.
Oncogene. 2003; 22(44):6946-6953.

Vincent A, Omura N, Hong SM, Jaffe A, Eshleman J and
Goggins M. Genome-wide analysis of promoter methylation
associated with gene expression profile in pancreatic
adenocarcinoma. Clin Cancer Res. 2011; 17(13):4341-
4354,

Carvalho B, Sillars-Hardebol AH, Postma C, Mongera
S, Terhaar Sive Droste J, Obulkasim A, van de Wiel
M, van Criekinge W, Ylstra B, Fijneman RJ and Meijer
GA. Colorectal adenoma to carcinoma progression is
accompanied by changes in gene expression associated with
ageing, chromosomal instability, and fatty acid metabolism.
Cell Oncol (Dordr). 2012; 35(1):53-63.

Gomez Del Pulgar T, Valdes-Mora F, Bandres E, Perez-
Palacios R, Espina C, Cejas P, Garcia-Cabezas MA,
Nistal M, Casado E, Gonzalez-Baron M, Garcia-Foncillas
J and Lacal JC. Cdc42 is highly expressed in colorectal
adenocarcinoma and downregulates ID4 through an
epigenetic mechanism. Int J Oncol. 2008; 33(1):185-193.

Hagiwara K, Nagai H, Li Y, Ohashi H, Hotta T and Saito
H. Frequent DNA methylation but not mutation of the
ID4 gene in malignant lymphoma. Journal of clinical and
experimental hematopathology : JCEH. 2007; 47(1):15-18.
Uhm KO, Lee ES, Lee YM, Kim HS, Park YN and Park
SH. Aberrant promoter CpG islands methylation of tumor
suppressor genes in cholangiocarcinoma. Oncology
research. 2008; 17(4):151-157.

Smith E, De Young NJ, Pavey SJ, Hayward NK, Nancarrow
DJ, Whiteman DC, Smithers BM, Ruszkiewicz AR,
Clouston AD, Gotley DC, Devitt PG, Jamieson GG and
Drew PA. Similarity of aberrant DNA methylation in
Barrett’s esophagus and esophageal adenocarcinoma. Mol

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Cancer. 2008; 7:75.

Castro M, Grau L, Puerta P, Gimenez L, Venditti J,
Quadrelli S and Sanchez-Carbayo M. Multiplexed
methylation profiles of tumor suppressor genes and clinical
outcome in lung cancer. Journal of translational medicine.
2010; 8:86.

Pagliuca A, Cannada-Bartoli P and Lania L. A role for Sp
and helix-loop-helix transcription factors in the regulation
of the human Id4 gene promoter activity. J Biol Chem.
1998; 273(13):7668-7674.

Margueron R and Reinberg D. The Polycomb complex
PRC2 and its mark in life. Nature. 2011; 469(7330):343-
349.

Cao R and Zhang Y. The functions of E(Z)/EZH2-mediated
methylation of lysine 27 in histone H3. Current Opinion in
Genetics & Development. 2004; 14(2):155-164.

Vire E, Brenner C, Deplus R, Blanchon L, Fraga M, Didelot
C, Morey L, Van Eynde A, Bernard D, Vanderwinden J-M,
Bollen M, Esteller M, Di Croce L, de Launoit Y and Fuks F.
The Polycomb group protein EZH2 directly controls DNA
methylation. Nature. 2006; 439(7078):871-874.

Chang CJ and Hung MC. The role of EZH2 in tumour
progression. Br J Cancer. 2012; 106(2):243-247.

Varambally S, Dhanasekaran SM, Zhou M, Barrette TR,
Kumar-Sinha C, Sanda MG, Ghosh D, Pienta KJ, Sewalt
RG, Otte AP, Rubin MA and Chinnaiyan AM. The
polycomb group protein EZH2 is involved in progression
of prostate cancer. Nature. 2002; 419(6907):624-629.

Yang Y and Yu J. EZH2, an epigenetic driver of prostate
cancer. Protein Cell. 2013; 4(5):331-341.

Goldman M, Craft B, Swatloski T, Ellrott K, Cline M,
Diekhans M, Ma S, Wilks C, Stuart J, Haussler D and Zhu
J. The UCSC Cancer Genomics Browser: update 2013.
Nucleic Acids Res. 2013; 41(Database issue):D949-954.

Wang LF, Huang S, Huang C, Li CR and Li DJ. [Effect
of 5-Aza-CdR on biological activity and inhibitor of DNA
binding 4 gene expression in human erythroleukemia
cell line K562]. Zhongguo shi yan xue ye xue za zhi /
Zhongguo bing li sheng li xue hui = Journal of experimental
hematology / Chinese Association of Pathophysiology.
2011; 19(6):1388-1392.

Beke L, Nuytten M, Van Eynde A, Beullens M and Bollen
M. The gene encoding the prostatic tumor suppressor
PSP94 is a target for repression by the Polycomb group
protein EZH2. Oncogene. 2007; 26(31):4590-4595.

Shin YJ and Kim JH. The role of EZH2 in the regulation of
the activity of matrix metalloproteinases in prostate cancer
cells. PLoS One. 2012; 7(1):¢30393.

Taniguchi H, Jacinto FV, Villanueva A, Fernandez AF,
Yamamoto H, Carmona FJ, Puertas S, Marquez VE,
Shinomura Y, Imai K and Esteller M. Silencing of Kruppel-
like factor 2 by the histone methyltransferase EZH2 in
human cancer. Oncogene. 2012; 31(15):1988-1994.

Carey JP, Asirvatham AJ, Galm O, Ghogomu TA and

WWW

.impactjournals.com/oncotarget

7181

Oncotarget



37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Chaudhary J. Inhibitor of differentiation 4 (Id4) is a
potential tumor suppressor in prostate cancer. BMC Cancer.
2009; 9:173.

Patel K, Dickson J, Din S, Macleod K, Jodrell D and
Ramsahoye B. Targeting of 5-aza-2’-deoxycytidine residues
by chromatin-associated DNMT1 induces proteasomal
degradation of the free enzyme. Nucleic Acids Res. 2010;
38(13):4313-4324.

Kumar A, Kumar S, Vikram A, Hoffman TA, Naqvi
A, Lewarchik CM, Kim YR and Irani K. Histone and
DNA Methylation-Mediated Epigenetic Downregulation
of Endothelial Kruppel-Like Factor 2 by Low-Density
Lipoprotein Cholesterol. Arteriosclerosis, thrombosis, and
vascular biology. 2013.

WR and Loda M. The EZH2 polycomb
transcriptional repressor—a marker or mover of metastatic
prostate cancer? Cancer Cell. 2002; 2(5):349-350.

Karanikolas BD, Figueiredo ML and Wu L. Comprehensive
evaluation of the role of EZH2 in the growth, invasion, and
aggression of a panel of prostate cancer cell lines. Prostate.
2010; 70(6):675-688.

Bryant RJ, Cross NA, Eaton CL, Hamdy FC and Cunliffe
VT. EZH2 promotes proliferation and invasiveness of
prostate cancer cells. The Prostate. 2007; 67(5):547-556.
Ren G, Baritaki S, Marathe H, Feng J, Park S, Beach S,
Bazeley PS, Beshir AB, Fenteany G, Mehra R, Daignault S,
Al-Mulla F, Keller E, Bonavida B, de la Serna I and Yeung
KC. Polycomb protein EZH2 regulates tumor invasion via

Sellers

the transcriptional repression of the metastasis suppressor
RKIP in breast and prostate cancer. Cancer Res. 2012;
72(12):3091-3104.

Cao Q, Yu J, Dhanasekaran SM, Kim JH, Mani RS, Tomlins
SA, Mehra R, Laxman B, Cao X, Kleer CG, Varambally
S and Chinnaiyan AM. Repression of E-cadherin by the
polycomb group protein EZH2 in cancer. Oncogene. 2008;
27(58):7274-7284.

Delcuve G, Khan D and Davie J. Roles of histone
deacetylases in epigenetic regulation: emerging paradigms
from studies with inhibitors. Clinical Epigenetics. 2012;
4(1):5.

Huang J, Vogel G, Yu Z, Almazan G and Richard S.
Type II arginine methyltransferase PRMTS regulates gene
expression of inhibitors of differentiation/DNA binding 1d2
and Id4 during glial cell differentiation. J Biol Chem. 2011;
286(52):44424-44432.

GuZ, LiY, Lee P, Liu T, Wan C and Wang Z. Protein
Arginine Methyltransferase 5 Functions in Opposite Ways
in the Cytoplasm and Nucleus of Prostate Cancer Cells.
PLoS One. 2012; 7(8):e44033.

Komashko VM and Farnham PJ. 5-azacytidine treatment
reorganizes genomic histone modification patterns.
Epigenetics : official journal of the DNA Methylation
Society. 2010; 5(3):229-240.

Hernandez-Muioz I, Taghavi P, Kuijl C, Neefjes J and van

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Lohuizen M. Association of BMI1 with Polycomb Bodies
Is Dynamic and Requires PRC2/EZH2 and the Maintenance
DNA Methyltransferase DNMT1. Molecular and Cellular
Biology. 2005; 25(24):11047-11058.

Smallwood A, Estéve P-O, Pradhan S and Carey M.
Functional cooperation between HP1 and DNMT 1 mediates
gene silencing. Genes & development. 2007; 21(10):1169-
1178.

Hoffmann MJ, Engers R, Florl AR, Otte AP, Muller M and
Schulz WA. Expression changes in EZH2, but not in BMI-
1, SIRT1, DNMT1 or DNMT?3B are associated with DNA
methylation changes in prostate cancer. Cancer Biol Ther.
2007; 6(9):1403-1412.

Carey JP, Knowell AE, Chinaranagari S and Chaudhary J.
1d4 Promotes Senescence and Sensitivity to Doxorubicin-
induced Apoptosis in DU145 Prostate Cancer Cells.
Anticancer Res. 2013; 33(10):4271-4278.

Knowell A, Patel D, Morton D, Sharma P, Glymph S and
Chaudhary J. Id4 dependent acetylation restores mutant-p53
transcriptional activity. Molecular Cancer. 2013; 12(1):161.
Lin MF, Meng TC, Rao PS, Chang C, Schonthal AH and
Lin FF. Expression of human prostatic acid phosphatase
correlates with androgen-stimulated cell proliferation in
prostate cancer cell lines. J Biol Chem. 1998; 273(10):5939-
5947.

Fanelli M, Amatori S, Barozzi I and Minucci S. Chromatin
immunoprecipitation and high-throughput sequencing from
paraffin-embedded pathology tissue. Nature protocols.
2011; 6(12):1905-1919.

Asirvatham AJ, Schmidt MA and Chaudhary J. Non-
redundant inhibitor of differentiation (Id) gene expression
and function in human prostate epithelial cells. Prostate.
2006; 66(9):921-935.

Sharma P, Patel D and Chaudhary J. Id1 and Id3 expression
is associated with increasing grade of prostate cancer: Id3
preferentially regulates CDKN1B. Cancer Med. 2012;
1(2):187-197.

Noetzel E, Veeck J, Niederacher D, Galm O, Horn F,
Hartmann A, Knuchel R and Dahl E. Promoter methylation-
associated loss of ID4 expression is a marker of tumour
recurrence in human breast cancer. BMC Cancer. 2008;
8:154.

Umetani N, Mori T, Koyanagi K, Shinozaki M, Kim J,
Giuliano AE and Hoon DS. Aberrant hypermethylation
of ID4 gene promoter region increases risk of lymph
node metastasis in T1 breast cancer. Oncogene. 2005;
24(29):4721-4727.

Umetani N, Takeuchi H, Fujimoto A, Shinozaki M,
Bilchik AJ and Hoon DS. Epigenetic inactivation of ID4 in
colorectal carcinomas correlates with poor differentiation
and unfavorable prognosis. Clin Cancer Res. 2004;
10(22):7475-7483.

WWW

.impactjournals.com/oncotarget

7182

Oncotarget



