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W samples (9/20, 45%) and 6 were cagA positive in EW
samples (6/48, 13%). We did not find any correlation
between ureA- ot cagA-positive detection and DNA meth-
ylation.
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Figure 1. Methylation in'gastric cancer. Methylation levels of 6 genes
(MINT25,; RORAa, GDNF, ADAM23, PRDMS5, and MLF1) was measured
by bisuffite pyrosequencing and nomalized by the z score method. (A} Re-
sults of individual genes in the test set. (B) Results of individual genes in the
validation set. EGC, early gastric cancer; AGC, advanced gastric cancer;
GD; gastric dysplasia; NGM, nonneoplastic gastric mucosa; T, tumor tis-
sue in patient with gastric cancer; ADJ, normal adjacent tissue to tumors;
W, stomach wash sample in patient with. gastric cancer; EN, stomach
mucosal tissue in endoscopically normal patient; EW, stomach wash sam-
ple in endoscopically. normal patient P < .05).
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Discussion

Gastric cancer is still a lethal disease around the
world. Early detection yields the opportunity for less-
invasive curative treatment and may improve prognosis.
Some detection tools are currently being used such as
fluoroscopy, endoscopy, and- tumor markers; however,
these tools lack sensitivity and may requite invasive tech-
niques.>* Alternatively, serum DNA methylation can be
used as a:marker; however, it provides only a narrow
range of sensitivity.3S. Using stool DNA is not useful for
gastric cancer detection because of DNA damage because
of stomach acidity and the length of the GI tract. Here,
we have identified sensitive markers of early gastric can-
cer; and we developed a new method of gastric cancer
detection with the use of methylation analysis of gastric
washes.

The use of stomach juice as a molecular diagnostic or
prediction tool has been previously shown: to be unfea-
sible because DNA is easily denatured by gastric acidity.
Therefore, it is important to obtain genomic DNA from
fresh cells not affected by stomach acidity. Our data show
that gastric washes can yield enough DNA from shed
epithelium to be used for the screening and detection of
gastric cancer and that methylation analysis in this com-
partment confers a high sensitivity and specificity.

We found a close correlation between methylation lev-
els in biopsy and wash samples. Our data suggest that
cancer cells from the mucosal layer are easily exfoliated
into gastric washes, possibly because of loosening cell-to-
cell junctions, whereas the exfoliation of normal mucosal
cells is limited. In addition, the success of the technique
may relate to the fact that, normally, DNA recovered
from gastric washes is relatively degraded. In patients
with cancer, a significant proportion of the DNA derives
from exfoliated cells, is of larger molecular weight, is less
degraded through the apoptotic process, and is easier to
amplify by PCR; therefore; its methylation reflects well
that of the tumors (Supplementary Figures 5 and 6).
Therefore, we can obtain a larger fraction of cancer cells
than normal cells:in the washes, even if the area of the
cancer site is smaller than that of the normal mucosa.
Indeed, our approach was successful, although the
washes were not specifically directed at diseased patts of
the stomach. These data raise the hope that gastric
washes without requiring an endoscope may also be stic-
cessful in cancer detection; an approach that should be
tested in future trials.

We identified 6 frequently methylated genes in gastric
neoplasia that can serve as biomarkers for the disease.
Methylation changes of these markers during gastric
carcinogenesis are gene and tumor stage dependent, Of
these genes, MINT2S and GDNF were stable biomarkers,
because they were highly methylated in gastric tumor
samples irrespective of tumor stage. The 6 genes were
already reported to be densely methylated in gastric can-
cer except for GDNF.*%37 For 5 genes (AMAD23, PRDMS,
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GDNF, RORA, MLFI), we showed correlations between
expression and methylation. For MINT2S, this was not
shown, because it corresponds to an alternate promoter
of the CABINI gene. Our data do not address whether
these genes are functionally involved in gastric neoplasia,
but this criterion is not necessary for cancer detection.

Of the genes we studied, MINT2S had the best sensi-
tivity (90%), specificity (96%), and area under the ROC
curve (0.961) in terms of tumor detection. A combination
of individual genes in methylation panels could increase
the performarice of these markers: MINT25 + ADAM23 +
GDNE (sensitivity, 95%; specificity, 92%; area under the
ROC curve, 0.965; positive predictive value, 0.83; negative
predictive value, 0.98). The panel of MINT25 + ADAM23 +
GDNEF had greater sensitivity than did MINT2S alone
(Table 3); thus, it may be better for screening. It will be
impotrtant to validate gene combinations in separate data
sets, however.

In this study, we found surprising differences in DNA
methylation between different stages of gastric cancer.

Y
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Lines  show: linear - regression
models.

Dysplasia and early cancer have clearly higher methyl-
ation than normal stomach. By contrast, advanced gas-
tric cancer shows significantly lower methylation than
dysplasia and early cancer for all genes except MINT2S.
This paradoxical situation is strikingly similar to what we
previously observed in ulcerative colitis-associated colon
nieoplasia.?® Rather than a decrease in methylation with
disease progression, we propose that the data are consis-
tent with separate pathways to carcinogenesis. One path-
way involves intense methylation and dysplasia/carci-
noma progression. We hypothesize that a distinct, more
aggressive pathway characterized by lower methylation
evolves rapidly to advanced cancer with little time (if any)
spent at the dysplasia stage.

Comparing normal adjacent tissue to tumors (AD])
from endoscopically normal patients (EN), 2 genes
(PRDMS and MLF1) showed significant differences.
PRDMS has previously been reported to be highly meth-
ylated in primary gastric cancer.® In our data, its meth-
ylation appears to be a very eatly event. It appears likely

Figure 3. Receiver operating
characteristic (ROC) curves for
methylation-based detection of
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Table 3. Performance of Gene Markers for the Detection of Gastric: Neoplasia

A. Test set (cancer versus normal)

Neoplasm Normai
Sensitivity Specificity
Marker Area (SE) Cutoff (z score) Positive Total Positive Total (%) (%) PPV NPV
MINT25 0.943(0.025) ~0.4541 75 88 1o i5 84.1 90.9 .99 .52
RORAa 0.887(0.026) =0.7135 114 131 8 22 83.2 86.4 .93 .45
GDNF 0.884:(0.027) =0.4911 104 127 2 22 81.9 320.9 .98 AT
ADAM23 0.812(0.036) ~0.7876 83 126 2 20 65.9 90.0 .98 .30
PRDM5 0.754 (0.042) 0.5094 68 106 1 19 64.2 94.7 .99 .32
MLF1 0.727(0.040) =0.4470 81 131 4 22 61.8 81.8 .95 .26
B. Validation set (gastric washes in cancer patients versus' controls)
W EW
Sensitivity - Specificity.

Variable Area (SE) Cutoff (z score) -~ Positive - Total - Positive . Total (%) (%) PPV NPV

MINT25 0.961.(0.025) 0.0571 18 20 2 48 90.0 95.8 90...96
RORAa 0.707 (0.076) =0.4213 11 19 7 48 60.0 85.4 61:..84
GDNF. 0.740(0.083) 0.0285 13 20 5 47 65.0 89.6 7286
ADAM23 0.864(0.047) -=0.4949 13 19 8 48 70.0 83.3 62....87
PRDM5 0.827 (0.054) 0.0939 13 20 3 48 65.0 93.7 8187
MLFL 0.678(0.089) 0.2411 12 20 7 48 60.0 85.4 63 .84
MINT25:+ PRDM5 + ADAM23:: 0.963 (0.020) —0.6015 18 20 4 48 90.0 91.7 82,96
MINT26 + ADAM23 + GDNF 0.965(0.020) =0.8141 19 20 4 48 95.0 91.7 .83..98

EW, gastric wash in cancer-free controls; NPV, negative predictive value; PPV, positive predictive value; SE indicates standard-error; W, gastric

wash in patients with cancer.

that these 2 genes are associated with field canceriza-
tion,?2 and it would be interesting to determine prospec-
tively whether this methylation can be found in “at risk”
populations before cancer development,

DNA methylation analysis can be a useful biomarker
of cancet, but it is important to consider detection meth-
ods. Pyrosequencing is a cost- and time-effective assay
that provides quantitative screening. This allows one to
set ‘cutoff’ points, which makes accurate comparisons
possible, and overcomes some of the problems associated
with very sensitive bisulfite DNA amplification methods.
Its applicability however is limited to situations in which
the tissue/DNA to be studied has a high fraction of
tumor cells.

In summary, we identified 6 methylation markers for
detection of early gastric neoplasia, 2 of which could be
useful as markers of the field cancerization. Moreover, we
have developed a new method for gastric cancer detection
by DNA methylation analysis in gastric. washes. This
technology should now be tested in prospective studies
for evaluation and detection of gastric cancer.

Supplementary Data

Note: To: access the supplementary: material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at doi:
10.1053/j.gastro0.2009.02.085.
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Global DNA hypomethylation suppresses squamous
carcinogenesis in the tongue and esophagus
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Genome-wide DNA hypomethylation and concomitant site-specific
gene hypermethylation are among' the most common: molecular
alterations in human neoplasia. Previous studies revealed that
genetic reduction of the DNA methylation level results in opposing
effects on tumor developnient, depending on the tumor cell type
and on the different stages of the tumorigenesis. For instance,
reduced levels of DNA methylation in mice strongly inhibited
tumor development of the intestine, whereas they induced thymic
lymphomas and liver tumors. In the present study, using DNA
methyltrasferase 1 (Dnmt1) hypomorphic alleles to reduce genomic
methylation, we examined the effects of DNA hypomethylation on
a murine squamous carcinogenesis in the tongue and esophagus
induced by 4-nitroquinoline 1-oxide. Genetic reduction of DNA
methylation level led to the suppression of tumor formation in both
tongue and esophagus. Histological analyses revealed that DNA
hypomethylation preferentially ‘inhibited the development of
squamous cell carcinomas. The results suggest that genomic
hypomethylation inhibits squamous carcinogenesis in the tongue
and esophagus, and that pharmacological modification of epigenetic
status might be useful for the prevention and treatment of cancers
in the upper digestive tract. (Cancer Sci 2009; 100: 1186-1191)

Altered DNA methylation in the form of global hypomethyla-
tion and regional hypermethylation is one of the most
consistent epigenetic changes in cancer.” Global DNA
hypomethylation, which is frequently observed at early stages
of tumorigenesis in human cancer, promotes tumor development
in mouse models and causes chromosomal instability in cultured
fibroblasts.? After the initial observation of DNA hypermethylation
within the retinoblastoma tumor suppressor gene, a number of
genes have been shown to be hypermethylated and frans-
criptionally silenced in tumors. Although the consequences
of global hypomethylation and gene-specific hypermethylation
have been mechanistically connected to chromosome instability
and transcriptional silencing, respectively,”> the causes of
aberrant genomic methylation patterns are currently unknown.
DNA methylation is catalyzed by a family of three DNA
methyltransferases: Dnmtl, Dnmt3a, and Dnmt3b.¢* Although
the three Dnmt partially cooperate to establish and maintain
genomic methylation patterns, they also have distinctive functions.
Dnmtl has a preference for hemimethylated DNA, and indeed a
hypomorphic allele of Dnmtl has been shown to cause global
DNA hypomethylation. Thus, Dnmtl is considered to be the
major maintenance methyltransferase. Using Dnmtl hypomorphic
alleles as a model for global DNA hypomethylation, previous
studies have revealed that global DNA hypomethylation inhibits
tumorigenesis in the intestine,” whereas it induces or promotes
T-cell lymphomas,? liver cancers, and fibrosarcomas.'” These
results indicate that the forced reduction of genomic methylation
levels leads to opposing effects on tumorigenesis depending on
the cell type. Considering the fact that DNA hypomethylating
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agents have been used for cancer therapy in a subset of cancer,”
it is important to clarify the effect of global DNA hypomethylation
on the risk for tumor development in various organs,

The potent carcinogenicity - of = 4-nitroquinoline  1-oxide
(4NQO):depends on the formation of DNA adducts, in addition
to the exertion of oxidative stress in target cells.!!12 ANQO has
been shown to produce squamous neoplasms preferentially in
the tongue and a small number of tuniors arise in the esophagus
in rodents exposed to 4NQO:.>' There is a histological
sequence of epithelial changes from dysplasia through invasive
squamous cell ¢carcinoma (SCC)'in this model."? In the present
study, we have investigated the effect of reduced DNA methylation
levels on the squamous cell carcinogenesis induced by 4NQO
and found that global DNA hypomethylation can suppress the
tumorigenesis in both the tongue and esophagus.

Materials and Methods

Mice.. All animal studies and breeding were carried out under
the Regulations for Animal Experiments in Gifu University.
Two mutant alleles of Dnmtl were used: the null Dnmtl¢ allele
in the C57BL/6 background® and the hypomorphic DnmtI"®
allele in the 129Sv4 background.® Drmel®* mice were crossed with
female Dnmelsechio mice (129Sv4) to generate all experimental
mice in an isogenic F, hybrid (C57 : 129) background. Previous
study indicated that Dnm¢I“™" mice have the same levels of
genomic methylation as DnmtI** mice, whereas DnmtI™®
mice have reduced DNA methylation contents at pricentromeric
satellite repeats.®) Therefore, we analyzed 28 DnmtI*"™* mice
as a control cohort, and 28 Dnmrl™®¢ mice as a DNA
hypomethylated cohort to quantify both the tongue and
esophagus lesions at 25 weeks of age. Tumors were quantified
along the surface of the tissue, and were further analyzed after
dissection,

4NQO exposure. A total of 56 mice were used for the studies
with 4NQO. We used both male and female mice in the present '
study. All mice were maintained under specific pathogen-free
conditions with isolated ventilation cages in an air-conditioned
room with a 127 12 L : D cycle. They were bred and maintained
on a basal diet, CE-2 (CLEA Japan, Tokyo, Japan) until
termination of the study. Genotypes were identified by PCR
analysis of tail DNA using allele-specific primers. The mice
were administrated with drinking water containing 4NQO at
concentrations of 0.1 mg/mL (23 DnpitI™* mice and 22
DnmtI# mice) or no 4NQO (five DrmeI#*®* mice and. six
Dnmel®® mice), starting at 5 weeks of age until the termination
of the experiment. To examine tongue and esophagus lesions,
25-week-old Dnnitl<*’ and age-matched DnmtI™"P* littermates
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were killed. As reported previously,” we observed a decreased
bodyweight in DnmtI""P* mice in comparison with Dnmtlhe*
littermates.® However, there was no detectable difference in
consumption of the drinking water containing 4NQO (data
not shown).

Preparation of tissue samples for tumor counting and histological
analysis. All mice underwent a thorough postmortem examination
at the time of death. The tongue and esophagus were removed
and the esophagus was opened along the longitudinal axis.
The number as well as the longest diameter of the tumors in
the tongue and esophagus were measured using a dissecting
microscope. Tumors >0.5 mm in diameter were mapped and
counted. To eliminate interobserver error, all counts were done
by a single observer blinded to the genotype of the mice. All of
the cases were also counted by a second observer to confirm the
results of the first observer. After tumor counting, the tongues
were cut at the longitudinal center and were processed for
the assessment of microscopic lesions. The incidences and
multiplicities of microscopic lesions in the tongue were
determined on histological sections at the longitudinal center of
the tongue. In contrast to the tongue tumors, all esophageal
tumors were processed for histological analysis. The esophagus
was cut at the longitudinal axis and processed for the assessment
of histological changes of squamous epithelium. The incidence
and multiplicities of microscopic esophageal lesions were
examined using histological sections of both macroscopically
identified tumors and macroscopically normal-looking mucosa.
All of the excised tissues, including the neoplastic nodules in
the esophagus, were fixed for 24 h in neutral-buffered 10%
formalin. The fixed samples were processed by standard methods,
embedded in paraffin, sectioned at 5 pum, and stained with HE.
The defining characteristics for dysplasia, papilloma, and SCC
were adapted from previous reports in the literature.¢1”

Immunostaining. The avidin-biotin-peroxidase complex (ABC)
technique was used for immunohistochemical studies. Sections
(5-um thick) were cut, deparaffinized, rehydrated in PBS,

placed in 10 mmol/L citrate buffer (pH 6.0), and heated in a
750-W microwave four times for 6 min. The endogenous
peroxidase activity was blocked by incubation for 10 min in
0.3% H,0,. After washing three times with PBS, the sections were
preincubated with normal blocking serum for 20 min at room
temperature and then incubated with Ki-67 (1:200; DAKO,
Glostrup, Denmark) and CK19 (1:500; Abcam, Cambridge,
MA, USA) overnight at 4°C. Subsequently, the sections were
incubated with biotinylated secondary antibodies (Vectastain
ABC Kkit; Vector Laboratories, Burlingame, CA, USA) for 30 min
followed by incubation with avidin-coupled peroxidase (Vector
Laboratories) for 30 min. The sections were developed with
3,3’-diaminobenzidine (DAB) using the DAKO Liquid DAB
Substrate-Chromogen System (DAKO) and then counterstained
with hematoxylin. No specific staining was observed in the
negative control slides prepared without primary antibody.

Results

Reduced DNA methylation levels suppressed the squamous
tumorigenesis induced by 4NQO in both the tongue and esophagus.
All mice with the exception of one DnmtIM mouse survived at the
end of the 20-week 4NQO drinking, and there were no differences
in the survival rate during 4NQO administrations between Dnmt]®®
mice and DnmtI“"P* mice (n = 22 and 23 respectively). There were
no detectable differences in pathological alterations in the liver,
kidney, lung, or heart between Dnmit1*"®* and DnmtI®™® mice with
or without 4NQO administration. The mice without 4NQO
exposure did not develop neoplasms in any organs examined,
including the tongue and esophagus at the time of death.

Cohorts of DnmtI"?* or DnmtI"P"® genotypes were aged
to 25 weeks and analyzed for macroscopic tumors in both
the tongue and esophagus. Macroscopically, nodular and polypoid
tongue tumors were observed in the dorsum and tip of the
tongue in mice with both genotypes that were exposed to 4NQO
(Fig. la—c). The incidences and multiplicities of macroscopic

Fig. 1.
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Representative macroscopic appearance of the tongue and histology of different stages of squamous lesions. (a—c) Macroscopic appearance of the

tongue. (a) 4-Nitroquinoline 1-oxide (4ANQO)-exposed DNA methyltrasferase 1 (Dnmt1)*#+, (b) ANQO-exposed Dnmt1<®<, and (c) the control Dnmt7<i»+
mouse. Nodular and polypoid tumors are seen in the dorsum and tip of the tongue. (d-f) A histological sequence of epithelial changes from dysplasia
through invasive squamous cell carcinoma. (d) Dysplasia, (e) papilloma, and (f) squamous cell carcinoma observed in the present study. Scale bars = 100 pm.
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neoplasm in the tongue and esophagus are summarized in
Table 1. In the present study, we did not observe any metastatic
tumors. The incidence of macroscopic tongue tumors was 100
and 90.5% in DnmtI*"®* and Dnmtl*"* mice respectively. The
multiplicity of macroscopic tongue tumors was 4.91 £ 1.02 and
1.90 £ 0.81 in Dnmtl®* and Damel*"® mice respectively. The
multiplicity of macroscopic tongue tumors in DnmtI“¥° mice
was  significantly smaller: than DamtIV®* mice (Table 1;
P <0.05). In the present study, we did not observe significant
differences in the development of tumors between male and
female mice. The size of macroscopic tumors in the tongue was
significantly smaller in’ Drmt]<""® mice than: DnmtI"®* mice
(Table 1; P <0.005). Next, we examined the development: of
microscopic lesions on the histological sections at the longitudinal
center of the tongue. Histopathologically, dysplasia, papilloma,
and SCC developed in the tongue of 4NQO-drinking mice of
both genotypes (Fig: 1d-f). Histological assessment of squamous
lesions at the longitudinal center of the tongue is summarized in
Table 2. Although 'the development of early. lesions: of the
tongue (dysplasia and papilloma) was not significantly different
between DamtI“"® and DamtI** mice, both the incidence and
multiplicity of SCC in DnmtI®®* mice were significantly lower
than those in the control DnmtI®®* mice (Table 2; P < 0.005
and: P < 0.01 respectively).

The incidence. of macroscopic esophageal tumors: was 78.3
and 42.9% with a-multiplicity of 1.30 %+ 1.04 and 0.62 + 0.81 in
DrnmtI®"®* and DnmtI"* mice respectively (Table 1). Both the
incidence and multiplicity of the macroscopic esophageal
tumors were significantly smaller- in DnmtI®"?* mice: than
Dnmtl<* mice (P < 0.05). However, there was no significant
difference in: tumor size between two. cohorts, with size of
1.82 41,04 and 1.38 £0.68 mm in Dnmt["** and Dnmelire
mice respectively. Histological analyses revealed that both

Table 1. ' Incidences and multiplicities. of macroscopic tumors of the
tongue and esophagus

Allele Tongue Esophagus
Incidence chiplt 100.0 783
(%) chiplc 90.5 42.9*
Multiplicity chip/+ 491+£1.02 1.30+1.04
(mean£SD) chip/c 1.90 £ 0.81* 0.62+081*
Diameter (mm) chip/+ 2.07.£0.57 1,82+ 1.04
(mean £5D) chip/c 1.30+£0.67** 1.38£0.68

*Significantly different from chip/+ (P <0.05).
**Significantly different from chip/+ (P< 0.005).
chip/+, control mice; chiplc, hypomethylated mice.

Danitl¥®* and DnmtIt®* mice with 4NQO administration
developed dysplasia, squamous  papilloma, and SCC in the
esophagus (Table 2). Consistent with the results in the. tongue,
the - incidence and multiplicity. of microscopic. SCC in: the
esophagus were significantly smaller in DrmtI®®° mice than in
Dnmtt®* mice (Table 2; P<0.01 and P <0.05 respectively),
whereas those of papillomas: were not different between the
two cohorts.

DNA  hypomethylation - suppresses - increased cell - proliferation
activity in the squamous epithelium exposed to 4NQO. In order to
clarify the inhibitory mechanisms of the reduced DNA
methylation levels on squamous tumorigenesis, we assessed the
cell proliferation. activity in non-tumoral squamous. epithelium
in the tongue by immunostaining for Ki-67, a marker for
proliferating cells. 4NQO administration resulted in an increased
ratio of Ki-67-positive cells in non-tumoral squamous epithelium
of both Drimt1<""* and DnmtI"P° mice in comparison with non-
treated mice (Fig. 2a). The results suggest that 4NQO induces
abnormal cell proliferation even in the non-tumoral epithelium,
which ‘may support the ‘concept of ‘field cancerization’ /819
Importantly, the: Ki-67-positive ratio- was significantly lower in
the tongue of DnmtI™® mice in comparison with Damz]™®*
mice, indicating that reduced levels: of genomic: methylation
suppress the cell proliferation activity that is activated by 4NQO
administration (Fig: 2a).. Additionally, the Ki-67-positive. cell
ratio’ in ‘non-tumoral epithelium of the esophagus of 4NQO-
exposed DnmtI"?* mice was significantly lower. than. that of
4NQO-exposed Dnmtl™* mice (Fig: 2b).

Expansion of CK19-positive progenitor cells by 4ANQO was blocked in
DNA hypomethylated mice. In order to examine the differentiation
status of squamous epithelium, we carried out immunostaining
for CK19, a marker of undifferentiated cells at the basal-
suprabasal cell Iayer of squamous epithelium in the tongue.®°2”
Previous study revealed that the SCC contain an increased
number of CK19-expressing cells in comparison with
normal squamous epithelium,?? suggesting that expansion
of undifferentiated cells is involved in the tumorigenesis.
Interestingly, non-tumnoral mucosa exposed to 4NQO revealed a
thickening of the CK19-positive layer. in comparison with
non-exposed tongue (Fig: 3a,b,d). An increased ratio of CK19-
expressing layer to total epithelial thickness was also observed
in 4NQO-exposed tongue (Fig. 3e). The results suggest that
4NQO exposure increases the number: of CK19-expressing
progenitor. cells and inhibits the cellular differentiation of
squamous epithelium. Importantly, the expansion of squamous
progenitors by the administration of 4NQO was blocked in
DNA hypomethylated mice (Fig. 3c—e), thus indicating that
DNA methylation plays a role in the suppression of cellular
differentiation in the tongue.

i

Table 2. Incidences and multiplicities of microscopic tumors of the tongue and esophagus

Tbngue* Esophagus
Allele
Dysplasia Papilloma ScC Dysplasia Papilloma sCC
Incidence chip/+ 91.3 17.4 60.9 100.0 13.0 82.6
(%) chip/c 81.0 48 19.0* 71.4%* 19.0 42.9**
Muitiplicity chip/+ 1.61+£0.99 0.17.+£0.39 0.91:£0.85 2.26+1.66 0.14:+0.34 1:30£1.22
(Mean +SD) chip/c 1.52+ 1.21 0.05+0.22 0.19 £ 0.40%* 1.48 + 1.47 0.19+£0.40 0.48:£ 0.60%**

*Significantly different from chip/+ (P < 0.005).
**Significantly different from chip/+ (P.<0.01).
***Significantly different from chip/+ (P.<0.05).

*Incidences and muitiplicities of microscopic tumors in the tongue were determined on the histological sections at the longitudinal center of the

tongue.
chip/+, control mice; chip/c, hypomethylated mice.
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Fig. 2. Percentage of Ki-67-positive cells in non-tumoral squamous epithelium of both DNA methyltrasferase 1 (Dnmt1)*®* and Dnmt19%* mice.
(a) The Ki-67-positive ratio at the non-tumoral squamous epithelium of the tongue. 4-Nitroquinoline 1-oxide (4NQO) administration resulted in an
increased ratio of Ki-67-positive cells in squamous epithelium at the dorsum and tip of the tongue where direct exposure of 4NQO is expected. In
contrast, the ratio at the inferior surface where 4NQO exposure is expected to be less than other sites did not change. The Ki-67-positive ratio'is
significantly fower in Dnmtih®« mice in comparison with Dnmt1®®* mice, suggesting that DNA hypomethylation: suppresses: cell proliferative
activity. *P < 0.05, **P < 0.01, ***P 2 0.005; ****p < 0.001. (b) The Ki-67-positive ratio at the non-tumoral squamous epithelium of the esophagus.

The Ki-67-positive ratio in Dnmt1®®< mice exposed to 4NQO is significantly lower than that in Dnmt1%®* mice exposed to 4NQO. *P < 0.001.

Discussion

Here we have shown that genetic reduction of DNA methylation
levels suppresses squamous tumorigenesis in both tongue
and esophagus. The findings that genomic hypomethylation
significantly inhibited SCC development in both tongue and
esophagus suggest that DNA methylation plays a role in the
progression stage of the squamous carcinogenesis in the upper
digestive tract.

Expansion of stem and progenitor cells is a driving force in
tumorigenesis.?  Consistent with the notion, many tumors
express genes that are expressed in the undifferentiated cells
of the target organs.?? In the present study, we showed that
4NQO exposure increases the number of CK19-expressing
progenitor cells?*?D and that global DNA hypomethylation
suppresses such expansion of progenitor cells in the tongue.
Given the fact that squamous progenitors proliferate actively,
these findings suggest that the suppression of cellular differenti-
ation; which is associated with DNA methylation, causes the
expansion of proliferating progenitor cells, eventually leading
to tumorigenesis in the tongue. The hypothesis is also con-
sistent with our findings that the Ki-67-positive cell ratio is
suppressed in the tongue of DNA hypomethylated mice. In
the present study, suppression of the Ki-67-positive ratio by
DNA hypomethylation was also observed in the esophagus.
Recently, mouse esophageal stem cells have been identified
using a label-retaining method. It would be of interest to

Babaetal

examine the effect of the genomic DNA hypomethylation on
the number of stem and progenitor cells in the esophageal
tumors.

It is also noteworthy that a previous study indicated that
expansion of undifferentiated cells is directly associated with
invasive growth of epithelial cells.?? Our findings that DNA
hypomethylation promotes cellular differentiation and  sup-
presses the development of invasive tumors may provide an
additional link between the maintenance of undifferentiated
states and the invasive growth of cancer cells. The observation
that abnormal DNA methylation is associated with the mainte-
nance of undifferentiated states is also consistent with previous
findings, in which targets of abnormal DNA methylation in
cancer cells are shown to be frequently overlapping with targets
of the polycomb complex that is important to suppress cellular
differentiation by silencing differentiation-associated genes in
embryonic stem (ES) cells.?*? It is possible that the genes
that are involved in cellular differentiation of the squamous
epithelium are the targets of site-specific DNA hypermethylation
in 4NQO-induced carcinogenesis.

Target genes of the abnormal DNA methylation in squamous
lesions of this mouse model are not yet clear. Although it has
been reported that the promoter regions of pl6lnk4a and
pI5Ink4b are methylated in 4NQO-induced rat tongue
cancers,?® we failed to detect DNA hypermethylation at pl6Inkda
by methylation-specific PCR in the present study (data not
shown).  Understanding the epigenetic controls in the cellular
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Fig. 3. Expansion of the CK19-positive cell layer in 4-nitroquinoline 1-oxide (4NQO)-exposed tongue epithelium and its suppression by genomic
hypomethylation. (a—c) CK19 immunohistological staining of tongue squamous epithelium. (a) 4NQO non-exposed DNA methyltrasferase 1
(Dnmt1)#* mice. (b) ANQO exposed Dnmt1<* mice. (c) ANQO exposed Dnmt1<¥* mice. Note that ANQO exposure resulted in increased thickness
of the CK19-positive layer, whereas such an effect was less prominent in DNA hypomethylated mice. Scale bars = 100 um. (d) Thickness of CK19-
positive cells (um). () The CK19-positive ratio at the dorsum of the tongue. *P <0.001, **P < 0.005, ***P < 0.05.

differentiation of normal squamous epithelium might uncover
the mechanisms underlying DNA methylation-associated
tumorigenesis in the tongue and esophagus. Further analyses are
required to identify genes that connect the abnormal genomic
hypermethylation and altered differentiating potential involved
in cancer cells.
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Abstract

Background/Aims: CpG island (CGI) methylator phenotype
(CIMP) is strongly associated with poor prognosis in neuro-
blastomas (NBLs; hazard ratios 7-22). Methylation of honpro-
moter CGlsis useful to detect the presence of the CIMP. while
the poor prognosis is considered to be caused by gene si-
lencing due to promoter methylation. Here, promoter CGls
targeted by the CIMP were searched for. Methods: A ge-
nome-wide screening was performed by methylation-sensi-
tive representational difference analysis of CIMP(#) and
CIMP(=)} NBLs. Results: Promoter CGls of 9 genes were meth-
ylated in CIMP(+) NBL cell lines and caused silencing of their
downstream genes. On analysis of 90 clinical specimens,
CYP26C1, FERD3L (N-TWIST), CRYBA2 and PCDHG(4 were
methylated at significantly higher incidences in. CIMP(+)
NBLs than CIMP(=) NBLs; while the difference was unclear for
NPY, SPAG6, DDIT4L, CHR3SYT and €60rf141. Methylation of
CYP26C1 and FERD3L was significantly associated with poor
prognosis, but weaker than the presence of the CIMP. Treat-
ment of an NBL cell line with a demethylating agent caused

demethylation of multiple promoter CGls, and enhanced 13-
cis-retinoic acid-induced neuronal differentiation. Conclu-
sion: Our results indicate that the CIMP causes poor progno-
sis of NBLs by inducing methylation of multiple promoter
CGls with various incidences. - Copyright ©2008 5. Karger AG, Basel

Introduction

The CpG island (CGI) methylator phenotype (CIMP),
characterized by methylation of multiple CGIs, was first
identified in colorectal cancers [1}, and has been detected
in various tumors [2]. In neuroblastomas (NBLs), the
most common extracranial pediatric solid tumors [3], the
CIMP was found to be associated with poor survival with
extremely high hazard ratios (HR), reaching as high as 22
[95% confidence interval (CI) 5.3-93] and 9.5 (95% CI =
3.2-28) in Japanese and German cases, respectively [4, 5].
Strikingly, the NBL cases with the CIMP included almost
all cases with N-myc amplification (37/38 Japanese and
23/23 German cases), the strongest current prognostic
marker [6-8]. Even among the cases without N-myc am-
plification, the CIMP was a significant and strong prog-
nostic marker [4, 5].
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In individual tumor types, the CIMP has been ana-
Iyzed using CGIs specific to them [2]. In NBLs, the CIMP
is most sensitively detected by methylation of nonpro-
moter CGIs of (1) the PCDH- 3 gene family, (2) the PCDH-
a gene family, (3) HLP and its pseudogene and (4)
CYP26CI [4]. Generally, CGIs in nonpromoter regions
are susceptible to de novo methylation, and their meth-
ylation does not repress transcription [9, 10]. As expected,
methylation of the 4 nonpromoter CGls in NBLs did not,
and was unlikely to be involved in the poor prognosis di-
rectly. However, their methylation was associated with
methylation of promoter CGls of tumor suppressor genes;,
such as RASSFIA and BLU, with low incidences [4]. Also,
it is reported that methylation of the HOXA9 and EMP3
promoter CGls is associated with poor. progrosis, with
hazard ratios smaller than those given by the CIMP [11,
12]. This suggested that the CIMP invariably induces
methylation of susceptible CGls (specific nonpromoter
CGls) and occasionally induces methylation of resistant
CGIs (promoter CGIs). The latter can cause gene silenc-
ingand be involved in the poor prognosis of NBL cases:.

However, onlyalimited number of promoter CGIs tar-
geted by the CIMP in NBLs have been identified so far.
Here, we aimed to identify such promoter CGls, and per-
formed a genome-wide screening procedure for differ-
ences in DNA methylation, methylation-sensitive repre-
sentational difference analysis (MS-RDA) [13-15]. Since
promoter CGIs of genes involved in neuronal develop-
ment and differentiation were identified, we also ana-
lyzed the effect of a demethylating agent, 5-aza-2'-deoxy-
cytidine (5-aza-dC), on differentiation induction of NBL
celllinesby 13-cis-retinoic acid (13-cis-RA); which is now
recognized to be effective even in NBL cases with high
risk [16].

Materials and Methods

Tissue Samples and Cell Lines

Tumor samples were obtained from 90 nonrecurrent Japanese
cases between 1995 and 1999, and were analyzed under the ap-
proval of institutional review boards. The mean age at initial di-
agnosis was 29 months (range 0-216). Their clinical stages were
determined according to the International Neuroblastoma Stag-
ing System: 32 (2, excluding cases identified by mass screening
and cases without data on prognosis), 13 (2), 7 (5), 30 (29) and 8
(5) cases belonging to stages 1, 2, 3, 4and 45, respectively. Normal
adrenal medulla tissue was collected from a case undergoing ne-
phrectomy due to a renal cancer. NBL cell lines and a neuroepi-
thelioma cell line were obtained from the American Type Culture
Collection (Manassas, Va., USA), the Japanese Collection of Re-
search Bioresources (Tokyo, Japan), the Cell Resource Center for
Biomedical Research, Institute of Development, Aging and Can-
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cer, Tohoku University (Sendai, Japan) and the RIKEN:Bio Re-
source Center (Tsukuba, Japan). High molecular weight DNA and
total RNA were extracted as previously described [17].

Detection of the CIMP

NBLs with the CIMP were defined as in our previous reports
[4, 5]. The methylation level, the fraction of methylated DNA mol-
ecules among the total DNA molecules, of the PCDH- 3 gene fam-
ily was quantitatively determined by quantitative methylation-
specific PCR (MSP), and cases with methylation levels higher
than 40% were diagnosed as those with the CIMP.

MS-RDA and Database Search

MS-RDA was performed as previously described [13-15]. To
isolate DNA fragments specifically methylated in CIMP(+) NBLs,
4 series of MS-RDA were performed using a CIMP(~) NBL as the
tester and a CIMP(+) NBL ¢ell line as the driver. In 2 series, IMR-
32 cell line (methylation level of the PCDH-f3 gene family: 99%)
was commonly used as the driver, and case 188 (13%) or 216 (23%)
as the tester. In the other 2 series, TGW cell line (99%) was com-
monly used as the driver, and case 212 (19%) or 215 (20%) as the
tester. The tester and driver samples were digested with a meth-
ylation-sensitive restriction enzyme, Hpall (New England Bio-
labs, Beverly, Mass., USA), and the restriction product was ampli-
fied using a universal adaptor and primer in the presence of I M
betaine (Sigma; St. Louis, Mo., USA). DNA fragments present
only in the tester PCR product were amplified by the following
genomic subtraction technique, RDA [18]. Although use of cell
lines is highly recommended for MS-RDA [13], no cell lines were
available for NBLs with a good prognosis, and therefore we used
the primary samples [4]. One hundred clones were sequenced for
each series of MS-RDA (total 400 clones), and: nonredundant
clones were selected. The genomic origins of the nonredundant
clones were searched for using BLASTN software (http://www.
ncbi.nlm.nih.gov/BLAST/). CGlIs were searched for using CpG Is-
land Searcher (http://cpgislands.usc.edu/) [19].

Sodiuin Bisulfite Modification and MSP

Five hundred nanograms of DNA underwent sodium bisulfite
modification [20], and was suspended in 20 jul of TE buffer. For
MSP [21], 1 ] of the solution was used as a template for PCR with
primers specific to methylated or unmethylated sequences. As
universally methylated and unmethylated DNA, genomic DNA
methylated with SssI methylase (New England Biolabs) and DNA
amplified with phi29 DNA polymerase (GE Healthcare, Uppsala,
Sweden) [22] were used, respectively. Specific annealing tempera-
tures for methylated and unmethylated primers were determined,
and a number of PCR cycles for more than the minimal numbers
was adopted. The methylation status of the CYP26C! promoter
region was determined by quantitative MSP as previously de-
scribed [5], and a cutoff value of 60% was adopted. The primers
and PCR conditions are shown in online supplement table 1
(www.karger.com/doi/10.1159/000139124).

Quantitative RT-PCR

¢DNA was synthesized from 3 pg of total RNA treated with
DNase I using a SuperScript II kit (Invitrogen, Carlsbad, Calif;
USA). The numbers of cDNA molecules were determined by com-
paring their amplification curves with those of standard samples
with known numbers of template DNA molecules by real-time
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Table 1. Methylation of the 8 genes identified by MS-RDA and CYP26C1

Gene Fragment obtained by Methylation in clinical Overall survival
MS-RDA specimens
symbol name chromo-  accession  from to CIMP CIMP pvalue HR 95% CI p value
some No. ) (+)
CYP26C1 cytochrome P450, 10q23 NA NA NA 0/54.  27/36 - <0.001 12.3 41-369  <0.001
subfamily 26C1 3.0) (1.0-8.9) (0.05)
FERD3L Fer3-like (Drosophila) 7p21 ACO003986 107,728 108,128 2/54  20/36  <0.001 7.2 29-182  <0.001
(N-TWIST) (26) (L0-66)  (0.04)
CRYBA2 crystallin, BA2 2934 AC097468 73,363 73,635 4/54+ 13/35<0.001 1.9 0.7-4.8 0.21
(1.4) (0.6-3.8) (0.46)
PCDHGC4 ' protocadherin=y 5q31 NG000012 195,471 - 196,054 2/54 9/36 - <0.01 2.3 0.8-6.8 0.14
subfamily €, 4 (0.8) (0.3-2.5) (0.73)
NPY neuropeptide Y 7p15 AC004485 - 155,699 156,102 1/54 2/36 0.34 NA NA NA
SPAGS sperm-associated antigen 6 = 10p12 AL158211 - 100,932 . 101,345 1/49 1/33 0.78 NA NA NA
DDIT4L DNA damage-inducible 4924 AP001961 21,100 21,259 0/54 1/36 0.22 NA NA NA
transcript 4-like
CHR3SYT: - chr3 synaptotagmin 3q22 AC022497 86,544 86,887 0/53 0/33 NA NA NA NA
Céorfld1 chromosome 6 open 6pi12 AL590244 72,303 72,802 0/54 0/36 NA NA NA NA
reading frame 141
CIMP methylation of PCDH-B 5931 NA NA NA 54 36 NA 34.9 4.7-261 <0.001
gene family (13) (30) (10.9) (1:5-81:5)  (0.02)

Figures in parentheses are results in 43 cases after excluding 45 mass screening cases. NA = Not applicable.

PCR using SYBR Green Real-Time PCR Master Mix (Toyobo,
Osaka, Japan) and the 7300 Real-Time PCR System (Applied Bio-
systems, Foster City, Calif,, USA). The copy number was nor-
malized: to that of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). The primers and PCR conditions are shown in online
supplement table 2 (www.karger.com/doi/10.1159/000139124).

Treatmient of Cells by 5-aza-dC and 13-cis-RA

5-Aza-dC (Sigma) was dissolved in PBS and diluted in cell cul-
ture medium to obtain final concentrations as specified. 13-cis-
RA (Sigma) was dissolved in dimethylsulfoxide and diluted in cell
culture medium to obtain final concentrations of 1 pM. All ex-
periments using 13-cis-RA were performed in dim light, and the
final concentration of dimethylsulfoxide was 0.001%.

For demethylation and re-expression analysis, cells were seed-
ed on day 0 at a density of I X 10° cells/10-cm dish and exposed
to.0, 1,3 and 10 uM 5-aza-dC for 24 h on days 1, 3, 5 and 7, and
harvested on day 8. For cell growth and differentiation analyses,
cells were seeded on day 0 at a density of 3 x 10? cells/6-cm dish
in triplicate, and the number of cells was counted on days 1, 2, 3,
4 and 5. The experiments were repeated twice; The possible pres-
ence of apoptotic cells was evaluated by detecting nicked DNA,
using a DeadEnd™ fluorometric TUNEL system kit (Promega,
Tokyo, Japan). NB-39nu cells treated with DNase I were used as a
positive control.
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Statistical Analysis

Survival time in NBL cases was measured from the date of ini-
tial diagnosis to the date of death or last contact; Kaplan-Meier
analysis and log-rank tests were performed to compare overall
survival between 2 groups. HR was estimated by the Cox propor-
tional hazards model. These statistical analyses were performed
using Dr. SPSS 1I; version 11.0 (SPSS Inc.; Chicago, IIL; USA).

Results

Genome-Wide Screening for Promoter CGIs

Methylated in' CIMP(+) NBLs

To isolate DNA fragments specifically methylated in
CIMP(+) NBLs, 4 series of MS-RDA were performed us-
ing a CIMP(~) NBL as the tester and a CIMP(+) NBL cell
line as the driver. In 2 series, IMR-32 cell line (methyla-
tion level of the PCDH-B gene family: 99%) was com-
monly used as the driver, and case 188 (13%) or 216 (23%)
as.the tester. In the other 2 series; TGW cell line (99%)
was commonly used as the driver, and case 212 (19%) or
215 (20%) as the tester. By the 4 series of MS-RDA, 181
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Fig. 1. Eight promoter CGIs isolated by MS-RDA and their meth-
ylation statuses in the samples used for MS-RDA. a Genomic
structures of the 8 CGIs. GpC, CpG and Hpall recognition sites
(5-CCGG-3') are shown by ticks. Closed boxes = Exons; open
boxes = clones isolated by MS-RDA; triangles = primers for MSP.
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b Methylation statuses analyzed by MSP. M = Primers specific to
methylated DNA; U = primers specific to unmethylated DNA; M-
cont = fully methylated DNA; U-cont = fully unmethylated DNA.
All8 CGIs were found to be differentially methylated between the
2 samples used for MS-RDA.
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nonredundant DNA fragments were isolated, and 13 of
them were derived from CGIs according the criteria set
by Takai and Jones [19] in putative promoter regions.

Methylation of the 13 putative promoter CGIs wasan-
alyzed by MSP in the tester and driver DNA was used for
the MS-RDA. Of the 13 CGls; 8 genes [FERD3L (also
known as N-TWIST, 7p21), CRYBA2 (2q34), PCDHGC4
(5q31), NPY (7p15), SPAG6 (10p12), DDIT4L (4q24),
CHR3SYT (3q22) and Céorfl41 (6p12)] were methylated
in driver DNA and unmethylated tester DNA (fig. 1; ta-
ble 1), NPY, DDIT4L and Cé6orfl41 were repeatedly iso-
lated in 2, 4 and 2 series of MS-RDA, respectively.

Methylation of Promoter CGIs in Cell Lines

Methylation of the 8 genes mentioned above was fur-
ther analyzed in 10 NBL cell lines, including IMR-32 and
TGW, and a neuroepithelioma cellline, SK-N-MC (fig. 2).
At the same time, methylation of a promoter CGI of
CYP26C1, whose nonpromoter CGI was found to be
methylated in our previous study [4], was analyzed. Rep-
resentatively, a promoter CGI of NPY was completely
methylated (no unmethylated DNA molecules detected)
in 6 cell lines, partially methylated (both methylated and
unmethylated DNA molecules detected) in 2 and com-
pletely unmethylated (no methylated DNA molecules de-
tected) in 3 (fig. 2a). The 9 CGIs were methylated in 7-11
of the 11 cell lines (fig. 2b):

Methylation-Silencing of the 9 CGIs

Expression levels of the 9 genes mentioned above were
analyzed by quantitative RT-PCR in the 11 cell lines and
the primary adrenal medulla (fig. 3). For all genes, NBL
cell lines with complete methylation of a gene did not ex-
press the gene (<1/900 of expressing cells). Five genes,
CYP26C1, CRYBA2, NPY, DDIT4], and CHR3SYT, were
expressed in the adrenal medulla, while the remaining 4,
FERD3L, PCDHGC4, SPAG6 and C6orfl4], were not.

To analyze whether the expression loss of these 9 genes
was really due to methylation of their promoter CGIs, 2
NBL cell lines, IMR=32 and TGW, were treated with a de-
methylating agent, 5-aza-dC (data for IMR-32 shown in
fig. 4; data for TGW not shown). Demethylation of the
promoter CGIs and restoration of their expression were
observed for all 9 genes, showing that these genes were
silenced by methylation of their promoter CGIs.

Association between the CIMP and Promoter

Methylation in Clinical Specimens

To examine the association between the presence of
the CIMP and methylation of the promoter CGIs in NBL

54 Oncology 2008;74:50~60

NE Controls

a NBL cell flines
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Z
»x

CYP26CH

Fig. 2. Methylation analysis of the 9 promoter CGls in 10 NBL cell
lines‘and a neuroepithelioma cell line (NE), SK-N-MC, by MSP.
a Representative result of MSP (NPY) of the 11 cell lines; fully
methylated DNA (M-cont) and the normal adrenal medulfa (Ad-
M). M = Primers specific to methylated DNA; U = primers spe-
cific to. unmethylated DNA. b Methylation profile of the 9 pro-
moter CGIs in the 11 cell lines and the normal adrenal medulla
(Ad-M). Closed boxes = Only methylated DNA detected; gray
boxes = both methylated and unmethylated DNA detected; open
boxes = only unmethylated DNA detected.

clinical specimens, methylation of the 9 genes was ana-
lyzed in 90 clinical specimens whose CIMP statuses were
determined by quantitative MSP of the PCDH- gene
familyin our previous study (representative results shown
in fig. 5a, summarized in fig. 5b and table 1) [4]. It was
shown that CYP26CI, FERD3L, CRYBAZ2 and PCDHGC4
were methylated at significantly higher incidences in
CIMP(+) NBL cases (p < 0.001 or 0.01). NPY, SPAG6 and
DDIT4L, were also methylated with low incidences
in CIMP(+) NBL cases, while CHR3SYT and Cé6orfl41
were not methylated in either group. This showed that
promoter CGls of CYP26CI, FERD3L, CRYBA2 and
PCDHGCA are targets of the CIMP, while those of NPY,
SPAG6 and DDIT4L are possible targets.

The association between the methylation of the 9 pro-
moter CGIs and prognosis was further analyzed. Data on
the overall survival were available for 88 (43 non-mass
screening cases) of the 90 cases (table 1). The numbers of
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Fig. 3. Expression levels of the 9 genes in the 11 cell lines and the
normal adrenal medulla by quantitative RT-PCR. Samples No.
1-10-are NBL cell lines (IMR-32; SK-N-SH, NB-1, GOTO, SK-N-
DZ; Nagai, YTnu, NB-45,TGW and NB-39nu, respectively), sam-
ple No. 11 is neuroepithelioma cell line (SK-N-MC) and sample
No. 12 is normal adrenal medulla tissue. Results of MSP are sum-

CIMP Target Genes in Neuroblastomas

marized under the sample numbers. The expression levels of these
9 genes in cell lines with only methylated DNA were extremely
low or null. M= Only methylated DNA detected; B = both meth:
ylated and unmethylated DNA detected; U = only unmethylated
DNA detected.
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CIMP(-) and CIMP(+) cases were 52 (13) and 36 (30); re-
spectively. Methylation of 2 promoter CGIs (CYP26CI and
FERD3L) was significantly associated with overall surviv-
al with HRs of 12.3 (95% CI 4.1-36.9; p < 0.001) and 7.2
(2.9-18.2, p < 0.001), as well as 3.0 (1.0-8.9, p = 0.05) and
2.6 (1.0-6.6, p = 0.04) for non-mass screening cases; re-
spectively. The HRs given by these 2 genes were small-
er than the HR given by the CIMP (methylation of the
PCDH-B family; 34.9, 4.7-261.0, p < 0.001 for all cases;
10.9, 1.5-81.5, p = 0.02 for non-mass screening cases), but
their methylation was considered to underlie the poor
prognosis of the CIMP(+) cases by causing gene silenc-
ing: V

Effect of a Demethylating Agent on Differentiation of

NBL Cell Lines

Among the target genes of the CIMP, there was a reg-
ulator of neurogenesis, FERD3L [23],and a neuronal dif-
ferentiation marker, NPY [24]. This suggested that reac-
tivation of these target genes by a demethylating agent
could enhance the differentiation-inducing effect of 13-
cis-RA, which is now becoming a standard modality for
high-risk NBL cases [16]. Therefore, we examined the
combination effect of 5-aza-dC and 13-cis-RA using a
CIMP(+) NBL cellline, NB-39nu, which had methylation
of 3 of the 4 target genes of the CIMP (CYP26C1, FERD3L,
CRYBA2 and PCDHGC4) and was reported to be suitable
for analysis of differentiation induction [25].

A clear cumulative effect on the suppression of cell
growth was observed (fig. 6a). Also, expression of a neu-
ronal differentiation marker, neurofilament light poly-
peptide (NEFL) [26], was markedly induced when 13-cis-
RA and 5-aza-dC were combined (fig. 6b). CYP26CI, a
target gene of the CIMP, was also induced only when 13-
¢is-RA and 5-aza-dC were combined. Neurite outgrowth,
areliable marker for neuronal differentiation of NBL cells
[16], was observed by treatment with 13-cis-RA only, but
was prominent when both 13-cis-RA and 5-aza-dC were
combined (fig. 6¢). The number of cells that underwent
apoptosis did not increase by the combination as shown
by TUNEL assay (fig. 6d).

Discussion

Promoter CGls of 4 genes (CYP26CI, FERD3L; CRY-
BA2 and PCDHGC4) were methylated at significantly
higher incidences in CIMP(+) NBLs, and were considered
as target genes of the CIMP in NBLs. Three genes (NPY,
SPAG6 and DDIT4L) were methylated with low incidenc-
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The same abbreviations as in figure 4 are used. Arrowheads show
the presence of methylated DNA molecules. b Methylation profile
of the 9 promoter CGIs in the 90 NBL clinical specimens: NBLs
were aligned by the methylation levels of PCDH- gene family (a
surrogate marker of CIMP). Cases with methylation levels lower
and higher than 40% were diagnosed as CIMP(-) (n = 54) and
CIMP(@) (n = 36), respectively. CIMP(+) NBLs tended to show
methylation of multiple promoter CGIs. Closed boxes = Methyl-
ated DNA detected; open boxes = only unmethylated DNA de-
tected.

es in CIMP(+) NBLs, and were considered as candidate
target genes. Except for DDIT4L, whose silencing had
been identified in melanomas [27], silencing of these
genes was a novel finding in any types of cancers. Al-
though FERD3L and PCDHGC4 were not expressed in
the adrenal medulla, their expression in embryonal tis-
sues and important roles in neuronal development have
been reported [23,28, 29]. This supported our hypothesis
that CIMP affects various nonpromoter and promoter

CIMP Target Genes in Neuroblastomas

CGls, that its presence is sensitively detected by methyla-
tion of nonpromoter CGIs and that its biological effects
are exerted by methylation of promoter CGIs of various
genes. : :

To support this hypothesis, the HRs given by meth-
ylation of each promoter CGI were calculated and com-
pared with those given by the methylation of exonic CGIs
of the PCDHB gene family (CIMP in NBLs). Only meth-
ylation of promoter CGIs of CYP26CI and FERD3L was
significantly associated with prognosis, but the HRs
given by these (12.3 and 7.2, respectively) were smaller
than that given by the methylation of exonic CGIs of the
PCDHB gene family (34.9). Even if the cases were limited
to non-mass screening cases, the HRs given by methyla-
tion of promoter CGIs of CYP26CI and FERD3L (3.0 and
2.6, respectively) were smaller than that given by the
methylation of exonic CGIs of the PCDHB gene family
(10.9). These results indicated that exonic CGIs of the
PCDHB gene family are consistently methylated in NBLs
with the CIMP, while methylation of promoter CGIs still
has a stochastic factor even in NBLs with the CIMP.

PCDHGC4 is a member of the protocadherin-y gene
family, which is deeply involved in neuronal maturation
and brain development [28, 29]. One of the protocad-
herin-vy family genes, PCDHGALI, is reported to be si-
lenced in astrocytomas [30]. FERD3L, also known as N-
TWIST, is an evolutionarily conserved bHLH protein ex-
pressed in the developing central nervous system, and is
an important regulator of neurogenesis [23]. CYP26Cl is
known to be involved in the development of the brain and
the production of migratory cranial neural crest cells [31].
NPY encodes neuropeptide Y, a sympathetic neurotrans-
mitter, which is expressed in differentiating NBL cells
[32]. CRYBA2 is a constituent of the lens, and the signifi-
cance of its silencing is unclear [33]. These genes were
methylated randomly in a fraction of CIMP(+) NBLs.
Their silencing was considered to be involved in the poor
prognosis of CIMP(+) NBLs, along with silencing of oth-
er unidentified genes.

Regarding the protocadherin gene families, nonpro-
moter CGIs of the PCDH-a and PCDH-f3 gene families
(5931) were found to be highly and consistently methyl-
ated in CIMP(+) NBLs, and their methylation levels were
strongly associated with poor prognosis in NBLs. Here, it
was found that PCDHGC4 (5¢31) was frequently silenced
in CIMP(+) NBLs due to methylation of its promoter
CGL PCDHGC4 is a member of the PCDH-7y subfamily
C that contains 3 genes (PCDHGC3, PCDHGC4 and
PCDHGCS5). PCDHGC3 also has a CGI in its promoter
region and was silenced in CIMP(+) NBLs (data not
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a neuronal marker, NEFL, and a silenced gene, CYP26CI, on day
3, analyzed by real-time RT-PCR. Synergistic effects were ob-
served. ¢ Morphology of cells on day 5. Neurite outgrowth was
observed after RA treatment, and was prominent after the com-
bination: d Results of the TUNEL assay. No significant differ-
ences were observed on day 5.
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shown). Extensive methylation in the 5q31 region in
CIMP(+) NBLs and its strong association with poor prog-
nosis suggested a critical role of methylation of this re-
gion in poor prognosis of NBLs.

Since the target genes of the CIMP identified here con-
tained multiple genes involved in neuronal development
and differentiation, we analyzed the combination effect
of a demethylating agent and clinically used the differen-
tiation-inducing agent 13-cis-RA. Although growth sup-
pression by the combination was additive, expression of
a neuronal differentiation marker (NEFL) and neurite
outgrowth were synergistically induced, and that of
CYP26CI was induced solely by the combination with 5-
aza-dC. It was considered that NB-39nu lacked transcrip-
tion capacity for CYP26CI, inaddition to its transcrip-
tion-resistant status by DNA methylation, but that the
capacity was induced by 13-cis-RA. Tang et al. [34] have

already demonstrated that 5-aza-dC induces expression
of genes that are specifically expressed in NBLs with fa-
vorable prognosis. Our results confirmed this finding
and suggested a beneficial effect of combination therapy
of 5-aza-dC and 13-cis-RA for CIMP(+) NBLs.

In summary, novel target genes of methylation silenc-
ing by the CIMP in NBLs were identified, and their in-
volvement in poor prognosis: of NBL cases was sug-
gested.
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