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5'-cagtaatacgactcactatagggagaaggct ACAAAACCAAACCCAA Statistical Analysis

AAAAAACAC-3'. The tag sequence needed for transcription by
T7-RNA polymerase is shown in lower-case. An initial denatur-
ation step of 15 min at 94°C was followed by amplification for 45
cycles of 94°C for 20 s, 56°C for 30 s, and 72°C for 1 min, and
then a final elongation step of 72°C for 3 min.

Subsequently, the PCR products were treated with shrimp alka-
line phosphatase and subjected to in vitro transcription with T7
RNA polymerase. After RNase cleavage, the samples were desalted
and spotted on a 384-pad SpectroCHIP (Sequenom) using a
MassARRAY nanodispenser, followed by spectral acquisition us-
ing MassARRAY Analyzer Compact MALDI-TOF mass spectrom-
etry (Sequenom). Resultant methylation calls were performed us-
ing the EpiTYPER software v. 1.0 (Sequenom) to generate quantita-
tive results for each CpG site or an aggregate of multiple CpG sites.

A standard curve of quantitative DNA methylation analysis
was drawn using 0, 50, and 100% methylated samples. The relative
amount of methylation was calculated by comparing the difference
in signal intensity between mass signals derived from methylated
and nonmethylated DNA.
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To evaluate the association between clinicopathological find-
ings and the methylation levels of ZARI exon 1/intron 1 CpGi,
the 2 test was used for pathological diagnosis and pathological
N stage, and Fisher’s exact test for cytology and pathological T
stage. Mann-Whitney test was applied to assess differences in
ZARI methylation levels between the two groups of bladder
cancer specimens of different stages or muscle invasion status.
In both tests, p < 0.05 was considered statistically significant.
Statistical analyses were performed using the SPSS statistical
package.

Result

Clinical Characteristics of Bladder Cancer Cases
The samples from cases 1-13 were obtained by
transurethral resection of the bladder tumor, whereas the
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rest were by total cystectomy. The samples from cases
1-12 are non-muscle-invasive urothelium carcinomas
(table 1). Of the 20 bladder cancers, 11 samples were low
grade, whereas the rest were high grade.

Methylation Status of ZARI

We examined the methylation levels of CpGi on ZARI
exon 1l/intron 1, in which aberrant methylation levels
were observed in mouse skin cancers in 20 human blad-
der cancer specimens. Representative data of the Seque-
nom MassARRAY analysis are presented as an epigram
in figure la. Some of the tumor tissues showed low meth-
ylation levels in whole CpG sites on ZARI exon 1/intron
1 CpGi. The high-grade cancers showed lower methyla-
tion levels in the ZARI gene.

Figure 1b shows the average methylation levels of the
entire region of ZARI exon 1/intron 1 CpGi in the sam-
ples examined. Five out of 8 invasive cancers showed hy-
pomethylation, in which the average methylation level
was less than 50%; on the other hand, only 3 out of 12
samples were hypomethylated in the non-muscle-inva-
sive group.

Low-Grade Methylation Status of ZARI Is Associated

with Muscle-Invasive Characteristics

When the average methylation level of the whole ZARI
exon 1/intron 1 CpGi was compared among the samples
of different grades, high-grade cancers showed signifi-
cantly lower methylation levels than low-grade samples
(fig. 2a). Tumors with higher muscle invasiveness (patho-
logical T2 or more) showed lower methylation levels than
T1 cancers (fig. 2b). Moreover, when each CpG site was
individually analyzed, only the methylation levels of
CpG 37, 38, 39, and 40 were significantly lower in both
high-grade and muscle-invasive cancers than in low-
grade and noninvasive tumors (table 2; fig. 2c, d).

Discussion

The clinical course of bladder cancer shows a broad
spectrum of aggressiveness and risk. Low-grade superfi-
cial bladder cancers have minimal risk of progression to
death, whereas high-grade muscle-invasive cancers are
often lethal. Characterization of genomic methylation
patterns is as a powerful tool for the prediction of disease
outcome and sensitivity to treatment [10, 11]. The clinical
importance of distinct genome methylation patterns as
molecular markers has been shown in various malignan-
cies, including bladder cancer [11, 12].

ZAR1 Methylation in Bladder Cancers

Table 2. Relationship between methylation status of CpG 37, 38, 39,
and 40 and clinicopathological findings in bladder cancer (n = 20)

Methylation status
hypo hyper p value
(n=6) (n=14)
Cytology
II 1 2 0.49
IITa 2 5
IIIb 1 <k
Y 0 2
A% 2 1
Pathological diagnosis
Low grade 1 10 0.020
High grade 5 4
Pathological T stage
1 2 10 0.14
2b 3 2
3a 0 1
3b 0 1
4 I 0
Pathological N stage
NO 3 2 0.20
N1 0 1

Statistical significance was examined using the x* test for path-
ological diagnosis and pathological N stage and using Fisher’s ex-
act test for cytology and pathological T stage.

Classification of bladder cancer plays an important
role in determining the appropriate treatment strategy
and to predict outcomes. Transurethral resection is the
gold standard method for defining the muscle invasive-
ness of bladder cancer. The most widely adopted nonin-
vasive urine test is cytology, which has good specificity
and sensitivity for the detection of high-grade tumors, but
poor sensitivity for low-grade tumors [13] and often takes
time to generate results [14]. To discover novel markers
that are more specific and sensitive in detecting bladder
cancer, we examined the methylation status of ZARI,
which has been reported to be aberrantly methylated in
mouse skin tumors and human tumors such as melano-
ma, brain tumor, and hepatocellular carcinoma [6-8].

The present study is the first to demonstrate that hy-
pomethylation of the ZARI gene was implicated in a high
proportion of muscle-invasive bladder cancers. In par-
ticular, the methylation levels of specific CpG sites such
as CpG 37-40 have been strongly associated with tumor
grade and muscle invasiveness. This result indicated that
hypomethylation of the ZARI region could serve as an
epigenetic marker for advanced bladder cancer. Aberrant
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methylation of DNA is a favorable candidate for a cancer
biomarker because it can easily be detected using a well-
known technique and a small amount of each sample. In
addition, there is growing evidence that epigenetic altera-
tions occur at the initial steps of tumorigenesis. Aberrant
methylation could therefore serve as an effective marker
for the early detection of cancer.

ZARI is an ovary-specific maternal factor that plays a
key role in the initiation of embryogenesis; its involve-
ment in tumor generation and/or development is un-
clear. Although we did not examine the expression level
of the ZARI transcript due to the lack of specimens to
obtain a sufficient amount of quality RNA, the previous
study examining malignant melanomas clarified that the
methylation level of ZARI exon 1/intron 1 CpGi was as-
sociated with an increased expression of the ZARI tran-
script [6]. This report indicates that aberrant methyla-
tion of ZAR1 exon 1/intron 1 CpGi could also result in
the aberrant expression of this transcript in bladder can-
cer tissues. Further analysis is needed to elucidate the
role of this gene in the development of bladder cancer.

The present study showed that hypomethylation of the
ZARI gene could serve as a biomarker for the detection
of high-grade/muscle-invasive bladder cancer. Further
optimization and large-scale clinical trials are needed to
further validate our findings. There is also a need to de-
velop a technique to detect aberrantly methylated DNA,
including ZARI, from urine or blood samples from
patients.
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T he androgen receptor (AR) plays a key role in the physio-
logical development of the normal prostate epithelium as
well as in the onset and progression of prostate cancer.!"” AR
is a member of the nuclear receptor superfamily and functions
as a ligand-dependent transcription factor.” Upon activation
by androgens, AR translocates into the nucleus and binds to
androgen responsive elements (ARE).

Recently. fusion of the prostate-specific androgen-regulated
TMPRSS2 gene to the E26 transformation-specific (ETS) fam-
ily transcription factor gene ERG was reported as a common

Cancer Sci | October 2014 | vol. 105 | no. 10 | 1272-1278

Aberrant overexpression of ERG induced by the TMPRSS2-ERG gene fusion is
likely involved in the development of prostate cancer. Synthetic pyrrole-imidaz-
ole (PI) polyamides recognize and attach to the minor groove of DNA with high
affinity and specificity. In the present study, we designed a Pl polyamide target-
ing TMPRSS2-ERG translocation breakpoints and assessed its effect on human
prostate cancer cells. Our study identified that this Pl polyamide repressed the
cell and tumor growth of androgen-sensitive LNCaP prostate cancer cells. Target-
ing of these breakpoint sequences by Pl polyamides could be a novel approach
for the treatment of prostate cancer.

event in prostate cancer.*" ETS family members modulate
many cellular functions, including proliferation, apoptosis,
differentiation, tissue remodeling, migration, invasion and
angiogenesis.®® Altered expression or properties of ETS tran-
scription regulators affect the control of these processes and are
involved in carcinogenesis and cancer progression. Several
studies have demonstrated that ETS family gene re-arrange-
ments are linked to clinicopathological indicators in prostate
cancer.'®”!'? Because TMPRSS2. 5'-fusion partners, are upreg-
ulated by androgen, AR has been supposed to be important to

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association. 5
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(a) Fusion polyamide target sequence

TMPRSS2
5 -TAAGCTGAGGGTTGTGGGAGAGT-3'

Oefiese

cokass) pockose)
¥ AWC&AC}EC,QCM.CB .CCTCTCA-5

ERG
5 -TACGTAACTGTGGGATCTGGT -3

> e LR N ]
SRET R
3 -ATGCATTGACACCCAAGACCAAAA-5’

N-methylpyrrole (Py), »: Nemethylimidazole (Im), fi: Beta-alanine

(b) Fusion polyamide

Fig. 1. Target sequence and structure of synthetic
pyrrole-imidazole (Pl) polyamide that targets the
break fusion sites in TMPRSS2 and ERG. (a) PI poly-
amide targeting break fusion sites. The polyamide
was designed to bind to the break fusion site in
TMPRSS2 and ERG. (b) Structure of the fusion
polyamide and negative control polyamide. They ) 4
were synthesized by employing a solid-phase

method and purified by high performance liquid
chromatography (0.1% AcOH/CH3CN, 0-66% linear (c)
gradient, 0-20 min, 254 nm, through a Chemcobond
5-ODS-H column). (c) Gel mobility shift assay and
distribution of fluorescein isothiocyanate (FITC)-
labeled Pl polyamide in vitro. FITC-labeled DNA
corresponding to the break fusion sites in TMPRSS2
was synthesized and incubated with vehicle (water),
fusion Pl polyamide, or negative control Pl
polyamide for 1 h at 37°C and loaded onto a 20% ERG:
polyacrylamide gel.

(a) Negative control
polyamide

EtoH

Fig. 2. Presence of the fusion polyamide resulted
in decreased androgen receptor-induced and
chromosomal interactions of TMPRSS2 and ERG loci.
(a, b) Following treatment of LNCaP cells with the
fusion polyamide for 72 h, cells were stimulated
with dihydrotestosterone (DHT) for 24 h, and FISH
was performed with TMPRSS2 (green) and ERG
(red) probes. (***P < 0.0001 versus negative control
polyamide).

DHT 100 nM

regulate the fusion of genes in prostate cancer. A recent study
shows that AR induces intronic binding sites in TMPRSS2 and
ERG to facilitate specific chromosomal translocations by utiliz-
ing a common motif (TGT/AGGGA/T: break fusion site) for
break/ligation in the human prostate cancer cell line LNCaP,
which does not harbor TMPRSS2-ERG endogenously. =%
Pyrrole-imidazole (PI) polyamides are small synthetic mole-
cules that recognize and form non-covalent bonds to the minor
groove of DNA, followed by inhibition of DNA-protein inter-
actions with high affinity and sequence specificity. > DNA
recognition depends on a code of side-by-side pairing of pyr-
role and imidazole in the hairpin polyamide, which binds to
the minor groove. A pairing of imidazole opposite pyrrole tar-
gets for the G-C base pair, and pyrrole-pyrrole targets for

both T-A and A-T base pairs. Recently, various types of

sequence-specific PI polyamides have been developed to con-
trol gene expression.""*% These investigations indicate that
targeted PI polyamides could be potential gene silencers for
the treatment of cancer. The aim of the present study is to
investigate the effects of a PI polyamide targeting the

Cancer Sci | October 2014 | vol. 105 | no. 10 | 1273
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TMPRSS2-ERG translocation break fusion site (fusion polyam-
ide) in prostate cancer. We demonstrate that the fusion poly-
amide decreases the expression of TMPRSS2-ERG and ERG in
LNCaP cells. In addition, we show that this polyamide
represses the growth and migration of prostate cancer cells
in vitro and in vivo.

Material and Methods

Cell culture, treatment with pyrrole-imidazole polyamide and
antibody. The human prostate cancer cell lines LNCaP, VCaP
and PC3 were purchased from the American Type Culture
Collection (Rockville, MD, USA). LNCaP cells were main-
tained as previously described:* VCaP and PC3 cells were
cultured in DMEM supplemented with 10% FBS. PI polya-
mides were synthesized at Nihon University (Tokyo, Japan), as
previously described."® LNCaP cells were treated with nega-
tive control PI polyamide (negative control) and PI polyamide
that targets break fusion sites (fusion polyamide) as previously
described."™ A rabbit polyclonal anti-cleaved caspase-3

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.



Original Article
Polyamide to fusion sites for prostate cancer

antibody was purchased from Cell Signaling Technology
(Danvers, MA, USA).

DNA binding assay. FITC-labeled oligonucleotides were
synthesized for gel mobility shift assays as described below.

TMPRSS2: 5'-FITC-TGTTAAGCTGAGGGTTGTGGGAGA
GTGTTTTTCACTCTCCCACAACCCTCAGCTTAACA-3'.
ERG: 5'-FITC-TTCATGTTTGTGGGTGGGTGTATGTTTT
TCATACACCCACCCACAAACATGAA-3.

Both TMPRSS2 and ERG nucleotides contain the sequence
TGT/AGGGA/T, which is the break fusion site in TMPRSS2
and ERG. Next, | uM of FITC-labeled oligonucleotides were
dissolved in annealing buffer (20 mM Tris—HCI, 2 mM EDTA.
200 mM NaCl) and incubated at 100°C for 3 min. The solu-
tion was cooled down gradually to 30°C in the next 70 min to
anneal the oligonucleotides in such a way that hairpin struc-
tures were formed. Then. 15 pL of annealed oligonucleotides
and 5 pL of 2, 4 or 20 pM polyamides were mixed and incu-
bated at 37°C for 1 h. The mixtures were separated by electro-
phoresis in 1x Tris-buffered EDTA on a 4-20% acrylamide

(a) TMPRSS2-ERG
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Fig. 3. Efficacy of the pyrrole-imidazole (Pl) polyamide targeting the

break fusion site for fusion transcript and endogenous ERG expres-
sions. (a, b) The presence of the fusion polyamide resulted in reduced
expression of TMPRSS2-ERG and ERG expressions. LNCaP cells were
treated with 5 M of negative control Pl polyamide or 5 uM of fusion
polyamide (Fusion). Two days after treatment with DHT (100 nM), the
mMRNA expression levels of TMPRSS2-ERG and ERG were analyzed by
quantitative RT-PCR. We used VCaP cells as positive and PC3 cells as a
negative control for TMPRSS2-ERG expression.

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.
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gel and visualized with the luminescent image analyzer LAS-
4000 (Fujifilm. Tokyo, Japan).

FISH. LNCaP cells were stimulated with vehicle or 100 nM
dihydrotestosterone (DHT) in the presence of negative control
or fusion polyamide for 24 h. Isolation of nuclear proteins and
DNA-FISH were carried out according to methods previously
described (Ourgenic, Tokushima, Japan).?*’ The probes were
synthesized by Integrated DNA Technologies (Coralville, IA,
USA) as listed bellow:

ERG
Biotin-GACTCCAGGAGCGCTCCCCAGAATCCCCTTCC
TTAACCCAAACTCGAGCC.

TMPRSS2

FITC(FAM)-GATCTTTGGAGACCCGAGGAAAGCCGTG

TTGACCAAAAGCAAGACAAATG.

Quantitative RT-PCR. Total RNA extraction, first-strand
cDNA synthesis and quantitative RT-PCR (qRT-PCR) were
performed as previously described.® LNCaP cells were trea-
ted with 5 pM of negative control PI polyamide or 1 or 5 uM

(a) 0.3 = [T Negative control polyamide
{23 Fusion polyamide 1 uM
§ I Fusion polyamide 5 uM *
S 024
o<
83
=1
5 044
173
£
<
DHT
(b) 0151
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©
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Day 1 Day 2 Day 4
Fig. 4. Effect of the fusion polyamide on cell growth. The fusion

polyamide reduced (a) LNCaP cell growth in an androgen-dependent
manner. (b) VCaP cells and (c) PC3 cells in phenol red-free DMEM and
LNCaP cells in phenol red-free RPMI medium were treated for 48 h
with 5 uM of negative control polyamide (negative control) or 1 or
5 uM of pyrrole-imidazole (PI) polyamide targeting the break fusion
site (fusion polyamide). After stimulation with 100 nM dihydrotestos-
terone (DHT), an MTS assay was performed to assess the cell prolifera-
tion rate of Pl polyamide-treated cells. Results are presented as mean
and SD of triplicate assays (*P < 0.05).
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Fig. 5. Effect of the fusion polyamide on cell §;§
migration. Effect of the fusion polyamide on cell § §
migration. A cell migration assay was performed to <
analyze the motility of fusion polyamide-treated
LNCaP, PC3 and VCaP cells and negative control g 20
polyamide-treated cells. Migrated cells were stained §9 T
with Giemsa solution. Right panel shows average a -g S
number of cells that migrated through the PET filter. @© 2% 10
Five representative fields in each well were quantif- g o @
ied to determine the number of migrated cells under g =
a light microscope. Results are presented as the ; 2 14

mean and SD of triplicate assays (***P < 0.0001).

of fusion polyamide. Two days after treatment with DHT
(100 nM), the mRNA expression levels of TMPRSS2-ERG and
ERG were analyzed. As a negative control, ¢cDNA samples
prepared without reverse transcriPlabsc were used. The primer
sequences were as listed below:" ">

ERG

Forward: 5'- ACCGTTGGGATGAACTACGGCA-3'

Reverse: 5'- TGGAGATGTGAGAGAAGGATGTCG

TMPRSS2-ERG

Forward: 5'- AGCGCGGCAGGTTATTCCA-3

Reverse: 5'- ATCATGTCCTTCAGTAAGCCA-3'.

Cell proliferation assay. The cell growth rate was measured
using an MTS proliferation assay (CellTiter 96 AQueous One
Solution Cell Proliferation Assay; Promega, Madison, WI,
USA). as previously described®® following the manufacturer’s
instructions. Briefly, 5000 cells/well were seeded in 96-well
plates and cultured in phenol red-free RPMI 1640 (LNCaP
cells) or phenol red-free DMEM (PC3 and VCaP cells) med-
ium supplemented with 2.5% charcoal-stripped FBS for 24, 48
and 96 h. Each condition was tested in quadruplicate wells and
each experiment was repeated at least twice.

Cell migration assay. The cell migration assay was per-
formed as previously described.*® Briefly, 50 000 cells were
suspended in 30 pL of RPMI 1640 (LNCaP cells) or DMEM
(PC3 and VCaP cells) medium containing 10% FBS and
added to the upper chamber. After incubation for 24 h in
LNCaP and PC3 cells or 48 h in VCaP cells at 37°C in a
humid 5% CO, atmosphere, the cells on the lower surface of
the filter were fixed in methanol for 30 min, then stained
with Giemsa solution (Muto Pure Chemicals, Tokyo, Japan)
for 30 s. The cells on the lower surface were counted in at
least five fields at a magnification of %200 under a micro-
scope.

Analysis of the in vivo effects of polyamides. Three million
LNCaP cells were injected subcutaneously into each side of
7-week-old male nude mice (n = 12). When the tumor size
reached 100 mm?®, fusion polyamide or negative control poly-
amide (6 mg/kg body weight) dissolved in dH,O were injected
via the tail vein once a week for 4 weeks. The tumor size was
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measured every week until 1 week after the final injection, at
which point the animals were killed and dissected. Tumor tis-
sues were collected and kept both frozen and fixed in 10% for-
malin  for analysis. Immunohistochemistry —analysis was
performed as previously described.®> The sections were incu-
bated with the cleaved caspase-3 polyclonal antibody (1:100
dilution) overnight, followed by a 60-min incubation with His-
tofine Simple Stain MAX-PO (Nichirei, Tokyo, Japan).

Statistical analysis. Data are presented as mean 4 SD or
SEM. Statistical differences between the results of each group
and its corresponding control were evaluated using Student’s
t-test. A P-value of <0.05 was considered significant.

Results

Binding of the polyamide to double-stranded DNA. The fusion
polyamide was designed to bind to the break fusion site in
TMPRSS2 and ERG. As a control, negative control polyamide,
which does not bind to these sites, was used (Fig. la,b). To
determine the binding affinity and specificity of polyamide to
target DNA. gel mobility shift assays were performed.
Whereas oligonucleotides containing the break fusion site of
TMPRSS or ERG showed mobility retardation when they were
incubated with the fusion polyamide, nucleotides incubated
with negative control polyamide did not show a clear mobility
shift. The degree of mobility shift by the fusion polyamide
was shown to be dose-dependent (Fig. Ic). The distribution of
FITC-labeled fusion polyamide and negative control polyamide
in LNCaP cells are shown in Fig. S1. After 2 h of incubation
of LNCaP cells with 5 uM of FITC-labeled polyamide, strong
fluorescent signals were detected in nuclei.

Pyrrole-imidazole polyamide targeting the break fusion site
decreased fusion transcript and endogenous ERG. Because pre-
vious reports show that TMPRSS2-ERG transcripts are induced
in LNCaP cells by stimulation of DHT (100 nM) for 24 h, '~
' we analyzed LNCaP cells treated with the same protocol.
To determine whether the fusion polyamide affects DHT-
dependent inter-chromosomal movement and 7MPRSS2-ERG
expression in LNCaP cells, we performed FISH analysis and
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Fig. 6. The fusion polyamide represses tumor formation of LNCaP cells

in nude mice. (a, b) Seven-week-old male mice were implanted with
3 x 10° tumor cells and fusion polyamide or negative control polyam-
ide was injected into the tail vein once weekly. (a) Photographs of mice
bearing tumors after 4 weeks of treatment with pyrrole-imidazole (PI)
polyamide. (b) Treatment with the fusion polyamide significantly
reduced the tumor volume compared to treatment with the negative
control polyamide. Line plots, means of tumor volume (V mm?) formed
in mice; bars, SEM (n =6 each), as determined by the formula:
V = 0.5 x maximal diameter x middle diameter x minimal diameter.
*P < 0.05 for fusion polyamide versus negative control polyamide. (c)
Representative image of immunohistochemistry for cleaved caspase-3 in
tumor xenograft tissues. (Magnification: x400.)

measured TMPRSS2-ERG expression levels using qRT-PCR.
After DHT treatment. the number of cells showing co-localiza-
tion of TMPRSS2 and ERG was significantly increased in
LNCaP cells cultured in the presence of 5 pM of negative con-
trol polyamide (Fig. 2). This DHT-induced inter-chromosomal
movement, however, was significantly decreased in cells cul-
tured with 5 uM of fusion polyamide. Although the
TMPRSS2-ERG transcript was significantly and constantly
expressed in VCaP cells, which harbor this fusion gene, its
expression was induced to a detectable level by the stimulation

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.
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with DHT in LNCaP cells. The expression of the TMPRSS2-
ERG transcript was significantly suppressed in the presence of
5 uM of the fusion polyamide compared with 5 M of nega-
tive control polyamide in LNCaP cells. In contrast, the fusion
polyamide did not affect its expression in VCaP cells (Fig. 3a).
Moreover, we tested whether the fusion polyamide could
downregulate endogenous ERG gene expression. Both 1 and
5 uM of fusion polyamide substantially reduced mRNA
expression levels of ERG in LNCaP cells (Fig. 3b).

Fusion polyamide repressed cell growth and cell migration. To
assess the effect of the fusion polyamide on the viability of
prostate cancer cells, we analyzed the cell proliferation activity
by MTS assay.®® LNCaP cells treated with 1 and 5 pM fusion
polyamide showed a significant decrease in cell proliferation
after 96 h of DHT treatment compared to cells treated with
negative control polyamide (P < 0.05; Fig. 4). The MTS assay
also revealed that the fusion polyamide had no significant
effect on cell proliferation in AR-negative and TMPRSS2-
ERG-negative prostate cancer cell line PC3 cells and VCaP
cells (Fig. 4). Next, we assessed the effects of the fusion poly-
amide on the migratory ability of LNCaP cells by conducting
cell migration assays. Cell migration was significantly reduced
in fusion polyamide-treated cells compared to negative control
polyamide-treated cells (P < 0.0001, Fig. 5). Neither PC3 nor
VCaP cells showed significant differences in average number
of migratory cells between fusion polyamide-treated cells and
negative control polyamide-treated cells (Fig. 5).

Fusion polyamide repressed tumor growth in vivo. Athymic
male mice bearing LNCaP cell-derived tumors were treated
with the fusion polyamide or negative control polyamide.
Tumor growth was prominent in mice treated with the nega-
tive control polyamide, but it was substantially reduced in
mice treated with the fusion polyamide (Fig. 6a,b). Moreover,
the expression of cleaved caspase-3 tended to increase in
LNCaP xenografts derived from mice treated with the fusion
polyamide (Fig. 6¢).

Discussion

Activation of AR signaling mediated by androgens promotes
cancer progression. Several studies have shown that AR
expression is positively correlated with standard clinical and
pathologic parameters, including the Gleason grade, clinical
stage, lymph node status, extracapsular extension and seminal
vesicle invasion.?’*® The reports of the fusion of TMPRSS2
with ETS family members in prostate cancer have opened a
new field in prostate cancer research, 3572531 Approximately
80% of prostate tumors harbor genomic fusions of TMPRSS2
and members of the ETS family of transcription factors.
Among them, approximately 50% contain TMPRSS2-ERG
fusions.®*3* Recently, urine testing to detect TMPRSS2-ERG
has been reported to demonstrate significant correlation of the
expression level of this fusion transcript with Gleason score,
clinical stage and extracapsular extension of the tumor.®*%
In addition, the expression of TMPRSS2-ERG promoted by AR
has been associated with a poor clinical outcome.***” Those
findings indicate that evaluation of the expression level of
TMPRSS2-ERG is valuable not only for diagnosis but also for
predicting prognosis. Furthermore, it is also indicated that
repressing the mechanism of TMPRSS2-ERG expression is cru-
cial for the development of therapeutic approaches. In the
present study, we attempted to develop a new compound that
can repress the fusion gene formation and/or expression and to
assess its effect on prostate cancer growth.
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A previous report showed that the expression of fusion
transcripts  was inhibited by SiRNA. which target specific
components involved in homologous recombination  of
DNA."Y Shao er al. (2012) report that siRNA targeting most
common isoforms of the TMPRSS2-ERG fusion transcript effi-
ciently suppressed the growth of prostaie cancer in vivo.H
Those data strongly suggest that inhibition of TMPRSS2-ERG
fusion gene formation or expression could be a good thera-
peutic approach for prostate cancer. siRNA can effectively
repress the expression ol specific genes. However, there is a
disadvantage in its application; that is, siRNA can be casily
degraded by nucleases. One of the most important advantages
of PI polyamide is that it is resistant to biological degradation
(e.g. by nucleases and proteases). It can be taken up by cells
and transported to nuclei without requiring any specific drug
delivery system. Morecover, Pl polyamide can inhibit DNA
protein interaction by binding to the minor groove of double-
helical DNA with high affinity and sequence specificity,"*'®
Another important advantage is that intravenous. subcutane-
ous or peritoneal injections of Pl polyamide have never indu-

ced significant health injuries when tested in mice and
Q3¢ 4 . .
rats. 190 Rackatov er af ™ report that intra-peritoneal

or subcutancous administration of 120 nmol/mouse (4.5~
7 mg/kg body weight) of PI polyamide in cyclic form had an
acute toxic effect on mice; however, they showed that the
hairpin form of PI polyamide did not have any toxic effect at
the same dose. In addition, Yang et al.®” report that subcuta-
neous injection of Pl polyamides targeting RNA polymerase
I resulted in growth reduction in LNCaP xenografts without
detectable DNA damage. Therefore, in the present study. we
designed and examined PI polyamide, which binds to break
fusion sites, to inhibit double-stranded breaks. It has been
reported previously that Pl polyamide that recognizes ARE

suppresses  DHT-dependent  gene expression in  LNCaP
cells.* and it was revealed that this polyamide inhibits the

binding of RNA polymerase I1 to the transcription start site
of AR-driving genes.””

Our present data clearly show that this fusion polyamide
suppresses the formation and expression of TMPRSS2-ERG
fusion genes. In addition. it suppressed endogenous ERG
expression and cellular proliferation in in vitro models and
also induced cellular apoptosis in in vivo models. Interest-
ingly, the effect of PI polyamide on the inhibition of cell
migration and in vive tumor growth appeared to be drastic
compared to its inhibitory effect on in vitro cell prolifera-
tion. Recent study has shown that the TMPRSS2-ERG fusion
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gene expressed in prostate cancer changes tumor microenvi-
ronment to that associated with more aggressive phenotype
ol cancer. and affects the cellular migration uctivilyﬁ““ﬁ)
For example, prostate cancer tissues with higher expression
levels of TMPRSS2-ERG fusion transcripts showed increased
vascular density, hyaluronan. von  Willebrand factor and
PDGFRP. and decreased Caveolin-1. In addition, the in vivo
tumor growth of prostate cancer cells is shown to be depen-
dent on the microenvironment.“**” These factors could
explain the difference of the efficacy of the fusion polyam-
ide between in virro cell proliferation and in vivo tumor
growth.

Endogenous ERG expression in prostate tissues was shown
to be correlated with biochemical relapse and poor progno-
sis. M4 Moreover, ERG overexpression in prostate cancer
specimen is a strong predictor of the progression of the disease
during active surveillance.”® Recently. it has been reported
that the TMPRSS2-ERG fusion gene product binds to the ERG
locus and promotes wild-type ERG expression in human pros-
tate cancers.”" This mechanism activated the feed-forward
regulation of ERG expression. thereby promoting prostate can-
cer invasion. This report also showed that the reduction of
endogenous ERG expression prevented the invasion of prostate
cancer cells. Furthermore. the report showed that overexpres-
ston of wild-type ERG was observed in 38% of clinically
localized prostate cancers and 27% of metastatic prostate can-
cers bearing TMPRSS2-ERG fusion genes.®" These reports
indicate that TMPRSS2-ERG plays a critical role in prostate
cancer progression.

In summary. we developed a Pl polyamide that can target
the TMPRSS2-ERG fusion site. prevent formation of the fusion
gene, and inhibit proliferation and migration of LNCaP cells
as well as in vivo tumor growth. The present findings show
that break fusion sites, which have a critical role in the forma-
tion of AR-dependent fusion genes, could be a novel therapeu-
tic target for prostate cancer.
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Additional supporting information may be found in the online version of this article:

Fig. S1. Distribution of FITC-labeled fusion and negative control polyamide in LNCaP cells. LNCaP cells were seeded on 24-well plates and cul-

tured for 24 h. and then 5 uM of FITC-labeled fusion or negative control polyamide were applied to the growth medium. After 2 h incubation,
medium was replaced with PBS containing Hoechst 33342, and cells were observed by fluorescence microscopy following 20 min incubation.
Scale bar indicates 50 pm.
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Genome-Wide Screening of Aberrant DNA Methylation
Which Associated With Gene Expression in
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Epigenetic alteration of genomic DNA is a common and key process in carcinogenesis. There is considerable evidence
indicating that some of the somatic alterations occurring during carcinogenesis in humans aiso involve the same processes
as those observed in mice. Therefore, we analyzed mouse skin cancer tissues induced by the 2-stage carcinogenesis model
to identify skin tumor-specific differentially methylated regions (ST-DMRs) during the multistep carcinogenesis process. We
have previously identified ST-DMRs using the restriction landmark genomic scanning (RLGS) technique and reported that
some of the mouse ST-DMRs were also epigenetically modified in human cancers, such as melanoma, neuroblastoma, and
brain tumor. These results encouraged us to pursue global methylation screening in mouse skin carcinogenesis. Using the
methylated DNA immunoprecipitation (MeDIP) method combined with the NimbleGen promoter plus CpG island (CpGi)
array, we identified 615 ST-DMRs. In combination with global gene expression analysis, 91 of these ST-DMRs were shown
to be located on or around the genes differentially expressed between normal skin and tumor tissues, including a candidate
human tumor suppressor gene Tfap2e. As observed in human colorectal cancers, Tfap2e was methylated at a CpGilocated
in intron 3 and downregulated in skin tumors. Our results identified aberrant methylated regions that were associated with
gene expression regulation during carcinogenesis, which may indicate critical genetic regions also involved in human

carcinogenesis. © 2013 Wiley Periodicals, Inc.

Key words: epigenetics; DNA methylation; squamous cell carcinoma; mouse model

INTRODUCTION

Epigenetic alteration of genomic DNA plays a
crucial role in cancer initiation and development [1].
In particular, aberration of DNA methylation at the
5'-position of cytosine in the cancer genome has been
extensively studied over the past few decades. It has
been reported recently that DNA methyltransferases
(DNMTs), which catalyze DNA methylation, are
highly expressed or mutated in cancer tissues [2],
and that member of the ten-eleven translocation (TET)
proteins, which catalyze DNA demethylation, are
mutated in in leukemia [3]. However the mechanisms
controlling this dynamic change at 5-methylcytosine
(5-mC) still remain elusive.

CpG dinucleotides in non-CpG islands (CpGis) are
generally hypermethylated in normal cells but hypo-
methylated in some cancer cells. Global hypomethy-
lation of DNA in colorectal cancer was one of the first
reports of epigenetic abnormality [4]. Hypomethyla-
tion has been proposed to contribute to cancer
development via generation of chromosomal insta-
bility, reactivation of transposable elements, and loss
of imprinting [1]. DNA hypomethylation is also

© 2013 WILEY PERIODICALS, INC.

involved in the activation of oncogenes in cancer
cells [5,6].

Abbreviations: CpGi, CpG island; ST-DMR, skin tumor-specific
differentially methylated regions; DMBA, 7,12-dimethylbenz (a)
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methylated DNA immunoprecipitation; SCC, squamous cell carcinoma
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SCREENING OF ABERRANT DNA METHYLATION IN MOUSE SKIN CANCER

On the other hand, CpG sites in CpGis are usually
unmethylated in normal cells but occasionally
become aberrantly highly methylated in cancer
cells [7]. Transcriptional inactivation of tumor sup-
pressor genes by hypermethylation of their promoter
CpGis is known to occur often in several cancer
cells [8].

Because it is becoming clear that aberrant methyla-
tion is a promising molecular marker for early
detection, prognosis, and prediction of drug response,
global screening for aberrant methylation in the
cancer genome has been actively performed [9-11].
Development of techniques for genome-wide DNA
methylation analysis has enabled us to identify new
aberrantly methylated regions in cancer genome
DNA; however, these surveys may miss some candi-
date genes because of the technical pitfalls associated
with genome-wide surveys. In prior studies, we have
identified genomic regions showing differential
methylation levels in mouse skin cancers induced
by the 2-stage skin carcinogenesis model using the
restriction landmark genomic scanning (RLGS) tech-
nique. We called these loci “skin tumor-specific
differentially methylated regions (ST-DMRs)” and
reported that these alterations were also found in
human cancer tissues [12-14], including a new
candidate gene Zarl, which showed very frequent
aberrant methylation in various types of human
cancers.

Importantly, the 2-stage skin carcinogenesis model
is a multistage process and is similar to human tumor
development in nature. A number of genetic alter-
ations have been described in the mouse 2-stage skin
carcinogenesis model involving RAS, cyclin D1 [15],
RB1, TP53 [16], CDKN2A [17], pTen (18], and
Aurka [19], which are also commonly found in
human tumors. This underlying similarity in the
biology of carcinogenesis in mice and humans implies
that genes related to mouse tumor development may
also be relevant to human tumor development.
Importantly, animal model studies offer a number
of distinct advantages over human studies, such as a
genetically homogeneous population, well-con-
trolled environment, and carcinogen or genetic
manipulation.

Capitalizing on these advantages, we undertook a
more comprehensive analysis of the aberrant methyl-
ation status of genomic DNA in mouse skin cancer
tissues to find new genome loci. In addition, we
performed global gene expression analysis of these
tissues. The combination of both data sets will enable
us to identify genes transcriptionally regulated by
DNA methylation.

MATERIALS AND METHODS

Mice and Skin Cancer Induction

C57BL/6] (B6) female and male mice were pur-
chased from Taconic (Germantown, NY) and main-
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tained at the Department of Laboratory Animal
Research at the Roswell Park Cancer Institute under
an approved IACUC protocol. At 8 weeks of age, their
backs were shaved with electric clippers 1 day before
treatment initiation. 7,12-Dimethylbenz (a) anthra-
cene (DMBA) and 12-O-tetradecanoylphorbol-13-
acetate (TPA) were dissolved in acetone to obtain
concentrations of 487.5 and 81 pM, respectively.
Once a week, 200 pL of DMBA was injected into the
back skin of the mice, and every week, 400 pL of TPA
was applied 3 days after DMBA administration. After
alternative treatment with DMBA and TPA for 5 weeks,
the mice were treated with 400 L of TPA twice a week
for 20 weeks. The mice were assessed twice weekly for
the appearance of papillomas during the promotion
phase and monitored daily after the appearance of
carcinomas. Skin papilloma and carcinoma samples
were collected and frozen in liquid nitrogen and then
stored at —80°C. The histology of each cancer and
papilloma was assessed by a pathologist.

Global Analysis of Methylated DNA

Genomic DNA was extracted from fresh frozen
tissues of two types of skin cancers obtained from two
females and two males and from freshly frozen tissues
of normal skin from one female and male (Table S1).
Genomic DNA was extracted using the DNeasy Kit
(Qiagen, Valencia, CA) according to the manufac-
turer’s protocol.

Methylated DNA immunoprecipitation (MeDIP)
analysis was performed for genome-wide methylation
analysis of these DNAs, as described previously [20].
In brief, genomic DNA was digested with the
restriction enzyme Msel (New England Biolabs,
Hertfordshire, UK) to produce 200- to 1000-bp frag-
ments and then denatured by heating to produce
single-stranded DNA. DNA fragments containing
methylated CpG were immunoprecipitated with
mouse monoclonal antibodies against 5-methyl cyti-
dine (Eurogentec, Fremont, CA). After purification
and validation, MeDIP and control DNA (the input
DNA for MeDIP) were amplified using the Whole-
Genome Amplification Kit (Sigma-Aldrich, St. Louis,
MO) and then purified using a Quick PCR Purification
Kit (Qiagen). Samples were sent to NimbleGen for
analysis using a NimbleGen promoter plus CpGi
array, which covers all UCSC-annotated 15959 CpGi
and 19 530 promoters for all RefSeq genes.

Methylation peaks were detected using NimbleScan
software by searching for at least two neighboring
probes showing significant methylation and listed in
peak data files (.gff) (a detailed description is available
at http://www.nimblegen.com). Using an in-house
PERL script, each peak was categorized into one of the
following: (a) promoter, located within an annotated
promoter, which is 1-kb region flanking each side of
the transcription start site (TSS); (b) intragenic,
located in a gene excluding the promoter, as defined
above; and (c) intergenic, located >2Kkb away from
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any annotated genes. All three groups were further
categorized into two sub-groups, one being located at
a site within 500bp of CpGi and the other being
located at a site >500bp away from CpGi.

The processed data provided by NimbleGen were
analyzed to identify the ST-DMRs. Using an in-house
bioinformatics tool (available at http://genomics.
brocku.ca/qinGE/index.html), two types of ST-
DMRs were identified. The first was a set of methyla-
tion peaks commonly observed in all four samples of
cancer tissues but not in normal skin, and the other
was a set of methylation peaks commonly observed in
both samples of normal skin but not in any of the
cancer tissues.

To determine the significance of the ST-DMRs
identified from our data sets over random chance,
we performed Monte-Carlo simulation using simulat-
ed methylation peak data sets generated by random-
izing the relationship between chromosome IDs and
positions in the chromosome for all methylation
peaks for each sample, followed by subjecting to the
exact process of calling ST-DMRs as for the original
methylation peaks. The numbers of the ST-DMRs
from 1000 simulated data sets were used as the
background noise for our DMR calling. To simulate
the relationship between gene methylation and
expression, 1000 sets of data sets with randomized
relationship between the gene and its methylation
category (hypermethylated or hypomethylated) and
between gene and its expression category (upregu-
lated, downregulated, or no change) were used to
survey the occurrences of different relationships
between methylation and gene expression by chance.
Chi-square analysis was performed to compare the
obtained DMR distributions and expected ones to
evaluate the significance of the DMR distributions
into different genomic regions.

MassARRAY Quantitative Methylation Analysis

A Sequenom MassARRAY Compact System was used
for quantitative methylation analysis to confirm the
results from MeDIP/NimbleGen. Genomic DNAs were
extracted from four tissue samples for each of
the normal skin, papilloma, and skin cancer tissues
obtained from two females and two males (Table S1)

Table 1. Primer List
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using the DNeasy Kit (Qiagen) as described above.
Then, 1pg of the DNA samples was treated with
sodium bisulfite using the EZ-96 DNA Methylation
Gold Kit (Zymo Research, Irvine, CA). Primers were
designed using MethPrimer [21] to span the methyla-
tion peaks and closely adjacent regions. Details of
primer information along with PCR conditions are
listed in Table 1. Bisulfite-treated DNA was amplified
using HotStarTaq DNA polymerase (Qiagen) with
specific primers. PCR products were treated with
shrimp alkaline phosphatase and then subjected to in
vitro transcription and RNase A cleavage for the T-
reverse reaction, as described in the manufacturer’s
instructions. The samples were desalted and spotted
on a 384-pad SpectroCHIP using a MassARRAY
nanodispenser, followed by spectral acquisition on
a MassARRAY Analyzer Compact MALDITOF MS. The
resultant methylation calls were performed using
EpiTYPER software v1.0 (Sequenom, San Diego, CA)
to evaluate the quantitative methylation level of each
CpG site or an aggregate of multiple CpG sites. The
non-applicable reading and its corresponding site
were eliminated during calculation.

RNA Isolation

RNA was extracted from skin tumor and normal
skin tissues obtained from female and male mice.
Some of the tissues are in common with the one used
in the global genome methylation analysis also
(Table S1). Skin and tumor tissues measuring 2-
3mm were homogenized using 1mL of Trizol
reagents (Life Technologies, Carlsbad, CA). Total
RNA extracted from the homogenate was re-purified
using the RNeasy Kit (Qiagen). The quality and
quantity of total RNA were determined using an
Agilent 2100 Bioanalyzer (Agilent Technologies, Palo
Alto, CA). The quality-checked RNA samples were
subjected to microarray and real-time PCR analyses.

Global Gene Expression Analysis

Total RNA samples extracted from two types of skin
cancer obtained from two females and three males
and two types of normal skins obtained from two
females and three males were sent to Miltenyi Biotech
(Bergisch Gladbach, Germany) for global gene

Target

Sequense

For expression analysis
Tfap2e Forward
Tfap2e Reverse

For Sequenom Mass ARRAY EpiTyper

ACCTATGCCGACAGCATGCCGA
TGTGTCAGACAGCTCTGCACC

AGGAAGAGAGAGTGGAGTAGGTTGAGTTTAGAGG
CAGTAATACGACTCACTATAGGGAGAAGGCTCACCACTTCCTAAACTACCAAA

Tfap2e exonl, 2 Forward
Tfap2Ze exon1, 2 Reverse
Tfap2e intron3 Forward
Tfap2e intron3 Reverse

AGGAAGAGAGAGTGTTTTTTGGGAGAGTTT
CAGTAATACGACTCACTATAGGGAGAAGGCTCTAAACCCCAAATCCTAAC

Tag-sequences for EpiTyper analysis are underlined.
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expression analysis. In brief, 100 ng of each total RNA
sample was reverse transcribed using the Low-Input
RNA Linear Amplification Kit (Agilent Technologies)
and then transcribed to Cy3-labeled cRNA according
to the manufacturer’s protocol. The qualified cRNA
samples were hybridized to Agilent Whole Genome
Oligo Microarrays 4 x 44K, and the fluorescence
signals of all microarrays were detected by Agilent’s
Microarray Scanner System. The scanned data were
processed using Agilent Feature Extraction Software
(FES) to output the signal intensity of all probes in the
arrays.

Normalization and further statistical analyses were
performed using MultiExperiment Viewer v4.6
(http://www.tm4.org). Genes with a >2.0-fold differ-
ence in expression levels between normal skin and
cancer tissues were further analyzed by statistical
tests. An unpaired f-test was used to identify signifi-
cantly different genes. P-values were computed from
10000 permutations of the data for each gene.

Enrichment analysis of gene ontology was done for
the differentially expressed genes using the BinGO
[ref], which is a plugin software for Cytoscape (http://
www.psb.ugent.be/cbd/papers/BINGO/Home.html).

Quantitative Real-Time RT-PCR

Total RNA isolated from normal skin, papilloma,
and cancer samples, obtained from two females and
two males was used to synthesize ¢cDNA by iScript
(Bio-Rad, Hercules, CA). Real-time PCR was then
performed using Takara Premix Ex Taq (Takara,
Kyoto, Japan) to determine the gene expression leve]
of Tfap2e.

Cell Culture and 5-Azacytidine Treatment

A mouse squamous cell carcinoma (SCC) cell line,
which was established from SCC developed in FVB
mice, was maintained in DMEM (Nakalai Tesque,

Table 2. Summary of ST-DMRs
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Tokyo, Japan) containing 10% FBS (Nitirei Bioscience,
Tokyo, Japan), 100 U/ml penicillin, and 0.1 mg/ml
streptomycin (Gibco, Carlsbad, CA) in a humidified
incubator at 37°C in 5% CO,. The cells were
treated with or without 5pM S-azacytidine (5-aza-
dC, Sigma-Aldrich) for 72 h and then lysed in Trizol
reagent. RNA and genomic DNA were purified from
the Trizol lysate, and RNA was re-purified as described
above,

RESULTS

Using the NimbleGen array analysis, two types of
ST-DMRs were identified: (1) methylated only in
cancer samples (hypermethylated DMR) and (2)
methylated only in normal skin samples (hypome-
thylated DMR; Table 2). In this analysis, we identified
a total of 5502 methylated regions that are common
to all six samples, 77 ST-DMRs that are methylated in
cancer tissues, but not in normal skins, and 538 ST-
DMRs that specifically methylated in normal skins,
but not in all four cancer tissues. This gives us a total of
615 ST-DMRs. All these three numbers were signifi-
cantly higher than what could be expected from
random chance, as simulated data sets generated from
randomizing methylation peaks in position. The
same set of the peak positions generate 13::3.7,
and 1.6+ 0.9, and 170 13.2 of common methylated
region, hypermethylated ST-DMR and hypormethy-
lated ST-DMRs, respectively (P <1077 for the differ-
ence between observed value vs. random in all three
cases). The significantly higher number of common
methylated regions among all tissues, the two normal
skins and the four cancer tissues over random chance
is an indication of the biological similarity for the
samples. The calculated false positives are ~2% and
~31.5% for hypermethylated, and hypomethylated
ST-DMRs, respectively. The large discrepancy between

Promoter Intragenic Intergenic
Methylation status
in cancer Total CpGi Non-CpGi CpGi Non-CpGi CpGi Non-CpGi
All ST-DMRs
all probes 373,683 133730 (35.8) 170535 (45.6) 17299 (5.7) 21116 (2.6) 31003 (8.2) 10990 (2.9)
Hypermethylated 77 35 (45.5) 26 (33.8) 709.1 2(2.6) 7 (9.1) 0 (0.0)
Hypomethylated 538 74 (13.8) 325 (60.4) 52 (9.7) 28 (5.2 41 (7.6 18 (3.3)
Promoter Intragenic
Methylation status Expression level
in cancer in cancer Total CpGi Non-CpGi CpGi Non-CpGi
ST-DMRs associated
with the change of
gene expression level
Hypermethylated Up-regulated 6 2 (33.3) 4 (66.7) 0 (0.0 0(0.0)
Hypermethylated Down-regulated 4 1 (25.0) 1(25.0) 2 (50.0) 0(0.0)
Hypomethylated Up-regulated 51 8 (15.7) 30 (58.8) 3(5.9 10 (19.6)
Hypomethylated Down-regulated 30 5(16.7) 20 (66.7) 4(13.3) 1(3.3)

Numbers in the parentheses indicate the percentage.
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Table 3. List of ST-DMRs Associated With the Different Expression Level of Genes Between Skin Cancer and Normal Skin;
Hypermethylated Loci Near Up-Regulated Genes

Gene location

Nimblegen peak location

Gene symbol chr Start-end Start-end CpGi Position
(@
Artn chrd 117424093-117427695 117427700-117427864 CpGi TSS
Nol1 chré 125097557-125110372 125110378-125110627 CpGi TSS
4931440BO9Rik chr17 23564406-23571778 23571432-23571552 — TSS
Oit3 chr10 58818316-58837136 58837058-58837148 —_ TSS
Papola chr12 106200700-106237910 106201064-106201166 — TSS
Rabgap1l chrl 162055850-162188248 162188248-162188815 — TSS
(b)
Npr2 chr4 43653034-43672344 43652538-43652838 CpGi TSS
Slc45a3 chrl 133798154-133810510 133798058-133798178 — TSS
Lhx2 chr2 38173316-38191737 38179036-38179156 CpGi —
Tcfap2e chr4 126218322-126238412 126234532-126235196 CpGi —
©
B3gnt3 chr8 74620707-74630781 74631112-74631197 CpGi TSS
Creg2 chrl 39562951-39595728 39595405-39595539 CpGi TSS
-~ Dgcr2 chr16 17753917-17805232 17805171-17805251 CpGi TSS
Dynill chrs 115559421-115561933 115561609-115561810 CpGi 7SS
Ephb2 chr4 135925683-136108011 136108922-136109356 CpGi TSS
Ncl chr1 88175889-88190626 88190100-88190349 CpGi TSS
Rec2 chrd 139973617-139993551 139974317-139974672 CpGi TSS
Spnb4 chr7 27065142-27155349 27155073-27155422 CpGi TSS
4933434120Rik chr8 86238576-86269507 86237275-86237839 — TSS
Cd22 chr7 30574588-30589027 30588823-30588923 — TSS
Cds chr19 10785187-10806019 10807576-10807677 — TSS
Cdes chr11 69480565-69482257 69481958-69482107 — TSS
Cdc34 chr10 79085323-79091527 79091506-79091606 — TSS
Cdc34 chr10 79085323-79091527 79092267-79092372 — TSS
Cdh5 chr8 106990827-107033630 106989648-106990050 — TSS
Col18a1 ‘chr10 76495894-76610217 76611247-76611501 — TSS
Cxc chrs 91966509-91968315 91966668-91966983 — TSS
Dnmt3l chr10 77452970-77466744 77453123-77453238 — TSS
Fsen chr5 143225510-143238323 143224216-143224860 — TSS
Glp2r chr1n 67522624-67587348 67587468-67587758 — TSS
Glp2r chr11 67522624-67587348 67587906-67588122 — TSS
Gpré4 chr15 103136268-103138472 103138422-103139046 — 7SS
1124 chrl 132709619-132713542 132713654-132713798 — TSS
Mag chr7 30607942-30623592 30623314-30623453 —_ TSS
Mid1 chrx 165029351-165344845 165323873-165323993 _ TSS
Olfr430 chrl 175906029-175906928 175906140-175906330 — TSS
Olfr620 chr7 103485230-103486172 103485685-103485839 — TSS
Osm chr11 4136422-4141029 4136526-4136895 — TSS
P2ry6 chr7 100811720-100838449 100838062-100838621 —_ TSS
Plala chr16 38315355-38352378 38352778-38352978 —_ TSS
Rac2 chr15 78386423-78400038 78399747-78399891 — TSS
Rassf1 chr9 107412756-107420361 107411472-107411627 — TSS
Syt8 chr7 142244366-142249788 142242444-142242549 — TSS
Tfpi2 chré 3912594-3918356 3917857-3918006 — TSS
Tir6 chr5 65232240-65239169 65238988-65239131 — TSS
Tnf chr17 34807441-34810048 34810200-34810620 — TSS
Trem1 chr17 47698177-47712333 47712507-47712787 — 7SS
Wnk1 chré 119889956-120003398 119928811-119928955 — 7SS
Kenb1 chr2 166794582-166880004 166796018-166796108 CpGi —
Mid1 chrX 165029351-165344845 165341062-165341272 CpGi —
Mid1 chrX 165029351-165344845 165342311-165342411 CpGi —
Cd81 chr7 142862184-142877313 142871413-142871513 —_ —
Kengl chr7 142916643-143236432 142969543-142969614 — —
Kengl chr7 142916643-143236432 142991992-142992492 — —
Kengl chr7 142916643-143236432 142992846-142992946 — —

Molecular Carcinogenesis
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Table 3. (Continued)

Gene location

Nimblegen peak location

Gene symbol chr Start-end Start-end CpGi Pasition
Kengt chr7 142916643-143236432 143074204-143074315 — -
Kenat chr7 142916643-143236432 143135848-143135943 — —
Kengl chr7 142916643-143236432 143182611-143182806 — —
Kengt chr7 142916643-143236432 143185491-143185591 — —
Kengt chr7 142916643-143236432 143191891-143191991 —_ —
Myo7a chr7 97926592-97992926 97982220-97982466 — —

(d)

Bach2 chr4 32567562-32909812 32567783-32567911 CpGi TSS
Dnm3 chrl 163823978-164314705 164314872-164314996 CpGi TSS
Gnal chr18 67213704-67349624 67213275-67213377 CpGi TSS
Pagré chr3 88450515-88454382 88451536-88451656 CpGi TSS
Tnxb chri7 34278590-34327683 34279992-34280390 CpGi TSS
Adcyb chr1s 98418011-98435667 98435389-98435490 — 1SS
AU023871 chr17 34670748-34674240 34675827-34675927 — TSS
Caré chra 149030814-149042270 149041974~-149042133 — TSS
Cedc27 chr4 152870443-152886477 152885987-152886097 —_ 1SS
Cd247 chri 167625397~167704109 167625400-167625710 — TSS
Cd3e chr9 44749737-44760585 44760255-44760535 — TsS
Cdh13 chr8 121169721-122209431 121168695-121168849 — TSS
Cyfip2 chr11 46037280-46155773 46079352-46079437 — TSS
D16H225680E chr16 18214387-18238008 18237824-18237929 — TSS
Gjb4 chra 126853389-126856385 126856310-126856385 —_ 1SS
Gm128 chr3 95322510-95326610 95326035-95326285 — TSS
Lamb2 chr9 108338048-108348632 108347850-108347965 — TsS
Lpin1 chr12 16562115-16615250 16616254-16616524 — TSS
Map3k13 chr16 21805951-21842030 21805868-21806312 —_ TSS
Pon1 chré 5118104-5143824 5144048-5144328 — TSS
Pou6f1 chr1s 100403351-100414399 100415073-100415158 — TSS
Reed1 chr7 80190146-80197937 80198705-80198795 — TSS
Syti2 chr7 90223890-90285630 90255161-90255610 — TSS
Tcf712 chr19 55795517-55986492 55897965-55898294 — TSS
Xir3b chrX 69507259-69518110 69519288-69519364 — TSS
Bcl11b chr12 108363029-108451028 108364698-108365062 CpGi —
Dst chr1 33956370-34252174 34122483-34122588 CpGi —
Lgr6 chri 136802763-136921687 136803973-136804407 CpGi —
Scara5 chri4 64620536-64718936 64684872-64685126 CpGi —
Cyfip2 chr11 46037280-46155773 46087736-46087916 — -

CpGi, located on CpGi; TSS, transcription start site. Genome locations are shown according to NCBI36/mm8 assembly in

UCSC genome browser.

the two categories of ST-DMRs is likely in part due to
the larger number of methylation peaks and fewer
number of samples for the normal skin group than for
the cancer group.

In both types of ST-DMRs, >70% of the methylated
loci were located in the promoter region. This
proportion is not significantly different from that of
the probe sets on NimbleGen array (Table 2). A total of
45.5% and 13.8% of the hypermethylated and
hypomethylated ST-DMRs, respectively, were located
in the CpGi promoter. These proportions are signifi-
cantly higher for hypermethylated ST-DMRs and
lower for hypomethylated ST-DMRs than the propor-
tion expected by chance based on the distribution of
probe sets in these regions on the NimbleGen array.

Molecular Carcinogenesis

To identify ST-DMRs that may affect differential gene
expression, global gene expression analysis of skin
cancer tissues and normal skin was performed. The
result was then compared with the data from global
methylation analysis (Table 2). In this analysis, 2320
genes showed significantly higher expression and
1676 genes showed significantly lower expression
compared with those in normal skin, with more than
twofold change (P<0.01). Among these genes, six
gene showed higher expression and hypermethyla-
tion in SCC, four showed lower expression and
hypermethylation, 51 showed higher expression
and hypomethylation, and 30 showed lower expres-
sion and hypomethylation in SCC compared
with those in normal skin samples. Among
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hypomethylated ST-DMRs, the number of ST-DMRs
associated with higher expression in cancer is
significantly higher and that of ST-DMRs associated
with lower expression is significantly lower than the
expected values by chance (P < 107°, P < 1072, respec-
tively). The detailed gene list is shown in Table 3a-d.

In the ontology analysis of those listed genes, it was
shown that RNA processing related genes (Papola,
Noll) were enriched in the gene group exhibiting
hypermethylation and higher expression in cancer
(Table S2a). In the analysis of hypomethylated genes,
genes involved in signal transmission (Gpr84, Tnf,
Olfr430, Wnk1, TIr6, Ephb2, Olfr620, Osm, P2ry6,
Spnb4, Rac2, Rassfl, Cd22, and Glp2r) and regulation
of cell proliferation (Col18al, Tnf, Rac2, Cd81, Cds5,
and Cdh5) were noticeable in the gene group with
higher expression in the cancer samples than in the
normal samples (Table S2Zb). Genes involved in
immune response function (Cd3e and Cd247) and
cell adhesion (Cdh13, Tnxb, Lamb2, Cyfip2, and Dst)
were prominent in the gene groups with low expres-
sion in the cancer samples (Table S2c).

To confirm the data of global gene expression and
methylation analysis, the expression of Tfap2e, which
showed lower expression and higher methylation
levels in the cancer samples than in the normal
tissues, was analyzed by real-time PCR. As shown in
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Figure 1. The expression level of Tfap2e in skin tumors and normal
skin. Real-time PCR was performed to measure the expression level of
Tfap2e in four samples each of normal skin, papilloma, and SCC. In
each group, two were females and the other two were males. The
experiment was performed twice, and the average+SD of all
experiment data are shown. Statistical significance was tested between
papillomas or SCCs and normal skin, and shown as **P<0.01.
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Figure 1, the expression of Tfap2e was significantly
lower in the cancer samples than in the normal skin
samples, confirming the trend observed based on
array-based expression analysis. The downregulation
of this gene was also observed in the papilloma tissues.
When the methylation level of the CpGi located in
Tfap2e was assessed using the Sequenom MassARRAY,
most of the CpG sites in the intron 3 CpGi showed
hypermethylation in tumors and hypomethylation in
normal skin (Figure 2B and D). The methylation level
of the CpGi in the Tfap2e promoter region, which was
not identified in the MeDIP/NimbleGen analysis, was
also examined by MassARRAY; however, no clear
difference was observed between the normal skin and
tumors (Figure 2A and C).

To corroborate the effects of the methylation level
of the intron 3 CpGi on the Tfap2e expression level, a
SCC cell line was treated with or without 5-aza-dC,
and the expression and DNA methylation levels of
Tfap2e were analyzed. The cells incubated in the
presence of 5-aza-dC showed a significantly higher
expression of Tfap2e (Figure 3) and significantly lower
methylation in the CpGi in the Tfap2e intron 3
(Figure 4B and D) compared with untreated cells. No
clear difference was identified in the CpGi methyla-
tion in the Tfap2e promoter region between treated
and untreated cells (Figure 4A and C).

DISCUSSION

It was previously reported that the extent of loss of
global genomic methylation is associated with the
degree of tumor aggressiveness in mouse skin cancer
cell lines. On the other hand, hypermethylated CpGi
in tumor suppressor genes occurs in skin cancer cell
lines and in the multistage mouse skin cancer
model [22]. In that analysis, there were similar
epigenetic changes in mouse and human SCC cell
lines and primary skin tumor tissues. Using the RLGS
technique, we also identified many loci that are
epigenetically modified in mouse skin cancer tissues,
and some of these loci have also been shown to be
epigenetically modified in human cancer tissues
[12-14]. To identify additional genomic loci that are
aberrantly methylated in cancer tissues, we performed
global screening for genome methylation using
MeDIP in combination with NimbleGen array.

The present study identified 615 genetic loci that
are aberrantly methylated in mouse skin cancer
samples compared with normal skin samples. As is
generally known based on the analysis of the cancer
genome, majority of these ST-DMRs, that is, 538 of
615 loci, are hypomethylated in cancer tissues.
Among all 615 ST-DMRs, >70% are located in
promoter regions. This is almost same proportion of
promoter CpGs/whole CpGs as represented in Nim-
bleGen array. Interestingly, more than 45.5% of
hypermethylated ST-DMRs are located in the CpGi
promoter, and 33.8% are on non-CpGi promoter;
on the other hand, only 13.8% of hypomethylated
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Figure 2. The methylation level of the Tfap2e genome CpGi in
skin tumors and normal skin. The Sequenom MassARRAY EpiTyper
was used to measure the methylation level of the Tfap2e genome
CpGi in four samples each of normal skin, papilloma, and SCC. In
each group, two were females and the other two were males. (A
and C) Methylation level of the CpGiin Tfap2e exons 1 and 2. (B and
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the average methylation level of each CpG site (A and B) and
average methylation level of all the CpG sites within the CpGi(C and
D). The solid line represents normal skin, dashed line SCC, and fine
dashed line papilloma (A and B). Data are shown as the average
+SD. Statistical significance was tested between papillomas or
SCCs and normal skin, shown as *P<0.05, *"P<0.01 for SCC
versus normal skin, and “P<0.05, **P<0.01 for papilima versus
normal skin.

ST-DMRs are located on the CpGi promoter, and
60.4% are on non-CpGi promoter. When they are
compared with the fixed set of regions represented on
the NimbleGen arrays, those CpGi/non-CpGi pro-
portions are significantly higher in hypermethylated
ST-DMRs (P < 0.01), and lower in hypomethylated ST-
DMRs (P < 1 x 107%; Table 2). It has been reported that
a number of genes with non-CpGi promoters are
methylated in normal tissues. In the analysis of the
genome methylation of mouse tissues, only approxi-
mately 10% of methylated CpGs are located on CpGi
promoters, whereas almost 50% of methylated CpGs

Figure 3. Effect of 5-aza-dC treatment on the expression level of
Tfap2e in the mouse SCC cell line. SCC cells were treated with or
without 5 uM 5-aza-dC for 72 h, and the expression level of Tfap2e was
measured using real-time PCR. Three samples were prepared for each
condition, and the measurements were performed twice. All the data
were combined to calculate average = SD. Statistical significance is
shown as **P<0.01.
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Figure 4. Effect of 5-aza-dC treatment on the methylation level of
Tfap2e genome CpGi in the SCC cell line. SCC cells were treated with
or without 5 uM 5-aza-dC for 72 h, and the methylation level of Tfap2e
genome CpGi was measured using the Sequenom MassARRAY
EpiTyper. A and C: Methylation level of the CpGi in Tfap2e exons 1
and 2. B and D: Methylation level of the CpGi in Tfap2e intron 3. The

are on non-CpGi promoters in normal tissues [20]. In
the analysis of the methylation status of human
chromosomes 6, 20, and 22, >87% of CpGi promoters
were unmethylated and 2.1% were hypermethylated.
On the other hand, only 20% of non-CpGi promoters
were unmethylated, and 50% of these were hyper-
methylated in normal tissues [23]. The present
analysis revealed distinct patterns in DNA methyla-
tion between normal and cancer tissues. Elevation of
hypermethylation in CpGi promoter and loss of
methylation in non-CpGi promoter seem to be the
distinct features of cancer genome. The epigenetic
signatures comprising DNA methylation, histone
marks, and nucleosome occupancy of non-CpGi
promoters are almost identical to CpGi pro-
moters [24], suggesting that the aberrant methylation
patterns of non-CpGi promoters may also contribute
to tumorigenesis.

By combining our results with the data from global
gene expression analysis, we also identified 91 ST-
DMRs associated with an aberrant gene expression
level in skin cancer tissues. Tfap2e was identified as
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experiment was performed four times, and all the data were combined
to calculate the average methylation level of each CpG site (A and B)
and average methylation level of all CpG sites within the CpGi (C and
D). The solid line represents control and dashed line 5-aza-dC treated
cells (A and B). Data are shown as the average+SD. Statistical
significance is shown as *P< 0.05 or **P < 0.01.

one of the hypermethylated loci associated with
reduced mRNA expression level. Using real-time PCR,
we confirmed that the expression of Tfap2e was
downregulated in both papilloma and SCC compared
with normal skin. Using the MassARRAY Epityper
method, we also confirmed that the methylation level
of the CpGi in intron 3, but not that in theexon 1or2
region, was shown to be higher in the tumor tissues
than in the normal tissues. The experiment using 5-
aza-dC showed that the methylation level of the CpGi
in the TfapZe intron 3 was associated with the
expression level of Tfap2e, but those of the CpGis in
exons 1 and 2 were not. It was recently reported that
CpGi within TFAPZE intron 3 was hypermethylated
in 51% of human colorectal cancers, and the hyper-
methylation of TFAP2E was significantly associated
with chemotherapy resistance. In humans, the
methylation status of CpGi located in the TFAPZE
intron 3 was associated with its expression level;
however, CpGis on exons 1 and 2 did not show
correlation with the expression level of this gene, as
reported here in mice [25]. On the other hand,
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hypermethylation of CpGi in TFAPZE exons 1 and 2
was reported to be a marker of human prostate cancer,
although no information about the expression levels
was presented [26].

TFEAPZe is amember of the AP-2 transcription factor
family. All of the five members have been known to
play an important role in development [27]. TFAP2e is
mainly expressed in neural tissue, particularly the
adult midbrain and the midbrain and olfactory bulbs
during mouse embryogenesis [28]. According to the
CGAP database (http://cgap.nci.nih.gov/SAGE/Ana-
tomicViewer), this gene is expressed in a relatively
wide spectrum of organs, including the skin, in the
adult mouse. Although the role of TFAP2E in tumor
development is not well elucidated, the roles of other
members of the AP-2 gene family, such as TFAP2A and
TFAP2C, are well-known, that is, downregulation of
TFAP2A and TFAP2C expression induced enhanced
cell growth, invasion and resistance to anti-cancer
drugs [29]. The AP-2 protein plays relevant roles in
tumor development by regulating many types of key
genes such as P2Iwafl/Cipl [30], TGF-a [31],
EGFR [32,33], and ¢-Myc [34]. Our current data and
these from previous reports suggest the possibility
that TFAP2e also has a tumor suppressive effect;
hence, its disruption by aberrant methylation could
induce tumorigenic events in a conserved manner
between mouse and humans.

In the list of aberrantly methylated and expressed
genes in mouse skin cancer (Table 3a-d), some of
those genes, such as Lhx2, Wnk1, Cdh5, Cdhl13, Rassf1,
and Rac2 are also known to be aberrantly methylated
in human cancer tissues. However, how these
genes contribute to human tumorigenesis still re-
mains elusive. Although differences in species can be
attributed to their distinct genomic sequences and
structures, a comparative approach enables us to
find new aberrant genetic loci that may not otherwise
be found during the analysis of human tissues,
revealing the benefits of the experimental mouse
model, including as the well-controlled genetic
background, common etiology, and uniform breed-
ing environment.

In summary, our study served as a proof of concept
for identifying cancer-related genes using a combina-
tion of global screening for genomic DNA methyla-
tion and gene expression analyses of mouse skin
cancers after treatment using the multistage skin
carcinogenesis model. Using the MeDIP and Nimble-
Gen array, combined with the Agilent microarray, we
identified novel genes that are differentially methyl-
ated and expressed in skin tumors compared with
normal skin. This study could provide evidence for a
functional role of epigenetic regulation for skin
cancer development after treatment of the skin cancer
induced by the mouse 2-stage carcinogenesis model.
Further functional studies of the genes listed in the
tables may elucidate their role(s) in cancer develop-
ment and progression.
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