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Fig. 2. Podoplanin expression and survival in 120 CRC cases at R
the National Cancer Center Research Hospital. DSS (a), DFS (b), 0 15 30 45 60 75
and liver metastasis-free survival (c) of the patients in relation to < Follow-up time (months)
podoplanin expression (p = 0.0017, p < 0.0001 and p = 0.0010, re-
spectively).
Table 2. Univariate Cox proportional hazards analysis in patients with advanced CRC (stages II and III)
Prognostic factors Disease-specific survival Recurrence-free survival Liver metastasis-free survival
HR 95%Cl pvalue  HR 95% CI pvalue . = HR 95%.CI p.value
Expression of podoplanin {group A/group B) 0.135 0.031-0.586 0.0075 0.128 0.039-0.425 0.0008 0.075 0.010-0.563 0.0118
Age (260 years/<60 years)* 1.329  0.535-3.306 0.5401 0711  0.342-1479 03613 0.793  0.306-2.056 0.6328
Gender (male/female) 1.371 - 0.521-3.607 0.5231 0.847 0.404-1.773  0.6585 0.838 0.319-2.203 0.7205
Tumor location {colon/rectum) 1210 0.476-3.074 0.6888 0.966 0.461-2.022 09259 1.652  0.582-4.690  0.3459
Maximum diameter of the tumor (245/<45 mm)!. 0.703 0.283-1.747 0.4475 0565 0.267-1.196 0.1353 0.836 0.322-2.166 0.7117
Depth of invasion (T2, T3/T4) 0.207 0.048-0.898 0.0354 0.180  0.054-0.599  0.0052 0.175  0.040-0.771  0.6212
Lymph node metastasis (absence/presence) 0.217 0.063-0.744 0.0151 0.390 0.166-0.913  0.0300 0.527 0.185-1.496 0.2285
Histological grade (G1/G2, G3) 0.634 0.228-1.761 0.3819 0.562  0.240-1.315 0.1836 1.278  0.486-3.357 0.6192
Lymphatic invasion (presence/absence) 1.087 0.361-3.277 0.8819 1.878 0.653-5.397  0.2421 2.189  0.500-9.574 0.2981
Venous invasion (presence/absence) 1.681. 0.558-5.066 0.3561 2.325 0.887-6.097 0.0862 7.511  0.996-56.666 0.0505
HR = Hazard ratio; CI = confidence interval. ! Twvo groups are divided by the median.
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Fig. 3. Podoplanin expression in CCD112CoN fibroblast cells
transfected with siRNAs and invasiveness of the cocultured CRC
cell lines HCT116 and HCT15. a Western blotting using anti-D2-
40 antibody (1:100; Dako) in the CCD112CoN fibroblast cells
transfected with siRNAs. Podoplanin siRNA reduced podoplanin
expression at the protein level almost completely. B-Actin was
used as a loading control. b Invasiveness of HCT116 and HCT15

cells cocultured with fibroblasts transfected with podoplanin
siRNA and control siRNA and in the Matrigel invasion system.
After 24 h of coculture, CRC cell lines cocultured with fibroblasts
transfected with podoplanin siRNA exhibited a 1.8- to 2.6-fold
increase in the number of cells invading the Matrigel-coated in-
sert. HPF = High-power field.

Table 3. Multivariate Cox proportional hazards analysis in patients with advanced CRC (stages II and IIT)

Prognostic factors Disease-specific survival

Recurrence-free survival Liver metastasis-free survival

HR 95% CI p value HR 95% CI p value HR 95% CI p value
Expression of podoplanin (group A/group B) 0.161  0.037-0.708  0.0157 0.153  0.046-0.510  0.0023 0.089 0.012-0.682  0.0198
Depth of invasion (T2, T3/T4) 0.339  0.075-1.523  0.1582 0.308 0.089-1.066  0.0630 0.396 0.089-1.775  0.2264
Lymph node metastasis (absence/presence) ~ 0.237  0.066-0.849  0.0270 0.488 0.201-1.184  0.1125 0.864 0.297-2.515 0.7888
Venous invasion (presence/absence) 0.858 0.269-2.739  0.7956 1.517 0.551-4.175 0.4194 5.745 0.727-45.380 0.0973
HR = Hazard ratio; CI = confidence interval.
planin, the number of invading cells was significantly in- Discussion

creased (p = 0.027 and p = 0.026, Student’s t test for co-
culture with HCT116 and HCT15, respectively; fig. 3b).
As a negative control, when fibroblasts transfected with
control siRNA and podoplanin siRNA were cultured
only in CM-HT29 without CRC cell lines, almost no in-
vading cells were evident (data not shown).

Podoplanin in Colorectal Carcinoma

To help understand the difference between CAFs and
uninvolved fibroblasts, and to further evaluate the role of
CAFs, we compared their genome-wide expression pro-
files using in vitro CM culture models in which soluble
factors originating from cancer cells exerted a paracrine
action on the surrounding fibroblasts involved in tumor-
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stroma interaction. CM culture models are useful tools
for studying interactions between different types of cells,
with the advantage that specific signal pathways can be
analyzed exclusively [34-37]. Using DNA microarray, we
identified podoplanin as a candidate CAF marker mole-
cule among upregulated genes.

Podoplanin is one of a family of glycoproteins that are
well known to be involved in many cellular activities in
embryogenesis and development, and are particularly
important in diseases such as cancer [16]. Mucin-like
transmembrane glycoproteins have been found in epithe-
lial and nonepithelial tissues, and can exert a protective
role against environmental agents as well as possessing
other biological activities. For example, several mem-
brane-associated mucins are involved in cell-cell interac-
tions and mediate leukocyte trafficking, thrombosis and
inflammation [38-40]. In general, mucin-type glycopro-
teins have an extended brush-like conformation due to
their extensive O-glycosylation [39]. This highly nega-
tively charged structure is relatively resistant to proteases
and provides a physical barrier protecting cells from en-
vironmental agents.

In the present study, immunohistochemical localiza-
tion of podoplanin was confined exclusively to CAFs in
the cancer stroma. Normal stroma, epithelial cells and
tumor cells were completely negative for podoplanin in
all cases tested, and only lymphatic vessels were positive.
Podoplanin expression in CAFs of cancer stroma was sig-
nificantly correlated with more distal tumor localization
and a shallower depth of tumor invasion. Invasion of
CRC celllines was augmented upon coculture with fibro-
blasts in which podoplanin expression was reduced by
siRNA. These results indicate that podoplanin could play
an important protective role against cancer invasion.

Expression of podoplanin by cancer cells of oral and
uterine cervix squamous cell carcinoma has been report-
ed to be associated with prognosis [41, 42]. However, pre-
vious studies have found that adenocarcinoma cells rare-
ly express podoplanin [43, 44]. Podoplanin-positive CAFs
are reportedly present in invasive adenocarcinoma of the
lung, but not in noninvasive adenocarcinoma [45]. Podo-
planin expression by CAFs is reported to be significantly
associated with a poor outcome in patients with lung ad-
enocarcinoma. However, multivariate analysis failed to
show that podoplanin expression was an independent
prognostic factor [45]. In the present study, the localiza-
tion of podoplanin expression was intriguing because it
was seen in CAFs located mainly in the superficial to
deep area of the tumor, sparing the invasive front where
tumor budding is often observed. No podoplanin expres-
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sion was observed in the normal stromal cells, except for
lymphatic vessels. Tumor budding is well known to be
relevant to metastatic acitivity and outcome in patients
with CRC, and is usually found at the invasive front [46,
47]. Therefore the characteristic localization of podo-
planin expression in tumors, sparing the invasive front,
in addition to the resistance of podoplanin to proteases
and its role as a physical barrier against environmental
agents [39], supports the idea that podoplanin could play
an important protective role against cancer invasion.
Furthermore, multivariate analysis using the Cox pro-
portional hazards model for DSS revealed that podo-
planin expression and pN were significantly associated
with prognosis when adjusted for pT and venous inva-
sion. Multivariate analysis of both DFS and liver metas-
tasis-free survival revealed that only podoplanin expres-
sion was associated with prognosis when adjusted for pT,
pN, and venous invasion. These findings suggest that in-
creased expression of podoplanin in CAFsisa good prog-
nostic factor in patients with advanced CRC, indicating
the defensive role of podoplanin against tumor invasion.
In terms of clinical use, podoplanin expression in CRC
might be helpful for selecting patients who should un-
dergo adjuvant chemotherapy, or those for whom itisun-
necessary. However, in order for podoplanin expression
to be applied for practical clinical care, it must be vali-
dated in a large-scale prospective clinical trial.

Furthermore, our coculture invasion assay indicated
that podoplanin expressed in CAFs could have a suppres-
sive effect on the invasion of tumor cells, although it is
not yet clear whether CAFs have both an inductive and a
suppressive effect on tumor progression and regulate tu-
morigenesis. Other constituents of the desmoplastic ex-
tracellular matrix have also been shown to inhibit tumor
progression. For example, injection of L-3, 4-dehydropro-
line, which inhibits the formation of collagen fibrils, in-
creases tumor cell invasion in mice with B16F10 mela-
noma subcutaneous tumors [48]. In addition, extracellu-
lar matrix accumulation in tumors contributes to
increased interstitial fluid pressure and hinders the dif-
fusion of macromolecules and oxygen, leading to tumor
cell necrosis {49, 50]. The overall effect of altered extracel-
lular matrix in tumors and the effect of CAFs during tu-
mor- progression are still poorly understood. Further
studies directed at disrupting the complex interaction be-
tween tumor cells and stromal composition may define
new strategies for diagnosis of tumors and suitable thera-
peutic interventions.

In conclusion, podoplanin, a mucin-type transmem-
brane glycoprotein, was found to be upregulated in CAFs
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in vitro and to be overexpressed in CAFs surrounding

CRC cells in vivo. Multivariate analysis of both DFS and

liver metastasis-free survival revealed that only podo-
planin expression was associated with prognosis when
adjusted for pT, pN, and venous invasion. In addition, in-
vasiveness of CRC cells was increased significantly by co-

culture with podoplanin-suppressed CAFs. These find-
ings suggest that increased podoplanin expression in
stromal fibroblasts is a significant indicator of good prog-
nosis in patients with advanced CRC, reflecting its defen-
sive role against cancer invasion.
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Interferon regulatory factors (IRFs) are transcription factors known
to play key roles in innate and adaptive immune responses, cell
growth, apoptosis, and development. Their function in tumorigen-
esis of gastric cancer remains to be determined, however. In the
present study, therefore, we examined epigenetic inactivation of
IRF1-9 in a panel of gastric cancer cell lines. We found that expres-
sion of IRF4, IRF5, and IRF8 was frequently suppressed in gastric
cancer cell lines; that methylation of the three genes correlated
with their silencing; and that treating the cells with the demethy-
lating agent 5-aza-2’-deoxycytidine (DAC) restored their expres-
sion. Expression of IRF5 in cancer cells was enhanced by the
combination of DAC treatment and adenoviral vector-mediated
expression of p53, p63, or p73. Interferon-y-induced expression of
IRF8 was also enhanced by DAC. Moreover, treating gastric cancer
cells with DAC enhanced the suppressive effects of interferon-o,
interferon-g, and interferon-y on cell growth. Among a cohort of
455 gastric cancer and noncancerous gastric tissue samples, meth-
ylation of IRF4 was frequently observed in both gastric cancer
specimens and noncancerous specimens of gastric mucosa from
patients with multiple gastric cancers, which suggests IRF4 methyl-
ation could be a useful molecular marker for diagnosing recur-
rence of gastric cancers. Our findings indicate that epigenetic IRF
inactivation plays a key role in tumorigenesis of gastric cancer,
and that inhibition of DNA methylation may restore the antitumor
activity of interferons through up-regulation of IRFs. (Cancer Sci
2010)

G astric cancer arises through the accumulation of multiple
genetic changes, including mutation of adenomatous poly-
posis coli (APC), K-ras, and p53.” But recent studies have also
shown that epigenetic changes such as DNA methylation are also
importantly involved in the gene silencing seen in cancer.” For
instance, genes involved in regulation of the cell cycle and apop-
tosis are now known to be inactivated by DNA methylation.®~>
In addition we previously showed that a number of genes
involved in signal transduction are epigenetically silenced in can-
cer. The affected genes include secreted frizzled-related protein 1
(SFRPI), SFRP2, dickkopf 1 (DKKI), and DKK2, which are neg-
ative regulators of WNT signaling, & Ras association domain
family member 2 (RASSF2), a negative regulator of Ras;® and
14-3-30 and deafness, autosomal dominant 5 (DFNAS), two tran-
scriptional targets of p53.'® Because DNA methylation is an
epigenetic change, which does not affect gene sequences, the
silenced genes can be reactivated by demethylation, making
DNA methylation a useful target of cancer therapy.''""'?

DNA methylation could also be used as a molecular marker
for cancer detection. For instance, methylation of genes such as
SFRP2 and GATA binding protein-4 (GATA-4) has been
detected in stool DNA from colorectal cancer patients.m‘”) In
gastric cancer, infection by Helicobacter pylori (H. pylori)
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induces DNA methylation even in noncancerous tissues."'> In

addition, higher levels of methylation are detected in gastric
mucosae from cancer patients than in samples from patients
without cancer.">'® Thus, DNA methylation in noncancerous
tissues could be a potentially useful marker predicting develop-
ment or recurrence of gastric cancer.

The interferon regulatory factor gene (JRF) family encodes a
group transcription factors induced by interferon. To date, nine
IRFs (IRF1-9) have been identified (reviewed in ref. 17), and
their products have been shown to be involved in variety of pro-
cesses, including innate and adaptive immune responses, cell
growth, apoptosis, and development.'” Interferon regulatory
factor | (IRF1) was the first to be identified as a regulatory fac-
tor in the interferon system,"'® and several lines of evidence
suggest IRF1 acts as a tumor suppressor in human neoplasias.
For instance, IRFI and p53 cooperate via two parallel but inde-
pendent pathways leading to the induction of cell cycle arrest
and p21 gene transcription.'® In addition, IRE5 is induced by

s 2 So v S00,01) s

pS3 and is involved in growth suppression, while both
IRF5 and TRF7 are involved in the induction of senescence.*”’
And down-regulation of /RF8 expression contributes to resis-
tance to apoptosis and to the metastatic phenotype in metastatic
tumor cells.”® These findings prompted us to speculate that epi-
genetic inactivation of /RF expression may play a key role in
tumorigenesis.

Epigenetic inactivation of /RF8 has recently been observed in
colorectal, nasopharyngeal, esophageal, breast, and cervical can-
cers, > and inactivation of IRF4 was shown to be silenced by
DNA methylation in chronic myeloid leukemia.®> Thus epige-
netic inactivation of /RFs appears to be centrally involved in the
development of human neoplasias. However, there has been no
comprehensive analysis of the epigenetic alterations of /RFs in
gastric cancer. In the present study, therefore, we examined epi-
genetic inactivation of /RF/-9 in gastric cancer.

Materials and Methods

Cell lines and specimens. Sixteen gastric cancer cell lines
(MKNI1, MKN7, MKN28, MKN45, MKN74, Katolll, AZ521,
JRST, SNUI, SNUI16, NUGC3, NUGC4, AGS, NCI-N87,
SNU16) were obtained from the American Type Culture Collec-
tion (Manassas, VA, USA) or the Japanese Collection of
Research Bioresources (Tokyo, Japan). In addition, SH101 cells
were kindly provided by Dr K. Yanagihara®® at the National
Cancer Center Research Institute and have been described previ-
ously. In some cases cancer cell lines were treated with 2 pM
5-aza-2’-deoxycytidine (DAC) (Sigma, St. Louis, MO, USA) for

9To whom correspondence should be addressed.
E-mail: mtoyota@sapmed.ac.jp; fitoh@marianna-u.ac.jp
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72 h, replacing the drug and medium every 24 h. When cells
were exposed to DAC and either IFN-o, IFN-B, or IFN-v,
1000 U/mL IFN-o or IFN-f or 100 U/mL IFN-y was added to
the culture for 48 h following incubation with 0.2 uM DAC.
The generation and purification of replication-deficient recombi-
nant adenoviruses encoding p53 (Ad-p53), p63 (Ad-p63), p73
(Ad-p73), or LacZ (Ad-LacZ), as well as the infection proce-
dure, were all described previously.?”?® At a multiplicity of
infection (MOI) of 100, 90-100% of the cells were infected.
Two sets of specimens were used in this study. One set con-
tained a total of 68 primary gastric cancers and 22 correspond-
ing gastric mucosa specimens described previously.(29 The
second set contained 35 gastric cancer specimens and 330 non-
cancerous specimens of gastric mucosa from 165 patients, which
were obtained through biopsy during the course of endoscopy.
Informed consent was obtained from all patients before collec-
tion of the specimens. Genomic DNA was extracted using the
standard phenol-chloroform procedure. Total RNA was
extracted using Trizol reagent (Invitrogen, Carlsbad, CA, USA)
and then treated with a DNA-free kit (Ambion, Austin, TX,

USA). Total RNA extracted from normal stomach, colon, breast,
and pancreas from a healthy individual was purchased from Bio-
Chain (Hayward, CA, USA). RNA was also obtained from nor-
mal stomach glands using the crypt isolation technique as
described previously.®”

Gene expression analysis. Real-time PCR was carried out
using TagMan Gene Expression Assays (Applied Biosystems,
Foster City, CA, USA) and a 7900HT Fast Real-Time PCR Sys-
tem (Applied Biosystems) according to the manufacturer’s
instructions. SDS2.2.2 software (Applied Biosystems) was used
for comparative delta Ct analysis, and GAPDH served as an
endogenous control. The primers used in this study are shown in
Supplementary Table S1. The TagMan primers/probes used in
this study were: IRFI, Hs00971960_ml; /RF2, Hs01082884_
ml; IRF3, Hs00155574_ml; IRF4, Hs00180031_ml; IRF5,
Hs00158114_ml; IRF6, Hs00608402_m1; IRF7, Hs00242190_
gl; IRF8, Hs00175238_m1; and IRF9, Hs00196051_ml.

Methylation analysis. Samples of genomic DNA (2 pg) were
modified with sodium bisulfite using an EpiTect Bisulfite Kit
(Qiagen, Hilden, Germany). Methylation was determined by
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methylation specific PCR, bisulfite-sequencing, and bisulfite-py-
rosequencing, and details of methods are shown in the Support-
ing Information. The primer sequences are listed in
Supplementary Tables S1 and S2.

Statistics. Statistical analyses were carried out using SPSSJ
15.0 (SPSS Japan, Tokyo, Japan). For comparison of methyla-
tion levels between cancerous and normal tissues, and for other
continuous data, f-tests or paired f-tests were performed, as
appropriate. Fisher’s exact test and the Mann—Whitney U-test
were used to evaluate the association between /RF methylation,
clinicopathological features, and other genetic and epigenetic
alterations. Receiver—operator curves (ROC) were constructed
based on /RF methylation levels, and P-values were calculated
by comparing the areas under the curves (AUC) with a reference
curve. Values of P < 0.05 were considered significant.

Mutation of p53 and KRAS and detection of the presence of
CpG island methylator phenotype (CIMP) or Epstein—Barr virus
(EBV) were described previously.®" To determine CIMP status,
methylation status of five loci (MINT1, MINT2, MINTI12,

MINT?2S5, and MINT31) was assessed using combined bisulfite
restriction analysis (COBRA). Cases with methylation of four or
five loci were defined as CIMP-H. Cases with methylation of
one to three loci were defined as CIMP-L. Cases with no meth-
ylation were defined as CIMP-N.

Results

Expression of IRF1-9 in gastric cancer cell lines. To determine
whether expression of /RF[-9 is altered in gastric cancers, we
carried out a real-time PCR analysis using a panel of gastric can-
cer cell lines (Fig. 1a). We found that expression of IRF4, IRFS5,
and IRF8 was frequently down-regulated in these cell lines.
Expression of /RF7 was not detected in normal tissues or in the
gastric cancer cell lines, but the remaining IRFs were expressed
at various levels in normal tissues (Fig. la,b). We also examined
expression of IRF1-9 using cDNA prepared using the gastric
gland isolation technique, and similar levels of IRF/-9 expres-
sion were observed (Fig. 1b). To determine whether the
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down-regulation of the affected /RFs reflected epigenetic modi-
fication, we next assessed /RF expression following treatment
with the demethylating agent DAC. We found that DAC
restored /RF expression in most gastric cancer cell lines show-
ing IRF4, IRFS5, and/or IRF8 methylation (Fig. S1). On the
other hand, DAC had little effect on several cell lines (i.e.
AZ521, AGS, for IRF5; NUGC3 for IRF8), suggesting other
stimuli may be required for full reactivation of IRFs.

Treating cancer cells with DAC restored induction of IRF5 by
p53 and of IRF8 by IFN-y. Interferon regulatory factor 5 (IRFS)
and IRF8 are known to be transcriptional targets of p53“" and
interferon-y,%% respectively. We therefore tested whether DAC
would enhance the induction of /RF5 by p53 family members in
two gastric cancer cell lines showing /RF5 methylation. When
we infected MKN74 and SNUI1 cells with Ad-lacZ, Ad-p53,
Ad-p73, or Ad-p63, DAC acted synergistically with the
expressed pS3 family member to induce /RF5 expression in the
cells (Fig. S2a). In similar fashion, we found that treating
MKN28 cells with DAC enhanced the induction of IRF8 by
interferon-y (Fig. S2b).

Methylation of IRF4, IRF5, and IRF8 in gastric cancer cell
lines. Database analysis of nine /RF genes showed that all
except IRF9 contained CpG islands at their 5" ends. We there-
fore used methylation-specific PCR to examine the methylation
status of IRF1-8 (Fig. 1c). We found that JRF4 was the most fre-
quently methylated in gastric cancer cell lines. In addition,
methylation of IRF5, IRF6, IRF7, and IRF8 was detected in sub-
sets of gastric cancer cell lines. No methylation of IRF/, IRF2,
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or IRF3 was detected in any of the gastric cancer cell lines
tested.

We next carried out bisulfite-pyrosequencing to further exam-
ine the role of DNA methylation in the down-regulation of /IRF
expression (Figs 2a,3a.4a). Gastric cancer cell lines that exhib-
ited low or negligible IRF4 expression showed high levels of
methylation. Similarly, methylation was well correlated with the
down-regulation of /RF5 and IRF8 in gastric cancer cell lines.

We then confirmed the methylation status of /RF4, IRF5, and
IRFS8 using bisulfite-sequencing (Figs 2b,3b,4b). High levels of
IRF4 methylation were detected in all of the cancer cell lines
tested. In the gastric cancer cell lines, for example, heteroge-
neous methylation was observed in the region spanning posi-
tions =50 to —100 from the transcription start site. High levels
of IRF5 methylation were detected in two (MKN28 and
MKN74) of the cancer cell lines showing low or negligible
expression, but only sparse methylation was detected in a third
(MKN7). MKN7 cells expressed /RF8 and did not show methyl-
ation of that gene. By contrast, MKN28 and MKN74 cells did
not express /RF8 and showed dense methylation of the gene.

Suppression of cell growth by DAC + IFN. Given that DAC
induces /RFs in gastric cancer cells, we tested whether DAC
treatment would enhance the growth suppressive effect of inter-
feron on cancer cells. When we treated four gastric cancer cell
lines (SNU1, MKN28, KatolIIl, and MKN74) first with DAC for
72 h and then with IFN-o, -, or -y for 48 h, we found that
DAC enhanced the growth suppressive effects of all three inter-
ferons (Fig. S3). This prompted us to test the effect of IFN on
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DNA methylation. Using bisulfite-pyrosequencing with DNA
from cells treated with DAC and/or IFN (Fig. S4), we found
that although treatment with DAC induced partial demethylation
of IRF4, IRFS5, and IRFS, treatment with IFN-o/B/y, alone or in
combination with DAC, did not induce further demethylation in
MKN74 cells.

Methylation of IRF4, IRF5, and IRF8 in primary gastric
cancers. To assess /RF methylation in primary tumors, we used
bisulfite-pyrosequencing to examine primary specimens from 68
gastric cancers and 22 noncancerous gastric tissues (Fig. 5a,b).
We found that JRF4 was frequently methylated in gastric cancer.
In addition, we detected high levels of /RF5 methylation in sev-
eral gastric cancers, but the average methylation levels did not
significantly differ between the cancerous and normal tissues.
We did not detect significant methylation of /RF8 in primary
gastric cancers.

We next evaluated the correlation between /RF methylation
and the clinicopathological features of gastric cancers and
between /RF methylation and other genetic and epigenetic alter-
ations in gastric cancer. We selected a 13.9% cut-off for IRF4
and a 16.6% cut-oft for IRF5 methylation based on our finding
that these levels represent the 75th percentile among the control
samples. With those thresholds, 64 of 68 cases showed methyla-
tion of /RF4, and 11 of 68 cases showed methylation of IRF5
(Fig. 5c). Methylation of IRF4 was detected significantly more

frequently in diffuse type and CIMP-H gastric cancers than in
CIMP-L or CIMP-N cancers. Methylation of /RF5 was detected
significantly more frequently in gastric cancers positive for EBV
and in CIMP-H cancers than in CIMP-L or CIMP-N cancers
(Table 1).

Methylation of IRF4 in noncancerous gastric mucosa is a
potential molecular marker for gastric cancer. Several of the
cases studied showed high levels of /RF4 methylation, even in
noncancerous gastric mucosa (Fig. 5b). We therefore wondered
whether levels of /RF4 methylation in noncancerous tissues are
associated with the presence of gastric cancer. To address that
issue, we examined tissue specimens obtained from 165 patients
through endoscopic biopsy, including 35 gastric cancer speci-
mens and 330 noncancerous specimens of gastric mucosa
(Fig. 6a, Table S3). We found that methylation of /RF4 in non-
cancerous gastric tissues was significantly higher in patients
with cancer than in those without cancer (P < 0.001). In addi-
tion, patients with multiple gastric cancers showed significantly
higher levels of IRF4 methylation than patients with a single
cancer (P < 0.05). Levels of IRF4 methylation tended to be
higher in patients infected with H. pylori than in those without
H. pylori, though the difference was not statistically significant.

The clinical usefulness of DNA methylation for distinguish-
ing cancer patients from noncancer patients was confirmed by
ROC analysis. Methylation of TRF4 gave highly discriminative
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ROC profiles, which clearly distinguished patients with a single
gastric cancer from H. pylori-positive gastritis patients without
cancer (AUC: 0.77, P < 0.001) (Fig. S5, Table S3). They also
distinguished patients with a single or multiple gastric cancers
from H. pylori-positive gastritis patients without cancer (AUC:
0.81, P < 0.001) (Fig. S6, Table S3). More interestingly, when
32% IRF4 methylation in noncancerous gastric mucosae was
used as the cut-off, patients with multiple gastric cancers could
be discriminated from patients with a single gastric cancer with
a sensitivity of 87% and a specificity of 63% (AUC: 0.74,
P < 0.05) (Fig. 6b, Table S3). This suggests methylation of
IRF4 in noncancerous gastric mucosae could be used as a
molecular marker to predict recurrence of gastric cancer.

Discussion

Interferons play critical roles in regulating immune system func-
tion, cell growth, and apoptosis. It is therefore noteworthy that
expression of interferon target genes is suppressed in a variety
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Fig. 5. Methylation of interferon regulatory factor
(IRF)-4, IRF5, and IRF8 in primary gastric cancers.
(a) Representative bisulfite-pyrosequencing results.
(b) Scatter plot of IRF methylation. GC, gastric
cancer; horizontal bars, average methylation
levels in total cases; N, normal stomach; NS, not
significant. (c) Genetic and epigenetic alterations in
gastric cancer. Each row represents the separate
gene locus shown on the left. Each column is a
primary gastric cancer: red rectangles, methylated
tumors; purple rectangles, mutated tumors, grey
rectangles, Epstein-Barr virus-positive tumors.

of cancers.®® For instance, signaling pathways mediated by
expression of signal transducer and activator of transcription 1
(STATI),** class Il major histocompatibility complex transacti-
vator (CIITA),”S) and XIAP associated factor 1 (XAF]),GG) three
genes downstream of interferon, are silenced by epigenetic inac-
tivation in various cancers, which suggests impairment of inter-
feron signaling by epigenetic mechanisms may play an
important role in tumorigenesis. Consistent with that idea, a
number of earlier studies have shown that /RFs are silenced by
DNA methylation in human neop]asias.m‘ % Here, we
found that DNA methylation of IRF4, IRF5, and/or IRFS8 is a
frequent event in gastric cancer cell lines and that treatment with
a demethylating agent (DAC) restores induction of /RF5 by p53,
p63, or p73 and induction of /RF8 by IFN-vy, which confirms the
role played by DNA methylation in silencing the genes. More-
over, when applied together, interferon and DAC acted synergis-
tically to suppress cell growth. Thus inhibition of DNA
methylation could be a useful strategy for enhancing the tumor
suppressor activity of interferon.

doi: 10.1111/j.1349-7006.2010.01581.x
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Table 1.

clinicopathological features of the patients

Correlation between methylation of IRF4/IRF5 and the

IRF4 IRF5
Characteristics
Total u M P-value U M P-value
n 68 4 64 57 1
Age
Mean 642 66.3 640 0.727 64.5 62.7 0.668
SD 12.1 6.7 124 1.7 149
Sex
Male 45 4 41 0.292 19 4 1.000
Female 23 0 23 38 7
Location
Lower 30 2 28 0.929 26 4 0.458
Middle 23 1 22 20 3
Upper 15 1 14 1" 4
Type
0 4 o] 4 0.605 3 1 0.547
1 5 0 5 4 1
2 26 3 23 20 6
3 25 1 24 22 3
4 8 0 8 8 1]
Histology
D 38 0 38 0.034 29 9 0.096
I 30 4 26 28 2
ly
- 14 0 16 0.566 12 4 0.272
+ a4 4 48 45 7
v
- 16 1] 33 0.115 27 6 0.749
+ 52 4 31 30 5
pT
pT1 5 0 5 0.225 4 1 0.352
pT2 36 1 35 29 7
pT3 25 3 22 22 3
pT4 2 0 2 2 0
pN
pNO 18 2 16 0.145 16 2 0.855
pN1 25 2 23 19 6
pN2 14 0 14 12 2
pN3 11 0 1 10 1
pM
MO 57 4 53 1.000 47 10 0.677
M1 1 0 1" 10 1
Stage (pTNM, 1997, 5th ed)
1A 3 o] 3 0.342 2 1 0.511
1B 12 0 12 11 1
2 13 3 10 10 3
3A 12 1 11 9 3
3B 7 1] 7 6 1
4 21 [ 21 19 2
KRAS
- 64 4 60 1.000 55 9 0.120
+ 4 0 4 2 2
p53
- 53 3 50 1.000 42 11 0.105
+ 15 1 14 15 0
EBV
- 60 4 56 1.000 55 5  <0.001
+ 8 0 8 2 6
CIMP
H 17 0 14 0.035 8 9 <0.001
L 34 1 33 32 2
N 17 3 14 17 0

CIMP, CpG island methylator phenotype; EBV, Epstein-Barr virus; IRF4,
interferon regulatory factor 4. ly, lymphatic vessels invasion; pN,
pathological node stage; pT, pathological tumor stage; pM,
pathological metastasis.
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Fig. 6. Methylation levels of interferon regulatory factor (IRF)-4 in
gastric cancers and noncancerous gastric mucosae. (a) Distribution of
IRF4 methylation in gastric cancer and noncancerous gastric mucosae.
GC, gastric cancer; HP(+), gastric mucosae from Helicobacter pylori
(H. pylori}-positive chronic gastritis patients without cancer; HP(-),
gastric mucosae from H. pylori-negative chronic gastritis patients
without cancer; NGC-M, noncancerous gastric mucosae from multiple
gastric cancer patients; NGC-S, noncancerous gastric mucosae from
single gastric cancer patients.’ For noncancerous gastric mucosae,
specimens were obtained from the antrum and body, and average
methylation levels are shown. Horizontal bars, average methylation
levels in total cases. The numbers of cases examined in the study are
shown below the column. (b) Receiver—operator curve (ROC) for IRF4
methylation to discriminate patients with multiple gastric cancers
from patients with a single gastric cancer.

It was previously shown that IRF4 is silenced by DNA meth-
ylationi in chronic myeloid leukemia,*> In the present study,
we found that IRF4 is frequently silenced by DNA methylation
in both gastric cancers and noncancerous gastric mucosae from
cancer patients.” Such methylation can be readily detected in
serum samples and gastric washing solution,®**%" and the high
frequency of IRF4 methylation in gastric cancer could be use-
ful for establishing a diagnostic system with DNA methylation
as the target. The precise role of IRF4 methylation in the
development and progression of gastric cancer remains
unknown. It has been suggested: that weakly expressed genes
are especially susceptible to methylation changes in cancer,“?
In fact, we found that IRF4 expression was minimally
expressed in gastric epithelium, which consistent with the
report that IRF4 is exclusively expressed in lymphocytic
tissues.' 7 If that is the case, methylation of JRF4 may not pro-
vide a growth advantage to cells, but may reflect epigenetic
defects in the gastric mucosa caused by inflammation. Here we
showed that levels of IRF4 methylation were high in noncan-
cerous gastric mucosae from gastric cancer patients, especially
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in those with multiple cancers. Although further prospective
study may be necessary, it would appear that methylation of
IRF4 could be a molecular marker with which to predict the
development or recurrence of gastric cancer.

Several lines of evidence have suggest that IRFS has tumor
suppressor activity, and that in response to DNA damage IRFS
is induced by pS53 to promote cell cycle arrest and apopto-
sis. 202142 Kylaeva et al.“Pshowed that treating spontaneously
immortal Li—Fraumeni fibroblasts with DAC induces a senes-
cence-like state, and that IRFS is silenced by DNA methylation
in the same cells, suggesting IRFS is involved in mediating cel-
lular senescence.® Here we showed that DAC enhanced p53-
induced IRF5 expression, and that JRF5 expression was also
induced by p63 and p73, suggesting IRFS is a target of the p53
gene family. Although, on average, /RF5 methylation was not
significantly higher in primary cancers than in noncancerous
tissues, several cases did show high levels of IRF5 methylation.

We found that IRF8 expression was down-regulated in gastric
cancer cell lines; that DNA methylation was well correlated
with gene silencing; and that treating cells with DAC restored
IRF8 expression. This is consistent with earlier reports showing
that JRFS is silenced in colorectal cancer cell lines in a DNA
methylation-dependent manner.*® In contrast to the data
obtained with cell lines, we did not find an increase in IRFS8
methylation in primary gastric cancers, as compared to noncan-
cerous tissues. This is in contrast to earlier studies showing that
IRF8 is methylated in cancers of the colon, esophagus, and
nasopharyngus.®**" This discrepancy may reflect the different
methods used to detect methylation: methylation-specific PCR
was used in those earlier studies, whereas we used bisulfate-
pyrosequencing. Alternatively, methylation of IRF8 may be an
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early event in tumorigenesis, which starts in subsets of gastric
epithelial cells. Consistent with that idea, Lee ef al. reported
that IRF8 is methylated only in some esophageal tissues from
esophageal cancer patients. Further study will be necessary to
clarify the significance of /RF8 methylation in primary gastric
cancers.

In conclusion, we have shown that IRF4, IRFS5, and IRF8 are
epigenetically silenced in gastric cancer cells. Methylation of
IRFS was associated with CIMP and EBV infection. Moreover,
the high degree of IRF4 methylation in gastric mucosae from
cancer patients suggests that DNA methylation of IRF4 could be
a useful molecular marker for gastric cancer diagnosis and risk
assessment.
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Abstract Breast cancer arises through the accumulation
of multiple genetic alterations and epigenetic changes such
as methylation, which silences gene expression in a variety
of cancers. In the present study, we applied genomic
screening to identify genes upregulated by the demethy-
lating agent 5-aza-2'-deoxycytidine (DAC) in a human
breast cancer cell line (MCF7). We identified 288 genes
upregulated and 29 genes downregulated more than five-
fold after treatment with DAC, and gene ontology analyses
revealed the genes to be involved in immune responses,
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apoptosis, and cell differentiation. In addition, real-time
PCR analysis of ten genes silenced in MCF7 cells con-
firmed that they are upregulated by DAC, while bisulfite-
pyrosequencing analysis confirmed that nine of those genes
were silenced by methylation. We also found that treating
MCF7 cells with DAC restored induction of DFNAS by
p53, as well as by two other p53 family genes, p63y and
p73p. Introduction of NTN4 into MCF7 cells suppressed
cell growth, indicating that NTN4 has tumor suppressive
activity. In primary breast cancers, we detected cancer-
specific methylation of NTN4, PGP9.5, and DKK3, sug-
gesting that methylation of these genes could be useful
markers for diagnosis of breast cancer. Thus, DNA meth-
ylation appears to be a common event in breast cancer, and
the genes silenced by methylation could be useful targets
for both diagnosis and therapy.

Keywords DNA methylation - Epigenetics -
Gene expression

Introduction

Epigenetic changes such as DNA methylation and histone
modification are now thought to play a significant role in
tumorigenesis. Under normal physiological conditions,
DNA methylation is involved in such processes as X-chro-
mosome inactivation, genome imprinting, and suppression
of repetitive sequences [1], but genome-wide hypomethy-
lation and regional hypermethylation are also common
events in tumors [2]. For example, breast cancer, which
continues to be one of the most commonly occurring cancers
among women, worldwide [3], is known to arise through the
accumulation of multiple genetic and epigenetic DNA
alterations. Given that more than 1,000 genes are silenced by
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DNA methylation in other types of cancers [4], the targets of
epigenetic inactivation in breast cancer have just begun to be
identified. To date, analysis of candidate genes for DNA
methylation in breast cancer has shown that the targets of
epigenetic inactivation include cell cycle regulators such as
pl6 [5] and 14-3-3 sigma [6], cell adhesion molecules such
as E-cadherin [7], cytokines such as HIN-1 [8], genes
involved in cell signaling such as RASSF1 [9], proapoptotic
genes such as TMS1 [10], genes involved in development
such as HOXB13 [11], and transcription factors such as
activator protein-2o [12]. Genomic screening approaches
using cDNA microarrays, and promoter microarrays iden-
tified several novel targets of DNA methylation [13-15].
This makes identification of novel genes epigenetically
inactivated in breast cancer an important step toward a better
understanding of the pathogenesis of the disease. In the
present study, therefore, we applied genomic screening to
identify genes silenced by DNA methylation in breast cancer
and confirmed the results by quantitative methylation anal-
ysis. Our findings suggest that DNA methylation is a com-
mon event in breast cancer and that many of the genes
silenced by DNA methylation could represent useful targets
for both diagnosis and therapy.

Materials and methods
Cell lines and specimens

Five breast cancer cell lines (MCF7, MB435s, MB436,
MB468, and SKBR-3) were obtained from the American
Type Culture Collection (Manassas, VA) or the Japanese
Collection of Research Bioresources (Tokyo, Japan). All
cell lines were cultured in appropriate medium supple-
mented with 10% fetal bovine serum and incubated under a
5% CO, atmosphere at 37°C. In addition, 75 breast cancer
specimens and 15 breast tissue samples from areas adjacent
to tumors were obtaining from Sapporo Medical University
Hospital at surgery and stored at —80°C. In accordance
with institutional guidelines, all patients gave informed
consent prior to collection of the specimens. Genomic
DNA was extracted using the phenol/chloroform method.
Total RNA was extracted from cell lines using Trizol (Life
Technologies, Inc.) according to the manufacturer’s
instructions.

cDNA microarray analysis

Breast cancer cells (MCF7, MB435s, MB436, MB468, and
SKBR-3) were treated with DAC for 72 h, total RNA was
extracted and purified using Trizol (Invitrogen) and RNA-
easy (Qiagen), after which the RNA samples were quantified
using NanoDrop ND-100, the quality was assessed using an

@ Springer

Agilent Technologies 2100 Bioanalyzer. The RNA con-
centration in the samples was >100 ng/pl, and the RNA
integrity score was 8-10, with 10 being the highest possible
score. Sample amplification and labeling were performed
using a Low RNA Input Fluorescent Linear Amplification kit
(Agilent Technologies) according to the manufacturer’s
instructions. Samples (1.65 pg) labeled with Cy3 were
hybridized and processed on a 4 x 44 K Whole Human
Genome Oligo Microarray. Scanning was performed with an
Agilent G2565BA microarray scanner using the settings
recommended by Agilent Technologies. After all raw data
were normalized, fold-change comparisons and gene set
enrichment (BROAD Institute) and gene ontology analyses
were performed using GeneSpring GX 10.0. The presence
of CpG islands was examined using BLAT (http://genome.
brc.mew.edu/cgi-bin/hgBlat) with previously described cri-
teria [16].

Real-time PCR

Samples (5 pg) of RNA were reverse-transcribed using
Superscript III (Invitrogen) to prepare first strand cDNA. For
semi-quantitative analysis, real-time PCR was carried out
using a 7900 Sequence Detection System (Applied Biosys-
tems). The reaction mixture contained 1x TagMan Uni-
versal PCR Master Mix, primers and probes for each gene
and 1 plof cDNA. GAPDH served as an endogenous control.
The Tagman probes used in this study are shown in Sup-
plementary Table 1. Each experiment was done in triplicate.

Methylation analysis

For bisulfite-pyrosequencing, genomic DNA was treated
with sodium bisulfite as described previously [17, 18], after
which pyrosequencing was performed to assess the meth-
ylation status [19]. Bisulfite-PCR primers were designed
using PSQ Assay Design software (Biotage, Uppsala,
Sweden), and the primers and PCR conditions used were
specific for each target gene. After the PCR, the biotinyl-
ated strand was captured on streptavidin-coated beads
(Amersham Bioscience), and pyrosequencing was per-
formed using PSQ HS Gold SNP reagents and a PSQ HS
96 (Biotage, Uppsala, Sweden). For each gene, the average
percentage methylation of the entire CpG island was cal-
culated, and cases in which there was more than 10%
methylation were deemed to be positive for methylation.
To sequence the bisulfite PCR products, the amplified
fragments were cloned into a vector using a TOPO TA
cloning kit (Invitrogen), after which a cycle sequencing
reaction was carried out using a BigDye terminator kit
(Applied Biosystems), and the DNA was sequenced using
an ABI 3100 automated sequencer (Applied Biosystems).
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Primer sequences used for bisulfite-pyrosequencing and
bisulfite-sequencing are shown in Supplementary Table 2.

Infection by adenovirus

The generation, purification, and infection procedures used
with replication-deficient recombinant adenovirus con-
taining the p53 (Ad-p53), TAp63y (Ad-p63y), TAp73p
(Ad-p73f), or the bacterial lacZ gene (Ad-lacZ) were
described previously [20]. The relative efficiency of
adenoviral infection was determined by X-gal staining
of cells infected with the Ad-lacZ (control). At an MOI of
100, 90-100% of the cells were infected (data not shown).

Western blot analysis

Mouse anti-FLAG mAb (M2; Sigma) was used for
immunoblotting. Whole cell lysates were prepared by
scraping cell monolayers into radioimmunoprecipitation
assay buffer without SDS [containing 150 mmol/l NaCl,
50 mmol/l Tris—HCI (pH 7.2), 1% deoxycholic acid, 1%
Triton X-100, 0.25 mmol/l EDTA (pH 8.0), protease and
phosphatase inhibitors, 5 pg/ml leupeptin, 5 pg/ml aproti-
nin, 1 pg/ml pepstatin A, 1 mmol/l phenylmethylsulfonyl
fluoride, 5 mmol/l NaF, and 100 pmol/l sodium ortho-
vanadate], and protein concentrations were determined
(Lowry reagent, Bio-Rad). Equal amounts of protein were
separated by SDS-PAGE and transferred to Immobilon P
membranes (Millipore).

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assays were per-
formed as described previously using a ChIP assay kit
(Upstate Biotechnologies). Briefly, 2 x 10° cells were
cross-linked using 1% formaldehyde solution for 15 min at
37°C. The cells were then lysed in 200 pl of SDS lysis
buffer and sonicated to generate 300- to 800-bp DNA
fragments. Following centrifugation, the cleared superna-
tant was diluted tenfold with ChIP dilution buffer, after
which 1/50 of the extract volume was used for PCR
amplification as the input control. The remaining extract
was incubated with a specific antibody for 16 h at 4°C.
Immune complexes were precipitated, washed, and eluted
as recommended. DNA—protein cross-links were reversed
by heating for 4 h at 65°C, after which the DNA fragments
were purified and dissolved in 50 pl of Tris~-EDTA. One
microliter of each sample was then used as a template for
PCR amplification. PCR for histone analysis was carried
out as described previously [21] using the primers listed in
Supplementary Table 2. PCR amplification of DFNA5 and
MDM? containing the putative pS3RE was also carried out
using primers listed in Supplementary Table 2.

Colony formation assays

Colony formation assays were carried out as described
previously [22]. Briefly, MCF7 cells (1 x 10° cells) were
transfected with 5 pg of pReceiver-M11-NTN4 (EX-
U1401-M11, GeneCopeia) or with empty vector using
Lipofectamine 2000 according to manufacturer’s instruc-
tions. Cells were then plated on 60-mm culture dishes and
selected for 14 days in 0.6 mg/ml G418, after which the
colonies that formed were stained with Giemsa and coun-
ted using National Institutes of Health IMAGE software.

Statistics

To compare methylation levels between tumors and normal
tissues, 7 tests were performed for all samples, and paired
t tests were performed for matched samples from the same
patients. Receiver operating characteristic (ROC) curves
were constructed based on the levels of NTN4, PGP9.5, and
DKK3 methylation, and P values were calculated by com-
paring the ROC curves to a reference curve. ANOVAs with
post hoc Games-Howell tests were performed to compare
methylation levels at different cancer stages. A scatter plot
was constructed by plotting levels of FKBP6 methylation
against tumor size, and a Pearson’s correlation coefficient
was calculated for these values. Values of P < 0.05 were
considered significant. All statistical calculations were per-
formed using SPSSJ 15.0 (SPSS Japan Inc.).

Results
Identification of genes upregulated by DAC

The global changes in gene expression induced by DAC in
MCF7 breast cancer cells were examined using an Agilent
Whole Genome microarray that covers 44,000 transcripts
of human genes (Supplementary Fig. 1). As compared with
mock-treated cells, 288 genes were upregulated and 29
genes were downregulated more than fivefold by DAC in
these cancer cells (Supplementary Tables 3, 4). Four genes
(SFRP1, DKK3, DFNAS, TAC1) were recently shown to
be silenced by DNA methylation in breast cancer [15, 23—
25]. To identify biological processes significantly affected
by demethylation, we used gene ontology analysis to assess
the function of the 288 upregulated genes. Detailed results
are shown in Supplementary Table 5. Treating the cells
with DAC led to significant upregulation of genes involved
in immune responses, the extracellular region, and cytokine
activity. We also conducted a gene set enrichment analy-
sis using functional annotation tools (Supplementary
Table 6). Among 26 selected gene sets, genes involved in
cell differentiation, cell development, defense responses,
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apoptosis, and signal transduction were enriched in DAC-
treated cells, as compared to mock-treated cells.

Expression analysis of genes identified by microarray

Database analysis revealed that out of 288 genes upregu-
lated by DAC, 155 contain CpG islands in the 5’ end of the
gene (Supplementary Table 3). We next selected ten genes
known from earlier work to be cancer-related and to have
CpG islands in their 5" ends (Fig. 1). The selected genes
were DFNAS, SFRP1, DKK3, PGP9.5, and LOXL4, which
were all previously shown to be silenced by DNA meth-
ylation in various types of tumors [26-30]; NTN4, which
encodes a member of the netrin family involved in the
negative regulation of angiogenesis [31]; TRIMS0, which
encodes an E3 ubiquitin ligase [32]; FKBP6, which
encodes an immunophilin family protein [33]; PONI,
which encodes an arylesterase and whose polymorphisms
are known to be associated with prostate cancer [34]; and
OSBPL3, which encodes an oxysterol-binding protein that
plays a role in cell adhesion [35]. Real-time PCR analysis
revealed that the expression levels of all these genes were
low or negligible in MCF7 cells, whereas high levels of
expression—i.e., an expression ratio against GAPDH
>0.01—were detected for DFNAS, SFRP1, OSBPL3,
NTN4, PGP9.5, and LOXL4 in normal breast tissue; cell
lines other than MCF7 showed various levels of expression
(Supplementary Fig. 2). For DKK3, FKBP6, PON1, and
TRIMSO0, expression was low—i.e., an expression ratio
against GAPDH < 0.01—in normal breast tissue, and cell
lines showed various levels of expression (Supplementary
Fig. 3). Treatment with DAC restored expression of these
genes in cell lines in which expression was otherwise low
or negligible (Supplementary Fig. 3).

Methylation analysis of ten genes in breast
cancer cell lines

To confirm methylation-dependent gene silencing, we next
used bisulfite-pyrosequencing to examine the methylation
status of the ten genes. This enabled us to quantify the
methylation of multiple CpG sites (Fig. 2). The primers
and probes were designed to detect methylation in the
region around the transcription start sites. Dense methyla-
tion of nine genes (SFRP1, DFNAS, DKK3, PGP9.5, OS-
BPL3, NTN4, TRIM50, FKBP6, and PON1) was detected
in MCF7 cells, strongly suggesting that DNA methylation
is the cause of gene silencing. Various levels of methyla-
tion were detected in four other cell lines and was also
associated with gene silencing (Figs. 1, 2; Supplementary
Figs. 2, 3). That methylation of LOXL4 was not detected
means that LOXLA4 is silenced by a mechanism other than
DNA methylation.
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Fig. 1 Real-time PCR analysis of genes upregulated by DAC. The p»

expression status of DFNAS5, SFRP1, DKK3, FKBP6, LOXL4,
OSBPL3, NTN4, PGP9.5, PON1, and TRIMS50 was confirmed by
real-time PCR. The cell lines and tissues examined are shown below
the columns. Cell lines were treated for 72 h with either mock (—) or
1.0 uM DAC. The integrity of the cDNA was assessed by comparing
the CT values for the genes of interest with that of GAPDH. Columns
means of three experiments, bars SE

We next performed bisulfite-sequencing analysis to
obtain detailed methylation profiles of the CpG sites in the
region around the transcription start site of DFNAS gene.
We examined 45 CpG sites and found that DFNAS was
densely methylated in MCF7 cells, which do not express
DFNAS. By contrast, little or no methylation was detected
in MDA-MB435s, MDA-MB436, MDA-MB-468, and SK-
Br-3 cells, which do express DFNAS (Fig. 3). Thus, the
results obtained with bisulfite-sequencing are consistent
with both the bisulfite-pyrosequencing data and the
DFNAS expression status.

Restoration of p53-dependent transcription
of DFNAS by demethylation

It was recently reported that DFNAS is a target gene for p53
[36]. We therefore tested whether demethylation of DFNAS
in MCF7 cells would restore its transcriptional activation by
pS53 and/or by two other p53 family genes, TAp63y and
TAp73f. When cells were infected with Ad-p53, Ad-p63y,
or Ad-p73 3, expression of FLAG-tagged p53 family proteins
was detected (Fig. 4a). In addition, p21, a cyclin-dependent
inhibitor, was induced by all three vectors (Fig. 4a). We then
examined expression of DFNAS in MCF7 cells with or
without treatment with DAC. We found that treating MCF7
cells with DAC restored induction of DFNAS by p53 family
genes, especially by p63, suggesting that DFNAS is a target
of the p53 family, not specifically p53, itself (Fig. 4b). We
then performed ChIP assays to determine whether p63y
directly interacts with the pS3 response element of DFNAS
(RE-DFNAS) (Fig. 4c). PCR amplification of the ChIP
products revealed that one DNA fragment containing RE-
DFNAS was present in the immunoprecipitated complex
with p63y. As a control, we confirmed that p63y binds to the
p53 response element of MDM?2 in vivo. These results
indicate that DFNAS can be upregulated by p63y through
direct interaction with RE-DFNAS.

Tumor suppressive activity of NTN4

Netrins and their receptors have been shown to be involved
in tumorigenesis [37]. To test whether NTN4 suppresses
growth of breast cancer cells, we performed colony for-
mation assays using MCF7 cells, which express negligible
levels NTN4. We found that introduction of a plasmid
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Fig. 2 Representative results of bisulfite-pyrosequencing of DFNA5
(a) and SFRP1 (b). Bisulfite-pyrosequencing was carried out using
DNA from breast cancer cell lines and primary breast cancer
specimens. Examined were the regions upstream from the transcrip-
tion start site (DFNAS5: —85 to —97; SFRP1: —65 bp to —44 bp).

containing NTN4 cDNA significantly suppressed colony
growth, suggesting that NTN4 does indeed have tumor
suppressive activity (Fig. 5a, b).

Comparison of methylation and clinicopathological
features of patients with primary breast cancer

Of the nine aforementioned genes silenced by DNA
methylation in primary breast cancer, seven showed sig-
nificantly higher levels of methylation in cancerous tissues
than in normal breast tissues (P < 0.001 for NTN4,
PGP9.5, DKK3, OSBPL3, SFRP1, DFNAS; P < 0.01 for
PONI, Fig. 6a; Supplementary Table 7). Methylation was

@ Springer

37%

26% 45% 55%

BC49

4% 16%

73% 69% 46% 78% 73%

‘E S GTAGTCTGTCGGTCAGTTCGATGTC
5 10 15 20 25

BC17
4% 3% 4% 8% 10%
75}
501
98 ki o L TN, R ) e
P 18 . U

ES GTAGTCTGTCGGTCAGTTCGATGTC
5 10 15 20 25
BC19

Gray columns depict regions of CpG sites, and the percentage
methylation at each CpG site is shown on the rop. Y-axis, signal peaks
expressed as a proportion of the number of nucleotides incorporated.
X-axis, the nucleotides incorporated. Cell lines and specimens are
shown below the columns

also examined in paired samples of cancerous and adjacent
normal breast tissues from 15 patients. Methylation of
NTN4 (P < 0.001), PGP9.5 (P <0.001), DKK3 (P =
0.006), and PON1 (P = 0.031) was significantly higher in
the tumor tissue than in the adjacent breast tissue (Fig. 6b;
Supplementary Table 8). The clinical usefulness of DNA
methylation in distinguishing breast cancer from noncan-
cerous tissue was confirmed by analyzing ROC curves
(Fig. 6¢c; Supplementary Table 9). Methylation of NTN4,
DKK3, and PGP9.5 showed highly discriminative ROC
curve profiles, which clearly distinguished breast cancer
from normal breast tissue (NTN4: p < 0.001; DKK3:
P < 0.001; PGP9.5: P <0.001). When we used 16%



