1438

Published OnlineFirst February 2, 2010; DOI:10.1158/0008-5472.CAN-09-2755

Niwa et al.

after infection) and in gastric cancer cell lines. All the three
genes showed low expression levels in the GECs of non-
infected and infected gerbils (Supplementary Fig. $8).
Rnf152 expression was significantly decreased in H{P-infected
gerbils compared with noninfected gerbils (44% and 25% at
10 and 50 weeks, respectively, after infection; P < 0.001). None
of the three genes were expressed in cancer cell lines with
complete methylation of these CGIs (Fig. 1B; Supplementary
Fig. S8, top).

The absence of DNA methyltransferase upregulation.
DNA methyltransferases (Dnmt) are final effectors of mainte-
nance and induction of DNA methylation, and their overex-
pression is frequently observed in various types of human
cancers (33). To analyze possible upregulation of Dnmts by
HP infection, expression levels of Dnmtl, Dnmt3a, and
Dnmt3b mRNAs were quantified in GECs of gerbils with
and without HP infection. Contrary to our initial expectation,
the expression levels of the three Dnmts were significantly
lower in GECs with HP infection (1/2 to 1/3) than those with-
out (Supplementary Fig. S8, bottom).

Discussion

Our study using a gerbil model showed that HP infection is
causally involved in induction of aberrant DNA methylation
in GECs. Thus far, a strong association has been shown be-
tween the presence of HP infection and high methylation le-
vels or high incidence of methylation in human gastric
mucosae (5, 10-12). Taking advantage of an animal model,
we were able to conduct an experiment by infecting gerbils
with HP and showed that HP infection was the cause of
methylation induction.

The critical role of inflammation in methylation induction
was shown. Temporal analysis showed that methylation le-
vels were closely associated with infiltration of inflammatory
cells, and suppression of inflammation by CsA markedly re-
pressed methylation induction even in the presence of HP.
These results indicated that /P itself was not necessary for
methylation induction once inflammation was induced by it.
This finding is important because a direct role of HP is sug-
gested by the facts that the SHP2 oncoprotein is deregulated
by injection of virulent factors such as CagA into GECs (34)
and [IP possesses multiple DNA (cytosine-5) methyltrans-
ferases (35).

Among the inflammation-related genes analyzed, the ex-
pression levels of Cxcl2, /l1b, Nos2, and Tnf were upregulated
in the stomach with HP infection and decreased after eradi-
cation, almost paralleling those of methylation levels. In the
CsA treatment, in which methylation induction was marked-
ly suppressed, upregulation of Cxcl2, /l11b, and Nos2 by HP in-
fection was significantly suppressed and that of Tnf also had
a tendency to be suppressed. These results suggest that some
specific inflammation-related genes are cooperatively in-
volved in methylation induction by HP infection. In human
ulcerative colitis and hepatitis (cirrhosis), where aberrant
methylation is believed to be induced, increased expression
of /L8 (human functional homolog of Cxcl2), IL1B, NOS2, and
TNF was also observed (36-39), suggesting that upregulation

of these genes is a common feature of methylation-associated
inflammation. Especially for human /L1B, its allele with a spe-
cific single nucleotide polymorphism is known to be associat-
ed with increased gastric cancer risk and increased incidence
of CDHI promoter methylation in gastric cancers (40, 41).
Also, increased production of nitric oxide, due to upregulation
of a nitric oxide synthase (V0S2) by IL1B or administration of
nitric oxide donors, induced methylation of FMRI and HPRT
genes in vitro (42).

This study also clearly shows that methylation in gastric
mucosae with #P infection consists of temporary and perma-
nent components, which has been suggested by studies in
humans (5, 10). Methylation that disappeared after eradica-
tion corresponds to the temporary component, and methyl-
ation that did not disappear corresponds to the permanent
component. A pyloric gland (mucosal epithelia) is known to
be composed of one or a few stem cells, multiple progenitor
cells, and a large number of differentiated cells, and it is re-
newed within 3 to 14 days (43, 44). Temporary methylation is
likely to have been induced in progenitor or differentiated
cells, which will finally drop off from the gastric epithelium.
Permanent methylation is likely to be induced in stem cells,
which will remain for life. In humans, methylation levels in
gastric mucosae without HP infection correlate with gastric
cancer risk (5, 10), and this fact is also in line with the hy-
pothesis that permanent methylation in gastric mucosae
without HP infection reflects methylation in stem cells.

HG2, SC3, and SD2 were methylated in GECs, although
they were located in promoter CGls, which are generally re-
sistant to DNA methylation (29). Among promoter CGls,
those of genes with low transcription are known to be sus-
ceptible to methylation (30, 31, 45), and as expected, all the
three genes had low transcription levels in GECs. Transcrip-
tion levels at 10 to 10*/Gapdh (GAPDH) correspond to 1 to
10 copies of mRNA per cell and are less than 35% of the av-
erage expression level of all the genes analyzed by expression
microarray (46). Because their methylation levels in GECs of
gerbils infected with HP for 10 and 50 weeks were less than a
few percent, their methylation was unlikely to have affected
the overall expression levels in gastric mucosae. As a re-
sponse to HP infection, Rnf152 was downregulated whereas
Gpr37 and Nptx2 were not.

Promoter CGIs of GPR37 and NPTX2 were highly methyl-
ated in human gastric mucosae with HP infection and were
frequently methylated in human gastric cancers. Because
their tumor-suppressive functions have not been reported
and they are not expressed in normal gastric mucosae (Re-
fExA database®), their silencing is unlikely to be causally in-
volved in gastric carcinogenesis, and they are considered to
be passengers. Likewise, methylated CGIs that were not asso-
ciated with genes were likely to be passengers. However, it is
now known that a lot of passengers and limited number of
drivers are methylated to high and small degrees, respective-
ly, in human gastric mucosae with HP infection (5, 45).
Therefore, although most methylation identified here was

* http://157.82.78.238/ refexa/main_search.jsp
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considered to be passenger, it is likely that tumor-suppressor
genes are also methylated in association with their meth-
ylation. Gastric mucosa with accumulation of silencing of
various genes, including both drivers and passengers, is con-
sidered to form a field where cancers will develop (epigenetic
field for cancerization; refs. 7, 10, 47).

As a final effector of methylation induction, we examined
overexpression of Dnmts, which are implicated in methyla-
tion induction in various human cancers (33). Unexpectedly,
all the three Dnmts were downregulated by HP infection. Our
recent data in humans also showed that mRNA levels of
Dnmts had decreasing tendencies in HP-infected gastric mu-
cosae (45). These results indicate that overexpression of
Dnmts is not involved in HP-induced methylation induction,
and suggest that local distribution of Dnmts and/or protec-
tive factors, such as the presence of RNA polymerase II (48),
might be disturbed by inflammation.

Genome-wide screening to isolate DNA fragments methyl-
ated by HP infection was done by MS-RDA, which is applica-
ble to any species without genome information. We used cell
lines as the driver so that we could avoid heterogeneity of
primary samples and aberrant methylation will be present
in all the DNA molecules in the driver. This was considered
to be essential for a genome-wide screening because most
methods cannot detect small differences. Although cell lines
might have artificial methylation, we confirmed the presence
of specific methylation in GECs, and a high-sensitivity meth-
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Global DNA hypomethylation and concomitant site-specific gene
hypermethylation are among the most common molecular alter-
ations in human neoplasia. Although site-specific DNA hyperme-
thylation has been shown to be associated with the development of
various tumors accompanied by transcriptional silencing of target
genes, the functional significance of global DNA hypomethylation
in tumorigenesis remains unclear. Previous studies have revealed
that a genetic reduction of the DNA methylation levels leads to
opposing effects on tumor development, depending on the tumor
cell type and the stage of tumorigenesis. In the present study, we
investigated the effect of DNA hypomethylation on gastric carci-
nogenesis in mice. The genetic reduction of DNA methylation
levels suppressed the incidence, number and size of gastric tumors
in two different mouse models for gastric tumorigenesis: the
N-methyl-N-nitrosourea-induced model and the ApcMi™”* mouse
model that spontaneously develops gastric tumors with aging.
Histological analyses revealed DNA hypomethylation to com-
pletely inhibit the development of invasive gastric tumors. These
findings indicate that the reduction of DNA methylation levels
suppresses gastric carcinogenesis and suggest that DNA methyla-
tion is closely associated with gastric tumorigenesis.

Introduction

Changes in the DNA methylation status, including global DNA hypo-
methylation and site-specific gene hypermethylation, are concomitantly
found in tumors and are the most common molecular alterations in
human neoplasia (1). Site-specific DNA hypermethylation has been
extensively analyzed and a number of genes have been shown to be
hypermethylated and transcriptionally silenced in various tumors.
However, the functional significance of global DNA hypomethylation
remains unclear, although this alteration was discovered in a wide
variety of human cancers >20 years ago. Global DNA hypomethyla-
tion, which is frequently observed at the early stages of tumorigenesis
in human cancer (2,3), promotes chromosomal instability in vitro
and accelerates tumor development in several mouse models (4-6).
Although the consequences of global hypomethylation and site-
specific hypermethylation have been mechanistically connected to
chromosome instability and transcriptional silencing, respectively,
the cause of aberrant DNA methylation patterns remains unclear.
Abbreviations: Cdhl, Cadherin I; Cdkn2a, Cyclin-dependent kinase inhibitor
2A; LINE, long interspersed nuclear element; Magea2, Melanoma antigen
family A, 2; MNU, N-methyl-N-nitrosourea; Sfrp, Secreted frizzled-related
protein.
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In human gastric cancers, a variety of aberrant methylations, in-
cluding global hypomethylation and site-specific DNA hypermethy-
lation, have been identified and the importance of epigenetic
alterations in gastric carcinogenesis would be emphasized by the in-
frequent genetic alterations in gastric cancers (7). Site-specific DNA
hypermethylations have been preferentially investigated and it has
been revealed that a number of genes are inactivated by promoter
hypermethylation in human gastric cancer, including tumor suppres-
sor genes (7-12). On the other hand, global DNA hypomethylation
in human gastric cancer has been revealed by quantifications of
5-methylcytosine content (8) and evaluation of methylation status
of long interspersed nuclear elements (LINEs)-1 repetitive sequences
(8,13), but little is known about the role in gastric tumorigenesis.

DNA methylation is catalyzed by a family of three DNA methyl-
transferases: Dnmtl, Dnmt3a and Dnmt3b (14-16). Although the
three Dnmts partially cooperate to establish and maintain genomic
methylation patterns, they also have distinctive functions. DnmtI has
a preference for hemimethylated DNA and deposits methyl groups on
newly synthesized DNA, which results in the faithful replication of
methylation patterns. Indeed, a hypomorphic allele of Dnmtl has
been shown to cause global DNA hypomethylation (6). Dnmtl is
therefore considered to be the major maintenance methyltransferase.
Using Dnmt] hypomorphic alleles as a model for global DNA hypo-
methylation, previous studies have revealed that global DNA hypo-
methylation inhibits tumorigenesis in the intestine (17,18), esophagus
and tongue (19), whereas it accelerates developments in T-cell
lymphomas (6), liver cancers (18) and fibrosarcomas (5), possibly
by promoting chromosomal instability. Our previous study also re-
vealed that genetic reduction of DNA methylation eventually sup-
presses intestinal tumorigenesis but promotes the development of
early-stage lesions in the colon of ApcMi™+ mice (18). These results
indicate that the forced reduction of genomic methylation levels leads
to opposing effects on tumorigenesis depending on the cell type and
the stage of tumorigenesis. Considering the fact that DNA hypome-
thylating agents have been used for cancer therapy in a subset of
cancer (1), it is important to clarify the effect of global DNA hypo-
methylation on the risk for tumor development in various organs.

In the present study, we investigated the effect of reduced DNA
methylation levels on gastric carcinogenesis in N-methyl-N-nitrosourea
(MNU)-induced mice and ApcMiV+ mice (20-22). We herein report
that global DNA hypomethylation significantly suppresses the devel-
opment of gastric tumors.

Materials and methods

Mice

Two mutant alleles of Dnmt] were used: the null Dnmt 1€ allele in the C57BL/6
background (23) and the hypomorphic DnmtI°V'P allele in the 129Sv4 back-
ground (6). Dnmt 1+ mice (C57BL/6) were crossed with female Dnmz]chip/chip
mice (129Sv4) to generate experimental mice in an isogenic F1 hybrid
(C57:129) background. A previous study reported that Dnmtl°"P'+ mice
have the same levels of genomic methylation as Dnmtl*/* mice, whereas
Dnmt]°hiP’ mice have reduced DNA methylation contents at pericentromeric
satellite repeats (18). We therefore analyzed DnmtI°"P'+ mice as a control
cohort and DnmtI°hiPc mice as a DNA hypomethylated cohort in this study.
All mice were maintained under specific-pathogen-free conditions with iso-
lated ventilation cages in an air-conditioned room with a 12 h light-dark cycle.
They were bred and maintained on a basal diet, CE-2 (CLEA Japan, Tokyo,
Japan), until the termination of the study.

Methylation analysis of gastric mucosa

The DNA methylation levels in gastric mucosae were examined by
methylation-sensitive Southern blot analysis and bisulfite methylation analysis.
Genomic DNA were extracted from the homogenized gastric mucosae of
DnmtI*™P'+ and DnmtI*"P* mice. Firstly, DNA were digested with the
methylation-sensitive enzyme Hpall (New England Biolabs, Ipswich, MA)
and the digests were analyzed by Southern blotting using a centromeric
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satellite repeat probe as previously reported (6,18,24). Next, the methylation
pattern in 5'-noncoding region of Line-1 was analyzed by bisulfite sequencing
in accordance with the previous report (25). Bisulfite treatment of the genomic
DNA was performed using EZ DNA Methylation-Gold Kit (Zymo Research,
Orange, CA). After polymerase chain reaction amplification using primers for
5'-noncoding region of Line-1, the products were cloned into the TOPO vector
(Invitrogen, Carlsbad, CA). The inserted polymerase chain reaction fragments
of the individual clones obtained from each sample were sequenced with
primer for T7 promoter using the ABI Prism Dye Terminator Cycle Sequenc-
ing Kit and an ABI Prism 3100 DNA Sequencer. The primers for Line-1 are
shown in supplementary Table 1, available at Carcinogenesis Online.

MNU treatment

MNU (Sigma Chemical, St Louis, MO) was dissolved in distilled water at
a concentration of 240 p.p.m. and freshly prepared thrice per week for admin-
istration in drinking water in light-shielded bottles ad libitum. DnmtI°*? and
Dnmt1<"P’+ littermates (n = 24 and 18, respectively) from 4 to 6 weeks of age
were given drinking water containing 240 p.p.m. MNU on alternate weeks for
a total of 10 weeks (total exposure: 5 weeks), according to the protocol de-
scribed in previous reports (Figure 1A) (20,22). They were thereafter main-
tained without any further treatment until they were killed at 52 weeks of age.

ApcMi™'+ mice model

ApcMiv+ mice in the C57BL/6 background were obtained from The Jackson
Laboratory (Bar Harbor, ME). ApcM™* mice were crossed with Dnmt1* mice
(C57BL/6), and male ApcM™+; Dnmt1<+ mice (C57BL/6) were subsequently
crossed with female DnmtI°hiP/ehip mice (129Sv4) to generate experimental mice
in an isogenic F1 hybrid (C57:129) background. We analyzed 30 Dnmt<hp'+;
ApcMin+ mice and 21 DnmtI°M9’e; ApcMiv+ mice to quantify gastric lesions at
30-32 weeks of age (Figure 1B). In addition, 9 Dnmt1°MP'+; Apc*'+ mice and 15
DnmtI<hip/e; Apc+'+ mice were analyzed as controls without the Apc™i™ allele.
All mice were maintained under the same conditions as those described above.

Preparation of tissue samples for tumor counting and histological analysis

All mice underwent a thorough postmortem examination at the time of killing.
The stomach was removed and opened along the greater curvature. The number
and the lengths of the major and minor axes of the gastric tumors were de-
termined using a dissecting microscope at x 7 magnification. Tumors >0.5 mm
in long axis length were mapped and counted. The sizes of the tumors were
determined by multiplying the major axis by the minor axis. To eliminate
interobserver error, all counts were performed by a single observer blinded
to the genotype of the mice. In addition, all the cases were counted by a second
observer to confirm the results of the first observer. After counting the tumors,

A. MNU-induced model

Long-term treatment
4-6 wks old 52 wks old
Genotypes v v
(Dnmt1) 0 5 10 (wks)
ey = |
chiplc  (n=24)
ol 1111
Sacrifice

I : 240 ppm MNU in drinking water

B. Apc™"+ mouse model

Genotypes
(Apc ; Domt1) 30-32 wks old
’ v
=gt I
Min/+; chip/+ (n=21) y
Sacrifice

all the excised stomachs, including the neoplastic nodules, were fixed for 24 h
in neutral-buffered 10% formalin and were subsequently cut into eight strips.
These strips were processed by standard methods, embedded in paraffin, sec-
tioned at 5 pm and stained with hematoxylin and eosin. The defining character-
istics for adenoma and adenocarcinoma were adapted from both the consensus
guidelines on murine models of intestinal cancer (26) and previous reports in
the literature (20,27).

Immunohistochemistry

The avidin-biotin-peroxidase complex technique was used for immnohisto-
chemical studies. Five micrometers thick sections were cut, deparaffinized, re-
hydrated in phosphate-buffered saline, placed in 10 mmol/I citrate buffer (pH 6.0)
and heated in a 750 W microwave four times for 6 min. The endogenous perox-
idase activity was blocked by incubation for 30 min in 0.3% H,0,. After washing
three times with phosphate-buffered saline, the sections were then pre-incubated
with normal blocking serum for 20 min at room temperature and then were
incubated with Ki-67 (1:200; DAKO Corporation, Carpinteria, CA) and cleaved
caspase-3 (1:400; Cell Signaling Technology, Danvers, MA) antibody overnight
at 4°C. Subsequently, the sections were incubated with biotinylated secondary
antibodies (Vectastain ABC kit; Vector Laboratories, Burlingame, CA) for
30 min, followed by incubation with avidin-coupled peroxidase (Vector Labora-
tories) for 30 min. The sections were developed with 3,3’-diaminobenzidine
using DAKO liquid 3,3’-diaminobenzidine Substrate-Chromogen System
(DAKO Corporation) and were then counterstained with hematoxylin. No
specific staining was observed in the negative control slides prepared without
primary antibody. The number of Ki-67-positive cells per gland was calculated as
the Ki67-labeling index.

Methylation analysis of MNU-induced gastric tumors

In order to examine the involvement of aberrant site-specific methylations in
the development of MNU-induced mouse gastric cancer, the methylation status
of the promoter regions of Cyclin-dependent kinase inhibitor 2A (Cdkn2a),
Cadherin 1 (Cdhl), Secreted frizzled-related protein (Sfrp) 1, Sfrp2 and Mel-
anoma antigen family A, 2 (Magea2) were analyzed by bisulfite sequencing.
Genomic DNA were extracted from the gastric tumors and the surrounding
gastric mucosae of MNU-treated wild-type mouse and bisulfite analysis were
performed as described above. The primers for bisulfite sequencing are shown
in supplementary Table 1, available at Carcinogenesis Online.

Statistical analysis

The incidence of gastric tumors was analyzed using Fisher’s exact test. Differ-
ences in the number and the size of gastric tumors and Ki-67-positive cell ratio
in non-cancerous mucosa were assessed with Mann-Whitney U-test.

C. Meythylation analysis
a. Sourthern blotting b. Bisulfite sequencing

Gastric mucosa Cecal

chip/+ chip/c chip/+ chip/c

chip/+

Digestion: Hpall
Probe: centromeric sateliite repeats

Fig. 1. Experimental design to study the effect of the DNA hypomethylation on gastric carcinogenesis and genomic DNA hypomethylation in DnmtI°hiP* mice.
(A) MNU-induced model. (B) ApcMi™+ mouse model. (C) Methylation analysis of gastric mucosa. (a) Methylation-sensitive Southern blot analysis of the
pericentromeric regions. Decreased levels of DNA methylation are detectable in both gastric and cecal mucosa of DnmtI°"P’* mouse in comparison with those of
the DnmtI°*®’+ mouse. (b) Bisulfite sequencing of the 5'-noncoding region of Line-1. A reduction in CpG methylation was observed in the gastric mucosa of
Dnmt1°MP mouse as compared with that of the DnmtI<"P+ mouse. Filled and open circles represent methylated and unmethylated CpGs, respectively.
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Fig. 2. DNA hypomethylation suppresses gastric tumorigenesis in MNU-treated mice. (A) Macroscopic photographs of the glandular stomach in MNU-treated
DnmtI°"P+ and Dnmt 1P mice at 52 weeks of age. (B) Incidence of gastric tumors in MNU-treated Drm¢I%P'+ and Dnmt 1M’ mice (n = 24 andn = 18). The
incidence of MNU-treated DnmtI°M®® mice with gastric tumors was significantly lower than that of MNU-treated DnmzI<hiP+ mice. *P < 0.05, by Fisher’s
exact test. (C) Number of gastric tumors per mouse in MNU-treated Dnmt1°"P’* and DnmtI"P'+ mice. MNU-treated DnmtI<"®¢ mice developed significantly
fewer gastric tumors than MNU-treated DnmtI""®'+ mice. Columns, mean; bars, SD. **P = 0.0001, by Mann-Whitney U-test. (D) Sizes of gastric tumors in
MNU-treated DnmtI°M'P'+ and Dnmt]1<""P’® mice. The tumor size of gastric tumors in the MNU-treated Dnmt 1" mice was significantly smaller than that of the
MNU-treated Dnmt] <"**+mice. Columns, mean; bars, SD. ***P < 0.0001, by Mann-Whitney U-test.
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Fig. 3. DNA hypomethylation suppresses the development of gastric tumors in Apc™™* mice model. (A) Incidence of gastric tumors in DnmtI"P/+; ApcMiv/+
mice and Dnmt1°"?'; ApcMiv/+ mice (n = 17 and n = 10). The incidence was significantly smaller in Dnmt1<%iP’e; Apc™Mi™V+ mice than in Dnmt]hiP/+; ApcMin/+
mice. *P < 0.05, by Fisher’s exact test. (B) Number of gastric tumors per mouse in DnmtI*"P+; ApcM™+ mice and DnmtI<V®*; ApcMi™+ mice. Dnmtl°he'e;

ApcMiv+ mice developed significantly fewer gastric tumors than DnmtI<MP'+; ApcMiv/+ mice. Columns, mean; bars, SD. **P < 0.05, by Mann-Whitney U-test.
(C) Histopathology of the gastric tumors in Apc™Mi™+ mice. (a) Adenoma in DnmtI<ViP’e; ApcMiv+ mice; bar, 200 pm. (b) Higher magnification in (a); bar, 100 pm.
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Fig. 4. DNA hypomethylation suppresses the progression of gastric carcinogenesis. (A) Histopathologic features of gastric tumors in MNU-treated Dnm¢]<hiP/'+
and Dnmt1<"P’® mice at 52 weeks of age. (a) Adenoma in MNU-treated mice. (b) Intramucosal adenocarcinoma. (c) Invasive adenocarcinoma. (d—f) Higher
magnification in (a-c). mm, muscularis mucosae; bars, 200 pm in (a—) and 100 pm in (d-f). (B) Histologic grade of the most advanced tumor in tumor-bearing
MNU-treated Dnmt <P+ and DnmtI°¥’e mice (n = 24 and n = 14). The development of malignant gastric cancer was significantly decreased in Dnmt]<ip'e
mice as compared with DnmtI°"P"+ mice. Columns, mean; bars, SD. *P = 0.0005, by Spearman’s rank correlation test.

Spearman’s rank correlation test was used to determine the relationship be-
tween Dnmt] genotype and tumor malignancy.

Results

Dnmtl hypomorphic alleles induce global DNA hypomethylation in
gastric mucosa

To determine whether the mutant Dnmt1 alleles definitely affect DNA
methylation in the gastric mucosa, the DNA methylation levels in the
gastric mucosae were examined. The methylation-sensitive Southern
blot analysis revealed that the gastric mucosa of the Dnmtlchir/e
mouse was significantly hypomethylated at pericentromeric regions
in comparison with that of the DnmtI°"P'+ mouse (Figure 1C), con-
sistent with both our previous findings and the present observations in
the colonic mucosa (18). Additionally, bisulfite analysis showed the
reduced CpG methylation of the Line-1 regulatory region in the
DnmtIhiPle mouse gastric mucosa, whereas this region was highly
methylated in that of the Dnmt1°"P’+ mouse (Figure 1C). When com-
pared the methylation frequency at each CpG in the Line-1 regulatory
region, the values in the DnmtI°M¥"c mouse were lower than those in
the DnmtI<hiP+ mouse at almost all CpGs except for the second CpG.
These findings indicate that Dnmt! hypomorphic alleles lead to the
global DNA hypomethylation in the mouse gastric mucosa.
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DNA hypomethylation suppresses gastric tumorigenesis in MNU-
treated mice

We administered MNU, an alkylating agent that induces the formation
of adenomas and adenocarcinomas in murine glandular stomach tis-
sue, to DnmtI<hip/c and DnmtI°hiP/+ mice, which express different
levels of DNA methyltransferase Dnmtl. The MNU-treated
Dnmt]hiv/e and Dnmt1<hiP/+ mice (n = 24 and 18, respectively) were
examined for gastric lesions at 52 weeks of age. Macroscopically,
most tumors developed in the pyloric antrum and showed a sessile
and/or polypoid morphology in both DnmtI<hiP and Dnmt]<hie/+
mice (Figure 2A). Both the incidence and the multiplicity of macro-
scopic gastric tumors in the MNU-treated DnmtIhiP’ mice were
significantly decreased as compared with those in the MNU-treated
DnmtI<hip/+ mice (Figure 2B and C). The incidence of gastric tumors
was 77.8% (14/18) in DnmtIchir/e mice, whereas it was 100% (24/24)
in DnmtI°MiP/+ mice (P < 0.05). The average numbers of the gastric
tumors in DnmtIMP’c and DnmtI°"P/+ mice were 1.7 + 1.47 and
3.8 + 1.33 (+SD) per mouse, respectively (P = 0.0001). Further-
more, the tumor size in the MNU-treated DnmtI<"P* mice was sig-
nificantly smaller than that of the MNU-treated Dnmtl °P/+mice
(P < 0.0001, Figure 2D). Large tumors, namely >5 mm in the lon-
gest diameter, were only observed in MNU-treated DnmtI <"+ mice
(data not shown). These results clearly indicate that a genetic
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Fig. 5. DNA hypomethylation suppresses abnormal cell proliferation in the
non-cancerous gastric mucosa induced by MNU treatment. (A) Ki-67
immunostaining of the non-cancerous gastric mucosa in MNU-treated
DnmtI°MP'+ (a) and Dnmt1°"P (b) mice at 52 weeks of age. (B) Percentage
of Ki-67-positive cells in non-cancerous gastric mucosa of non-treated and
MNU-treated DnmtI°"®+ and Dnmt1°"P® mice (n = 10 for each group).
The Ki-67-positive cell ratio in MNU-treated DnmtI"P/¢ mice was
equivalent to that in non-treated DnmtI"P’c mice, whereas MNU-treatment
significantly elevated the Ki-67-positive cell ratio in DnmtI<M?'+ mice.
Columns, mean; bars, SD. *P < 0.0005 and **P < 0.0005, by
Mann-Whitney U-test.

reduction of DNA methylation levels suppresses the initiation and
promotion stage of MNU-induced gastric carcinogenesis.

DNA hypomethylation suppresses the development of gastric tumors
in ApcMiv+ mice

We also investigated the effect of reduced DNA methylation levels on
gastric carcinogenesis using a different mouse model. We have pre-
viously reported that ApcMi™+ mice spontaneously develop gastric
tumors with aging (21). ApcMi¥+ mice were crossed with Dnmt]
hypomorphic mice to generate ApcM™+ mice that express different
levels of Dnmtl. Consistent with the results in the MNU-induced
gastric tumor model, both the incidence and the number of the gastric
tumors were significantly smaller in DnmtIhip/e; ApcMin/+ mice than

DNA hypomethylation suppresses gastric carcinogenesis

in DnmtIhip/+; ApcMiv+ mice (Figure 3A and B, P < 0.05 for the
incidence and P < 0.005 for the number). As previously reported, the
gastric tumors were histopathologically classified as adenomas in
the ApcMi+ mice (Figure 3C) (21). These results provide additional
evidence that a genetic reduction of DNA methylation levels
suppresses gastric tumorigenesis. Although we assessed the cell pro-
liferative activities in non-cancerous gastric mucosa of Dnmt]chip/+;
ApcMiv+ and Dnmtl<hi/e; ApcMiv+ mice, genetic reduction of the
DNA methylation level did not affect the cell proliferative activities
in the gastric mucosa of ApcMi+ mice. The Ki-67-positive cell ratios
in Dnmt] NP+, ApcMiv+ and Dnmtehip'e; ApcMin/+ mice (n = 10 for
each animals) were 22.3 +5.8 and 19.4 + 5.4 (average + SD),
respectively.

DNA hypomethylation suppresses the progression stage of gastric
carcinogenesis

MNU-induced gastric lesions were evaluated for their histopathologic
features and classified as hyperplasia, adenoma, intramucosal adeno-
carcinoma or invasive adenocarcinoma (Figure 4A). Histopathlogical
analyses clearly demonstrated significant decreases in the develop-
ment of intramucosal and invasive adenocarcinomas in MNU-treated
Dnmt]"P’c mice as compared with DnmtIhiP/+ mice (Figure 4B),
thus indicating that the reduced DNA methylation levels suppressed
the progression into advanced gastric tumors. It is noteworthy that the
MNU-treated DnmtI<"P’+ mice often developed invasive adeno-
carcinomas, whereas the MNU-treated DnmtI<"P* mice did not
(Figure 4B). These findings suggest that DNA methylation may play
arole in the progression stage of gastric tumorigenesis.

DNA hypomethylation reduces the persistent increase in the cell
proliferative activity in the non-cancerous gastric mucosa exposed
to MNU

In order to clarify the inhibitory mechanisms of reduced DNA methyl-
ation levels on gastric tumorigenesis, we assessed cell proliferative
activity in the non-cancerous gastric mucosa of MNU-treated and
non-treated DnmtI"Pc and DnmtI<MP/+ mice by immunostaining for
Ki-67, a marker for proliferating cells (Figure 5A). The Ki-67-positive
index of gastric epithelium was significantly higher in MNU-treated
DnmtI"P'+ mice than in non-treated DnmtI"P/+ mice (P < 0.005),
thus suggesting that MNU induces abnormal cell proliferation even in
non-cancerous gastric epithelium to provide favorable conditions for
tumor development (Figure 5B). In contrast, the Ki-67-positive cell
ratio in MNU-treated DnmtIhiP’® mice was equivalent to that in non-
treated Dnmt1°MP'c mice and it was significantly lower than that in the
MNU-treated DnmtI<hiP’+ mice (P < 0.005), thus indicating that re-
duced levels of genomic methylation suppress the abnormal cell pro-
liferation induced by MNU (Figure 5B). We also performed cleaved
caspase-3 in order to examine the effect of DNA hypomethylation on
the induction of apoptosis. However, no significant differences were
observed in the induction of apoptosis between DnmtI"P* mice and
Dnmt]<MP'+ mice (data not shown).

The aberrant site-specific methylations are not found in
MNU-induced mouse gastric tumors unlike in the case of human
gastric cancers

We cannot rule out the possibility that the genetic reduction of DNA
methylation suppress gastric tumorigenesis by blocking the aberrant
site-specific methylation of specific genes that play a crucial role in
gastric tumorigenesis, but there is no available information on hyper-
methylated or hypomethylated genes in MNU-induced mouse gastric
tumors. In order to examine the involvement of aberrant site-specific
methylations in the development of MNU-induced mouse gastric tu-
mors, the methylation status of the promoter regions of Cdkn2a,
Cdhl, Sfrpl, Sfrp2 and Magea2 were analyzed. Though it has been
reported that the CpG islands in the promoter regions of Cdkn2a,
Cdhl, Sfrpl and Sfrp2 are highly methylated and those of Magea2
are frequently demethylated in human gastric tumors (7-12), altered
methylation patterns were not found in MNU-induced mouse gastric
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tumors (Figure 6), indicating that the pattern of the site-specific ab-
errant methylations in mouse gastric tumors is distinctly different
from that in human gastric cancers.

Discussion

Previous studies have revealed that a genetic reduction of the DNA
methylation levels results in opposing effects on tumor development,
depending on the tumor cell type and the stage of tumorigenesis.
Consistent with earlier reports concerning tumorigenesis in the in-
testine (17,18) and the upper digestive tract (19), we herein demon-
strated that the genetic reduction of DNA methylation levels
suppresses gastric tumorigenesis in two different models of gastric
cancer: the MNU-induced model and the ApcMi¥+ mouse model.
Although further long-term observations would be required to deter-
mine whether DNA hypomethylation completely suppresses the pro-
gression to the invasive tumors or not, it is noteworthy that DNA
hypomethylation inhibited the development of invasive adenocarci-
noma, suggesting that DNA hypomethylation suppresses the malig-
nant transformation of gastric tumors. This notion is also consistent
with previous findings that genetic reduction blocked the development
of invasive squamous cell carcinoma in the tongue and esophagus
(19). These findings may shed some light on the involvement of
epigenetic modification in the acquisition of invasive properties of
tumor cells.

The presence of cancer-predisposed mucosa was initially described
in the setting of oral carcinogenesis, and the concept of ‘field cancer-
ization’ (28) has been widely accepted in regard to various organs,
including the stomach (29,30). Recent studies suggest the involve-
ment of epigenetic alterations in field cancerization in the human
stomach (29-31). In the present study, the administration of MNU
induced abnormal cell proliferation in non-cancerous gastric mucosa,
which supported the concept of field cancerization. It is important that
global DNA hypomethylation significantly suppressed the induction
of abnormal proliferation in the MNU-exposed non-cancerous gastric
mucosa. Because increased cell proliferation is obviously associated
with the risk of cancer development, DNA hypomethylation sup-
presses the development of gastric tumors by preventing the gastric
mucosa from being transformed into a favorable environment for
tumor development.

In human gastric cancer, several tumor suppressor genes are inac-
tivated more frequently by epigenetic silencing associated with site-
specific DNA hypermethylation than by mutations (7). In addition,
higher methylation levels at seven CpG islands in human gastric
mucosa have also been reported to significantly correlate with a higher
risk of gastric cancer development (29). Therefore, one may hypoth-
esize that the genetic reduction of DNA methylation blocks the
epigenetic silencing of the candidate genes that play a crucial role
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in MNU-induced gastric tumorigenesis. However, it remains contro-
versial whether DNA hypermethylation plays a major role in gene
silencing in rodent tumorigenesis. Although previous studies have
indicated the presence of genomic hypermethylation in the tumor
suppressor genes observed in rodent gastric tumors (32,33), another
study revealed no involvement of DNA hypermethylation in the spe-
cific genes that are frequently hypermethylated in human gastric can-
cers (34). In the present study, we also examined the methylation
status of the promoter regions of the genes that are frequently hyper-
methylated or hypormethylated in human gastric tumor (8-12,30) but
found no altered DNA methylation patterns. Other epigenetic mech-
anisms, which are independent of the activation of the silenced genes,
might therefore be associated with the suppression of gastric tumor-
igenesis by the genetic reduction of DNA methylation levels. Further
analyses are therefore required to identify the target genes and/or sites
of genomic hypomethylation responsible for the tumor suppression
in this model.

Our data suggest that a pharmacological modification of the epige-
netic status may be a potent strategy for the prevention and treatment
of gastric cancers, and this idea is supported by the findings that
Helicobacter pylori-infected human gastric mucosa harbors genomic
hypermethylation (29,31) and several tumor suppressor genes are in-
activated by promoter hypermethylation in human gastric cancer
(7,9-12). However, possible side effects must be carefully taken into
consideration for clinical application of DNA hypomethylating agents
because the reduction of genomic methylation levels promotes the
development of other type of tumors as previously reported (5,6,18).

In summary, we herein demonstrated that a reduction of the DNA
methylation levels consistently suppresses gastric tumorigenesis, thus
suggesting that DNA methylation is closely associated with gastric
tumorigenesis.
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Supplementary Table 1 can be found at http://carcin.oxfordjournals
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Fibroblasts associated with cancer cells keep enhanced
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Abstract. It is now clear that the association between cancer
cells and recruited fibroblasts (cancer-associated fibroblasts;
CAFs) leads to alteration of the biological properties of both
types of cells and creates a specific microenvironment. Here
we report a novel biological property of CAFs and its cellular
mechanism using in vivo and in vitro model. Cultured CAFs
derived from human lung cancer tissue displayed significantly
higher migration activity in response to PDGF-BB than that
of fibroblasts from corresponding non-cancerous tissue
(NCAFs). Moreover, KM 1046FF (GFP-labeled human fibro-
blast cell line) co-cultured with human cancer cell line Capan-1
showed significantly higher migration activity than KM 1046
alone. No such phenomenon occurred when KM 1046 and
Capan-1 were cultured separately. Even after KM 104" were
sorted from co-cultured Capan-1, KM104SFF retained their
enhanced migration activity until passage-5 of culture in the
absence of cancer cells. Despite a similar level of phosphory-
lation of ERK1/2 after exposure to PDGF-BB, the inhibitory
effect of MEK inhibitor was significantly higher on migration
of KM104 that had been sorted from co-cultured Capan-1
than of KM104° alone. This higher dependence on ERK1/2
signaling for cell migration was also seen in CAFs obtained
from cancer tissue. The results of this study indicate that by
association with cancer cells, CAFs can acquire enhanced
migration activity which could be kept after separation from
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cancer cells and suggest the possibility that higher dependence
on ERK1/2 signaling for enhanced migration activity would
be one of the biological properties of CAFs.

Introduction

During the process of cancer cell invasion, the cancer cells
associate with several types of stromal cells that together
create the specific microenvironment of the cancer tissue. It
is becoming clear that the microenvironment plays an
important role in allowing the tumor to express its full neo-
plastic phenotype (1,2). Fibroblasts, which are the major
component of the newly created stroma, are recruited from
neighboring tissues and remote organs (3-7). This recruit-
ment step is called the ‘desmoplastic reaction’ and is a kinetic
sequence of events in the invasion process. Within the cancer
tissue, the fibroblasts directly communicate with the cancer
cells and other types of stromal cells and acquire a specific
biological phenotype (8,9). The type of fibroblast in cancer
tissue that has acquired a specific biological phenotype is
called cancer-associated fibroblast (CAF), and such fibroblasts
have been postulated to perform supportive roles that promote
tumor progression and metastasis by secreting growth factors
(10,11), chemokines (12,13), and matrix metalloproteinases
(MMPs) (14,15). Although an increasing number of trans-
lational studies have emphasized the prognostic significance
of the altered phenotype of CAFs (16-18), the cellular mecha-
nisms of these alterations remain unclear.

It is noteworthy that expression of specific molecules on
CAFs is maintained under in vitro conditions, which means
that alterations of gene expression in CAFs are capable of
being stably maintained even in the absence of continued
exposure to cancer cells. Actually, in a comparison with
cultured non-cancerous fibroblasts Nakagawa et al found
that approximately 170 of 22,000 genes were up-regulated
in cultured CAFs (fold change >2, P<0.05), and that the
upregulated genes included many genes that encode cell
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adhesion molecules and growth factors (19). However, the
mechanisms by which specific gene expression is induced in
CAF are controversial. In some studies, the frequency of LOH
in CAFs has been reported to be similar to the frequency
observed in the epithelial components (20-22). Qiu et al, on the
other hand, reported that LOH and copy number alterations
were extremely rare in CAFs from breast and ovarian cancers
(23). Very little is known as to how genetic or epigenetic status
can modify gene expression and cellular signaling(s) in CAFs.

The desmoplastic reaction during cancer progression
centers on various functions of fibroblasts (24). One of the
representative phenotypes involved in this reaction is migration
activity, which is thought to be related to cancer progression
(25). In this study we used in vivo and in vitro models to
investigate the biological characteristics of CAFs, with a
special focus on their migration activity and the cellular
mechanism.

Materials and methods

Human fibroblast culture. Cancer-associated fibroblasts
(CAFs) and non-cancerous tissue-associated fibroblasts
(NCAFs) were obtained from the surgically resected lungs of
lung cancer patients as previously reported (26). Briefly,
approximately 5-mm? carcinoma tissue and non-cancerous
lung tissue specimens were cut into about ten pieces and each
was placed in a-MEM (Gibco, Grand Island, NY) culture
medium with 10% heat-inactivated FBS and antibiotics
(penicillin and streptomycin) (Sigma, St. Louis, MO). The
medium was changed every other day until the tissue was
surrounded by adherent fibroblasts. The tissue was then
removed and cultured for two more days. When the cells
reached 80% confluence they were harvested with 0.25%
trypsin and 1 mmol/l EDTA and then replated at a density
of 1x10* cells/cm?. The fibroblasts were separated from
contaminating epithelial and macrophages by differential
trypsinization and used between passages 3 and 7. All speci-
mens were collected after the subjects had given their written
informed consent and it was approved by the Institutional
Review Board of the National Cancer Center.

Animals. Six-week-old female severe combined immuno-
deficient (SCID) mice (C.B-17 background) were purchased
from CLEA Japan, Inc. (Tokyo, Japan) and maintained at the
National Cancer Center Research Institute East (Chiba,
Japan). All animals were maintained under specific-pathogen-
free, temperature-controlled environmental conditions
throughout this study, in accordance with the Institutional
Guidelines. Written approval for all animal experiments
(K03-011) was obtained from the local Animal Experiments
Committee of the National Cancer Center Research Institute.

Cell lines and cell cultures. KM104 cells, SV-40 transformed
human fibroblast cell line derived from bone marrow, were
originally established from male patient as described previously
(27). This cell line was cultured in RPMI-1640 medium
(Sigma) with 10% heat-inactivated fetal bovine serum (FBS)
and antibiotics (penicillin and streptomycin). Human pancreatic
cancer cell line Capan-1 was purchased from the American
Type Culture Collection (Rockville, MD). The Capan-1 cells
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were maintained in DMEM (Sigma) medium with 20% heat-
inactivated FBS and antibiotics. All cells were maintained in
a 5% CO, incubator at 37°C.

Green fluorescent protein (GFP) labeling and cell sorting.
KM104 were transfected with pEGFP-C1 vector encoding
EGFP (Clonetech, Palo Alto, CA) by using Lipofectamine
2000 transfection reagent (Invitrogen, Carlsbad, CA). GFP-
positive KM104 (KM104CFF) cells were sorted by using a
FACSCalibur sorting system (Becton-Dickinson, San Jose,
CA). After confirming that over 90% of cell line was GFP
positive, they were used in the following experiment.

Intraperitoneal xenotransplantation of Capan-1 and KM104°FF,
Capan-1 cells (5x10° cells per animal) were injected into the
peritoneal cavity of SCID mice as described previously, and
1 h later, 5x10° KM104S* were injected into each peritoneal
cavity at a different injection site (28). The animals were
sacrificed on day 21, and parapancreatic tumors were
removed, minced, and cultured in 10% FBS RPMI-1640.
Under subconfluent conditions, the adherent cells were
harvested, and the GFP-positive cells were sorted with the
FACSCalibur sorting system.

Co-culture system. KM1046 (1x10°) and Capan-1 (2x10°) were
co-cultured in RPMI-1640 medium with 10% FBS. After 48 h,
cells were collected, and GFP-positive cells were sorted with
the cell sorter, and the cultured. KM104S? used in
experiments were passaged by harvesting and distribution
into five new plates. To obtain cell-conditioned medium,
Capan-1 were cultured until semiconfluent conditions. The
plate was then washed with sterile PBS, and the medium was
changed to RPMI-1640+10% FBS. After incubation for 24 h,
the Capan-1 culture supernatant was collected and added to
the pre-seed KM 104, and their chemotactic activity was
assayed 48 h later.

Migration assays. In the preliminary study, we tested the
ability of 10 synthetic chemoattractants and growth factors
(b-FGF, CCL-21, EGF, IGF-1, IL-8, PDGF-AA, PDGF-BB,
SDF-1, TGF-8, VEGF-A), and found that PDGF-BB was the
most powerful chemoattractant at the same protein concen-
trations (data not shown). PDGF-BB was therefore used as
the chemoattractant in the subsequent experiments. The
migration assay was performed by using 24-well culture
chambers (Becton-Dickinson Labware, Bedford, MA) and a
polycarbonate filter with an 8 ym pore size (Becton-
Dickinson Labware) as previously described (28). Briefly,
the lower chamber contained 0.6 ml of RPMI-1640 +
recombinant PDGF-BB (final concentration; 0-100 ng/ml), or
0.6 ml of RPMI-1640 as a control. In the upper compartment,
2x10* cells/well were placed in triplicate wells and incubated
for 6 h at 37°C in a humidified incubator under a 5% CO,
atmosphere. At the end of the incubation period, the cells that
had passed through the filter into the lower wells were stained
with hematoxylin, and the cells in nine predetermined fields
were counted under a microscope.

Western blotting. Western blot analysis was performed as
follows. Cells were lysed in whole-cell extraction buffer
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Figure 1. Cancer-associated fibroblasts (CAFs) isolated from human cancer tissue displayed enhanced migration activity in response to PDGF-BB. Fibroblasts
isolated from human lung cancer tissue (cancer-associated fibroblasts; CAFs) and fibroblasts from corresponding non-cancerous lung tissues (non-cancerous-
tissue-associated fibroblasts; NCAFs) were isolated and cultured, and their migration activity was compared. Except for case 4, migration activity of the CAFs
in response to PDGF-BB was significantly higher than that of the NCAFs. ("P<0.05, “"P<0.01).
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Figure 2. KM 1045 recruited into cancer stroma in vivo display enhanced migration activity in response to PDGF-BB. (A) GFP-positive cells (KM 10457) are
scattered within this abdominal tumor. (B) GFP (+) cells were sorted from the minced abdominal tumor and cultured in vitro (rec-KM104%"), Their migration

activity in response to PDGF-BB was then compared with that of the parent cells (KM104%™), Rec-KM 104%™ exhibited a 2.4-fold higher migration activity
than parent KM 1046 (n=3, "P=0.03).

(20 mM Hepes-NaOH, 0.5% NP-40, 15% glycerol) containing ~ temperature and then incubated for 1 h at 4°C with anti-
a Complete protease inhibitor cocktail tablet (Roche phospho-ERK1/2 antibody (mouse monoclonal IgG, E10,
Diagnostics, Mannheim, Germany). Proteins were separated  phospho-p44/42 MAPK antibody-Thr 202/Tyr 204) and
on 12% SDS-polyacrylamide gels and then transferred to an  total ERK1/2 antibody (rabbit polyclonal, p44/42 MAPK
Immobilon-P PVDF (polyvinylidene fluoride) membrane  antibody) according to the manufacturer's instructions (Cell
(Millipore, Billerica, MA). The blots were saturated with  Signaling Technology, Beverly, MA, USA). After washing in
blocking buffer (5% skim milk in TBS-T) for 1 h at room TBS-T, the membranes were incubated for 1 h at room
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Figure 3. KM104S™ co-cultured with a cancer cell line display enhanced migration activity in response to PDGF-BB. KM104S were co-cultured with
Capan-1 cells for two days [KM10457-co(+)], and their migration activity in response to PDGF-BB was assayed. KM104%™-co(+) displayed 2.2-fold higher
migration activity than KM 104 cultured in the absence of Capan-1 (n=9, *P=0.04)

temperature with HRP-Rabbit anti-mouse IgG or HRP-goat
anti-rabbit IgG (Zymed, San Francisco, CA). Antibody binding
was detected with an Amersham enhanced chemilumines-
cence system.

Methylated DNA immunoprecipitation-chip (MeDIP-chip)
assay. A 5 pg sample of genomic DNA was sonicated to
fragment lengths between 200 and 800 bp. After heat
denaturation, the DNA was incubated with 5 ug of antibody
against 5-methyl cytidine (Diagnode, Lieége, Belgium) at 4°C
overnight. Immuno-complexes were collected with Dynabeads
Protein A (Invitrogen Dynal AS, Oslo, Norway), treated with
Proteinase K, and purified by phenol and chloroform extraction
and isopropanol precipitation. The chip assay was carried out
with a human CGI oligonucleotide microarray (Agilent
Technologies, Santa Clara, CA). Immunoprecipitated DNA
from 4.5 ug of sonicated DNA and 1 ug of input DNA were
labeled with Cy-5 and Cy-3, respectively, using an Agilent
labeling kit (Agilent Technologies), and then hybridized with
the microarray. The microarray was scanned with an Agilent
G2565BA microarray scanner (Agilent Technologies). The
methylation statuses of 8,528 promoter CGIs were evaluated
by using Me values, which have been shown to have a higher
correlation coefficient with the fraction of methylated DNA
molecules (29,30), the methylation status of 8,528 promoter
CGIs was evaluated.

MEK inhibitor treatment. Cells were pretreated with the
MEK1/2 inhibitor compound UO126 (Promega, San Diego,
CA) or with DMSO vehicle alone before harvesting. UO126
was used at a concentration of 25 yM, which was shown to
maximally inhibit MEK in fibroblasts. In the upper compart-
ment, 2x10* cells/well were placed in medium containing
25 uM of U0126 and incubated for 6 h.

Statistical analyses. Three or four independent experiments
were performed for each protocol. Results were expressed as
the mean + standard error of the mean (SEM). Statistical
calculations were performed by using Prism 3.03 software.
Differences in measured variables between experimental
groups and control groups were assessed by using an unpaired
t-test. P<0.05 was considered statistically significant.

Results

Cancer-associated fibroblasts (CAFs) isolated from human
cancer tissue displayed enhanced migration activity in
response to PDGF-BB. Fibroblasts isolated from human lung
cancer tissue (cancer-associated fibroblasts; CAFs) and fibro-
blasts from corresponding non-cancerous lung tissues (non-
cancerous tissue-associated fibroblasts; NCAFs) were isolated
and cultured, and their migration activity was compared.
Except for Case 4, migration activity of the CAFs in response
to PDGF-BB was significantly higher than that of the NCAFs
(Fig. 1).

Fibroblast cell line KM104°FF recruited into cancer stroma
displays enhanced migration activity in response to PDGF-BB.
Capan-1 and KM 104 were injected intraperitoneally at a
different site. Immunofluorescence examination of the para-
pancreatic tumor revealed the presence of KM104S within
the cancer tissue (Fig. 2A). GFP (+) cells were sorted from the
minced parapancreatic tumor and cultured, and the chemo-
attractant response of the KM104¢F* to PDGF-BB was
compared with that of the parent cells. KM104C recruited
into the tumor exhibited a 2.4-fold higher migration activity
than parent KM104¢7 (n=3, Fig. 2B, P=0.03).

KM104SFP co-cultured with the cancer cell line displayed
enhanced migration activity in response to PDGF-BB. We
co-cultured KM 104 and Capan-1 for two days and assayed
the migration activity of KM 104 in response to PDGF-BB.
No Capan-1 cells were able to migrate through the cell
culture insert (8.0 ym pore size) under these conditions.
KM1046FP co-cultured with Capan-1 [KM104SP-co(+)]
displayed 2.2-fold higher migration activity than KM104S®
cultured in the absence of Capan-1 (n=9, P=0.04, Fig. 3).

Cell-cell contact is necessary for enhanced migration activity.
To explore whether cell-cell contact is necessary for KM 104
to exhibit enhanced migration activity, we cultured KM 104
with KM104 cell conditioned medium (control) or Capan-1
cell conditioned medium for 2 days, and assayed their
migration activity, but no significant difference in migration
activity was found between the two groups (Fig. 4A). Next,
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Figure 4. Cell-cell contact is necessary for enhanced migration activity. (A) KM104°F cells were cultured with conditioned medium from KM104 cell
cultures (control) or Capan-1 cell cultures for 2 days, and their migration activity was assayed. (B) KM104°" were co-cultured in the 2-chamber system
(upper chamber; KM 104, Capan-1, or Capan-1 +KM104, lower chamber; KM104Y™) for 2 days, and the migration activity of the KM104°™ cultured in the

lower chamber was assayed.

KM104° were co-cultured in the 2-chamber system (upper
chamber: KM104, Capan-1, or Capan-1+KM104; lower
chamber: KM104S) for 2 days, and the migration activity
of the KM104SFF cultured in lower chamber was assayed
(Fig. 4B). Migration number of KM 104°" exposed to Capan-1
cell supernatant (middle column) and KM 104SF? exposed to
Capan-1+4KM104 cells supernatant (right column) was almost
the same as that of control group (left column). These findings
suggested that direct KM104-Capan-1 contact is necessary
for KM 1045 to exhibit enhanced migration activity.

Enhanced migration activity of KM1045FP-co(+) is kept after
separation from cancer cells. GFP-positive KM104 were
sorted (3.0x10°) from cocultured Capan-1 and cultured (Fig.
5A). In a control experiment, KM104SF? alone were cultured,
and GFP-positive cells were sorted (sham-sorted) and
cultured. Cells from subconfluent cultures (1.0x10%) were
then assayed for migration activity in response to PDGF-BB.
The results showed that the sorted KM 104°F-co(+) displayed
2.3-fold higher activity than sham-sorted KM 1047 (P=0.02),
indicating that the sorted KM 104%-co(+) displayed enhanced
migration activity for almost 2 popu-lation doublings after
separation from the cancer cells.

Sorted KM104S-co(+) were then serially passaged by
harvesting and distribution into five new plates, and migration
activity was compared in each passage culture. Three indepen-
dent experiments were performed, and the results are shown
in Fig. 5B. The sorted KM104S*P-co(+) kept their enhanced
migration activity even after the passage-5 culture in every
experiment. In experiments 2 and 3, the enhanced migration
activity of the sorted KM104S*P-co(+) returned to the levels
of passaged sham-sorted KM104CFP cells in the passage-6
culture. These results indicate that the sorted KM 1046FP-
co(+) retained the enhanced migration activity for at least 13
population doublings after separation from the cancer cells
in vitro.

MeDIP-chip analysis of CAFs. Because of the prolonged
enhanced migration activity of CAFs, it was important to
analyze the epigenetic changes that accompany this pheno-
menon. We used a methylation screening approach called
MeDIP-chip to compare the DNA methylation profiles of the
CAFs and corresponding NCAFs from two cases. The results
of the MeDIP-chip analysis showed that 2.2% (188 promoter
CGls) (Case 1) and 1.1% (98 promoter CGIs) (Case 2) of the
CGls were hypermethylated in CAFs compared with NCAFs.
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experiments are shown.

0.5% (39 promoter CGIs) (Case 1) and 0.6% (50 promoter
CGIs) (Case 2) were hypomethylated in CAFs compared with
NCAFs (Table I). Ten promoter CGls (ALDHIL2, AP1G2,
CENPJ, KBTBD6, MAB21L1, MED4, RCBTB2, SH2B3,
TBCI1D4 and UBL3) were hypermethylated in the CAFs from
both cases (Table II), but no promoter CGIs were hypo-
methylated in the CAFs from either of the cases.

Role of extracellular signal-regulated kinase (ERK) 1/2 in
PDGF-BB-induced migration of sorted KM104FF-co(+) and
CAFs. Activation of extracellular signal-regulated kinase
(ERK) 1/2 has been reported to play crucial role in PDGF-
induced cell migration. We analyzed the effects of PDGF-BB

Table 1. Aberrantly methylated promoter CGIs in CAF to be
compared with NCAF.

Pair No. of genes
Hypermethylated genes
Case 1 188
Case 2 98
Hypomethylated genes
Case 1 39
Case 2 50
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Figure 6. Role of extracellular signal-regulated kinase (ERK) 1/2 in PDGF-BB-induced migration by sorted KM104°-co(+) cells and CAFs. (A) Western
blotting of phosphorylated ERK1/2, PDGF-BB increased the level of ERK1/2 phosphorylation in sham-sorted KM 104 cells, sorted KM 104™-co(+) cells,
NCAFs, and CAFs in a time-dependent manner, reaching a maximum at 300-600 sec, and the phosphorylation level decreased slightly thereafter. (B)
Inhibitory effect of treatment with UO126 (25 xM) on cell migration. Treatment of the sham-sorted KM104°FF and KM 104°™-co(+) with UO126 decreased
migration to 80.0+15.3% and 50.1+10.8% of untreated group, respectively (P=0.01). UO126 decreased the migration of NCAFs and CAFs to 86.7+8.9% and

28.1+1.6% of untreated group, respectively (P=0.001).

Table II. Genes hypermethylated in both CAFs.

Gene ID Gene name

160428 Aldehyde dehydrogenase 1 family, member L2 (ALDH1L2)
8906 Adaptor-related protein complex 1,y 2 subunit (AP1G2)
55835 Centromere protein J (CENPJ)

89890 Kelch repeat and BTB (POZ) domain containing 6 (KBTBD6)
4081 Mab-21-like 1 (C. elegans) (MAB21L1)

29079 Mediator complex subunit 4 (MED4)

1102 Regulator of chromosome condensation and BTB domain containing protein 2 (RCBTB2)
10019 SH2B adaptor protein 3 (SH2B3)

9882 TBC1 domain family, member 4 (TBC1D4)

5412 Ubiquitin-like 3 (UBL3)

Hypomethylated genes in both CAFs were not found.

on ERK1/2 activation of sorted KM104%FP-co(+). As shown
in Fig. 6A, PDGF-BB increased ERK1/2 phosphorylation in
both sham-sorted KM104Y? and sorted KM 104S-co(+) in a
time-dependent manner up to a maximum at 300-600 sec, and
the phosphorylation level decreased thereafter. The levels of
phosphorylated ERK1/2 in both sham-sorted KM104%*Pand
sorted KM 1046 -co(+) was similar, and this phenomenon was

also observed in CAFs and NCAFs isolated from lung cancer
tissue.

Treatment of the sham-sorted KM104SF? with UO126
(25 uM), a highly selective inhibitor of both MEK1 and
MEK2, decreased migration to only 80.0+15.3% of untreated
group, whereas it decreased migration of the sorted KM104CFP-
co(+) to 50.1+10.8% of untreated group (P=0.01) (Fig. 6B).
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Furthermore, although U0126 decreased the PDGF-BB-
induced migration of NCAFs to only 86.7+8.9% of untreated
group, it decreased the migration of CAFs to 28.1+1.6% of
untreated group (P=0.001).

Discussion

In the current study we demonstrated that fibroblasts that
have associated with cancer cells retain their enhanced migra-
tion activity for a while after separation from the cancer cells.
Furthermore, we first report the possibility that one of the
biological characteristics of CAFs would be higher depen-
dence on ERK1/2 signaling for their enhanced migration
activity even in the absence of cancer cells.

It is now clear that activation of ERK1/2 is important for
PDGF-induced cell migration (31-33). We examined the levels
of ERK1/2 phosphorylation of sorted-KM104¢-co(+) and
CAFs after PDGF-BB treatment, but there was no significant
difference from the level in the control cells. However, the
inhibitory effect of a selective inhibitor of both MEK1 and
MEK?2 on migration was significantly higher in sorted-
KM104SFP-co(+) and CAFs than in control cells. We also
investigated the involvement of other MAPK family, including
the JNK and P38, however, phosphorylation of these mole-
cules in sorted-KM104SFP-co(+)and CAFs were almost the
similar level as those of control cells with or without PDGF-
BB stimulation. Moreover, the inhibitory effect of their
specific inhibitor SP600125 or SB203580 on cell migration
in sorted-KM104¢P-co(+) and CAFs and in untreated cells
was almost equal (data not shown). This finding indicated
that the fibroblasts that had associated with cancer cells were
more dependent on the ERK1/2 pathway for cell migration.
Activated ERKs regulate membrane protrusions and focal
adhesion dynamics via myosin light chain kinase (MLCK),
calpain, paxillin, and focal adhesion kinase (FAK) activation
(32), however, the MeDIP-chip analysis did not reveal any
promoter CGIs involved in these molecules. After association
with cancer cells, pairs of factors that have a synthetic relation-
ship in CAFs may differ from those in naive fibroblasts, thus
increasing the dependence of cells on the downstream ERK1/2
pathway. Alternatively, the downstream ERK1/2 signaling
pathway may play a more essential and qualitatively different
role in a given pathway in CAFs than in naive fibroblasts,
making them much more dependent on the activity of a specific
signaling pathway. The direct association with cancer cells
may cause ‘signaling addiction’ to occur in fibroblasts, which
would be a similar condition explained by the concept of
‘oncogene addiction’ that some cancer cells are dependent on
or addicted to one or a few genes for both maintenance of their
malignant phenotype and cell survival (34,35).

DNA methylation is one of the molecular mechanisms
that have long-term effects on gene expression. Since the
enhanced migration activity of fibroblasts continues after
being separated from cancer cells, we speculated that the
association with cancer cells might change the methylation
status of certain DNA(s) involved in cell migration. MeDIP-
chip analysis identified that 10 promoter CGIs (ALDHIL2,
API1G2, CENPJ, KBTBD6, MAB21LI1, MED4, RCBTB2,
SH2B3, TBC1D4 and UBL3) that were hypermethylated, no
promoter CGIs were hypomethylated in both CAFs, and we
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were unable to identify any well-known methylated genes
that were directly involved in cell migration. The cause of the
persistent enhanced migration activity remains unknown, and
additional research on chromatin modifications, such as
histone deacetylation, will be necessary to understand the
mechanisms underlying this phenomenon in CAFs.

Jiang et al detected global hypomethylation of genomic
DNA by means of a methylation-sensitive SNP array analysis
(MSNP), a restriction enzyme-based analysis, in the stromal
myofibroblasts of gastric carcinomas (36). By contrast, when
we focused on promoter CGIs in the current study, the results
showed a higher number of hypermethylated genes than
hypomethylated genes in CAFs (hypermethylated: 188 CGIs
in Case 1 and 98 CGIs in Case 2; hypomethylated: 39 CGIs
in Case 1 and 50 CGlIs in Case 2). This difference might be
caused by CGIs to be focused on. Our data showed for the
first time that a few hundred genes were aberrantly hyper-
methylated in CAFs, suggesting that some regulators can be
epigenetically targeted by the cancer microenvironment
(37,38).

Cultured fibroblasts from idiopathic pulmonary fibrosis
(IPF) were found to migrate faster than those from control
fibroblasts, indicating that they also retained enhanced
migration activity in vitro (39). Since there are many parallels
between cancer and chronic active inflammation, as described
in the saying, ‘tumours are wounds that never heal’, enhanced
migration may be a common characteristic of fibroblasts
recruited into fibrotic lesions.

Our current results may imply that by using this special
property of CAFs, strategies that are directed to block the
recruitment and tumor-associated functions of CAFs could be
a possible method against tumors. Although the exact mecha-
nisms of this phenomenon are not fully understood, cellular
and molecular studies on the role of ‘educated fibroblasts’
should provide novel insights into the pathogenesis of a unique
microenvironment of cancers.
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Abstract

Background Helicobacter pylori (HP) infection potently
induces aberrant DNA methylation in gastric mucosae, and
its accumulation is associated with gastric cancer risk.
Cross-sectional analysis of methylation levels (fraction of
methylated DNA molecules) and temporal analysis of
methylation incidence suggested that methylation levels
decrease after HP infection discontinues. We aimed to
demonstrate the decrease in methylation levels.

Methods Thirty-five patients with HP infection who had
undergone curative endoscopic resection and 11 healthy
volunteers were recruited. Methylation levels were
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quantified by real-time methylation-specific PCR. Histo-
logy was evaluated according to the updated Sydney
System.

Results In the 20 patients with successful eradication, the
FLNc methylation level, along with infiltration of inflam-
matory cells, decreased from 0.6 to 0.4% at 6 weeks
(P =0.049) and remained low at 1 year. The THBD
methylation level (30.1%) remained high at 6 weeks, but
decreased to 19.0% at 1 year (P = 0.0032). Nine healthy
volunteers with successful eradication tended to show a
decrease of both FLNc and THBD at 6 weeks. However,
the methylation levels after the decrease were still higher
than those of healthy individuals without HP infection. In
the 15 patients with persistent infection, the methylation
levels remained the same. Before eradication, the THBD
methylation level correlated with the degree of inflamma-
tory cell infiltration (P < 0.05).

Conclusions Methylation levels in gastric mucosae
decreased to certain levels after HP eradication in profiles
unique to individual markers. Involvement of chronic
inflammation in methylation induction was suggested.

Keywords DNA methylation - Epigenetics -
Helicobacter pylori - Eradication -
Molecular epidemiology

Introduction

Gastric cancer is one of the most common cancers in
the world, especially in eastern Asia [1]. To reduce its
morbidity and mortality by early detection and early
treatment, identification of individuals with high risk is
important. Also, endoscopic resection (ER) is becoming a
standard treatment for early gastric cancer [2, 3], and this
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